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From a general structural perspective, a mucosal tissue is constituted by two main matrices: the tissue and the secreted mucus. Jointly, they fulfill a wide range of functions including the protection of the epithelial layer. In this study, we simultaneously analyzed the epithelial tissue and the secreted mucus response using a holistic interactome-based multi-omics approach. The effect of the gilthead sea bream (Sparus aurata) skin mucosa to a dietary inclusion of spray-dried porcine plasma (SDPP) was evaluated. The epithelial skin microarrays-based transcriptome data showed 194 differentially expressed genes, meanwhile the exuded mucus proteome analysis 35 differentially synthesized proteins. Separately, the skin transcripteractome revealed an expression profile that favored biological mechanisms associated to gene expression, biogenesis, vesicle function, protein transport and localization to the membrane. Mucus proteome showed an enhanced protective role with putatively higher antioxidant and antimicrobial properties. The integrated skin mucosa multi-interactome analysis evidenced the interrelationship and synergy between the metabolism and the exuded mucus functions improving specifically the tissue development, innate defenses, and environment recognition. Histologically, the skin increased in thickness and in number of mucous cells. A positive impact on animal performance, growth and feed efficiency was also registered. Collectively, the results suggest an intimate crosstalk between skin tissue and its exuded mucus in response to the nutritional stimulus (SDPP supplementation) that favors the stimulation of cell protein turnover and the activation of the exudation machinery in the skin mucosa. Thus, the multi-omics-based interactome analysis provides a comprehensive understanding of the biological context of response that takes place in a mucosal tissue. In perspective, this strategy is applicable for evaluating the effect of any experimental variable on any mucosal tissue functionality, including the benefits this assessment may provide on the study of the mammalian mucosa.
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Introduction

Skin is a stratified squamous epithelial surface strategically located at the interface with the external environment, where it has evolved to detect, integrate and respond to a diverse range of stimuli from the environment, including stressors and aggressions (1–3). Skin function is a crucial component for organism survival, acting like physical barrier as the outermost organ and requiring precise calibration of its responses with a high degree of local autonomy (4, 5). Described as the body’s largest organ, the vertebrate integument is a conserved organized structure consisting of the epidermis, dermis, and hypodermis (6, 7). Nonetheless, the skin of terrestrial and aquatic vertebrates has acquired differential specific adaptations because of its relationship with the environment. Whereas mammalian skin acquired dead keratinized cell layers, hair follicles, sweat glands but loosed mucus production capacity (8), the teleost skin presents mucous glands, which produce antifungal and antibacterial substances, and it also serves as an osmotic barrier (9). According to these characteristics, teleost mucosal surfaces may closely resemble type I mucosal surfaces of mammals, represented by the intestine, the respiratory tract and the uterus, exerting similar physiological (10) and immunological functions (11, 12). For instance, from an evolutionary point of view, regardless of their phylogenetic origin and tissue localization, mucosal immunoglobulins operate under the guidance of primordially conserved principles from fish to mammals (13). Moreover, the systematic exploration of fish skin models have been proposed as biologically, clinically and technologically relevant, opening interesting new opportunities for dermatological research (14). Regarding fish skin, it is well assumed that this interface tissue also acts as a multifunctional organ, playing roles in protection, communication, sensory perception, locomotion, respiration, ion regulation, excretion, and thermal regulation (15).

Research on mucosal tissues mainly tackled unique and evolved immune mechanisms of defense in mammals as well as in fish. The epithelial structure, including impermeable tight junctions, goblet cells distribution and density, or the different mucosa-associated lymphoid tissues (MALTs) are of major interest to understand mucosal properties in mammals (16, 17) as well as in fish species (13, 15, 18). The maintenance of these mucosal tissues in healthy conditions is complex and relies on a delicate balance between the diet, the commensal microbiota and the mucosa itself, including epithelia and the overlying mucus layer. Numerous studies have described the benefits of an adequate diet or the dietary additives to enhance human and animal condition and welfare, with special attention on gut health. However, efforts to intensify animal production of valuable species can lead to increased stress, limited growth performance and poor welfare; thus, the research for nutritional strategies focused on “functional feeds” is a priority task (19–22).

Spray-dried porcine plasma (SDPP) is an abattoir by-product obtained from animal blood after exclusion of cells, and subjected to concentration and spray drying (23). It has been widely used as a safe and high-quality feed ingredient for livestock, especially at the time of weaning because this ingredient promotes feed intake, somatic growth and reduces stress, as well as morbidity and mortality (23–26). Furthermore, several proteins with distinct functions have been found in SDPP such as immunoglobulins, albumin, growth factors and biologically active peptides, which mediated anti-inflammatory effects (27–29). Regarding aquatic species, several studies have reported that SDPP enhances growth in rainbow trout (Oncorhynchus mykiss) (30), gilthead seabream (Sparus aurata) (31) and Nile tilapia (Oreochromis niloticus) (32). These results may be attributed to its high digestibility, the improvement of feed intake and feed efficiency, as well as its content in growth promoting factors. Recently, the dietary inclusion of SDPP has shown to enhance innate immunity and antioxidant enzyme activities in gilthead seabream (31). These results are in agreement with gained evidence in higher vertebrates, which hypothesizes that SDPP protects the organism via the immune system or directly acting against pathogens (27).

Multi-omics approaches pursue the integration of different biological entities to understand their interrelation and the functioning of larger systems, and serve to identify new biomarkers in specific tissues (33–35). In general, all experimental ‘omics’ approaches can be considered to share some major features in contrast to traditional procedures. However, single omics analysis does not always provide enough information to understand the behavior and responsiveness of a cellular system. Therefore, a combination of multiple omics analyses, the so-called multi-omics approach, is required to acquire a precise picture of living organisms (36). ‘Omics’ are high-throughput, holistic, top-down methodologies and data-driven, which also attempt to understand the cell metabolism like an ‘integrated system’, rather than as mere collections of different parts by using information of the relationships between many measured molecular species (36). Several popular ‘omics’ platforms in tissue biological systems include transcriptomics, which measures mRNA transcript levels; proteomics, the set of proteins expressed by an organism, tissue, or cell; metabolomics, which determines abundance of small cellular metabolites; and interactomics, which integrates the whole set of molecular interactions in cells. To date, information regarding cellular metabolism has been acquired through application of individual ‘omics’ approaches (37), but scarce studies tackled on multi-omics data to analyze tissue functionality and none on mucosal tissues, including epidermal/epithelial cells and its mucus exudation.

The present study proposes a multi-omic analysis for the sustained dietary supplementation impacts of a functional diet including 3% of SDPP on fish skin mucosa. The fish model selected was the gilthead sea bream due to its well-known physiology and its high economical value. To propose an adequate description of the mucosal skin response, we combined several molecular biological disciplines that measure the entirety of biomolecules differentially expressed by means of skin transcriptomic analyses and the modification on mucus layer exudation by the analysis of the mucus proteome. Histological analyses for skin structure and mucous cell density, growth performance and feed efficiency parameters were also performed. Collectively, the results suggest the whole-mucosal interactome as a useful strategy for representing the beneficial effects of functional diets. Prospectively, this methodology arises as a promising alternative for the applicability of treatments upon the mammalian type I mucosal surfaces.



Materials and Methods


Diets

To assay how a functional diet would benefit skin mucosa functionality two diets were formulated as follows: a control diet (Diet C), equivalent to commercial diet containing 51% crude protein, 17% crude fat and 20.6 MJ/kg gross energy that fulfill the nutritional requirements of juvenile sea bream. Based on this basal formulation, another diet named Diet SDPP was manufactured where Fishmeal LT70 was substituted by 3% SDPP (Apetein GS, APC Europe SL, Granollers, Spain; Table 1). Diets were manufactured by Sparos Lda (Portugal). In brief, main ingredients were ground (<250 μm) in a micropulverizer hammer mill (Hosokawa Micron). Powder ingredients and oils were then mixed according to the target formulation in a paddle mixer (RM90; Mainca). All diets were manufactured by temperature-controlled extrusion (pellet sizes: 0.8 and 1.5 mm) by means of a low-shear extruder (P55; Italplast). Upon extrusion, all feed batches were dried in a convection oven (OP 750-UF; LTE Scientific) for 4 h at 45°C.


Table 1 | Ingredient list and proximate composition on dry weight basis (%) of experimental diets.





Fish and Experimental Design

Gilthead seabream fry (average body size 9.5 g) were obtained from a commercial hatchery (Piscimar SL, Andromeda Group, Spain) and transported by road to IRTA-Sant Carles de la Rapita research facilities (Sant Carles de la Ràpita, Spain), where they were acclimated in two 2000-L tanks for two weeks. After their acclimation, all fish were anesthetized (tricaine methanesulfonate [MS-222], 150 mg/L) and individually weighed for initial body weight (BWi)

and measured for standard length (SLi) to the nearest 0.1 g and 1 mm, respectively, and then distributed into eight 500-L cyclindroconical tanks at a density of 50 fish per tank (4 tanks/replicates per diet).

Fish (BWi = 10.6 ± 0.1 g, n = 400, mean ± standard deviation, SD) were fed for 95 days with both experimental diets by means of automatic feeders (ARVO-TEC T Drum 2000; Arvotec, Huutokosk, Finland) at the rate of 2.5% of the stocked biomass, which approached apparent satiation. Feed ration was evenly distributed in seven meals per day from 08:00 to 18:00 h. Fish were regularly sampled at a monthly basis in order to evaluate their growth in BW and adjust the feeding ratio to stocked biomass. During the trial, water temperature and pH (pH meter 507; Crison Instruments, Barcelona, Spain), salinity (MASTER-20T; ATAGO Co., Ltd., Tokyo, Japan), and dissolved oxygen (OXI330; Crison Instruments) were 22.1 ± 0.4°C, 7.0 ± 0.01, 36 mg/L, and 7.2 ± 0.3 mg/L (mean ± SD), respectively. Water flow rate in experimental tanks was maintained at approximately 9.0–10.1 liter/min via a recirculation system (IRTAmar®; Spain) that maintained adequate water quality (total ammonia and nitrite were ≤0.15 and 0.6 mg/L, respectively) through UV, biological, and mechanical filtration. Photoperiod followed natural changes according to the season of the year (November to February; 40°37′41″ N).

At the end of the trial, fish were anaesthetized as previously described; mucus was gently scrapped off from the skin surface (n = 15 per diet) using a sterile glass slide avoiding blood, urine and feces during collection and transferred into 2-ml Eppendorf tubes and stored at -80 °C as is described in Fernández-Alacid et al. (38). All fish in experimental tanks were measured for final BW and SL as indicated. Then, 10 fish per tank were sacrificed with an overdose of MS-222 (200 mg/L) for tissue sampling purposes. Skin samples (1 cm2 of anterior dorsal body region) were dissected and immediately transferred into RNAlater (Ambion®), fixed overnight and then frozen at -80°C until further RNA extraction. Fish growth and feed utilization from experimental groups was evaluated by means of the following indices: Fulton’s condition factor (K) = (BW/SL3) × 100; specific growth rate in BW (SGR, %) = ((ln BWf −ln BWi) × 100)/time (d) and feed conversion ratio (FCR, g/g) = FI/(Bf −Bi), where FI was the total feed intake during the experimental period (g) and, Bi and Bf were the initial and final biomass (g), respectively.

All animal experimental procedures were conducted in compliance with the experimental research protocol approved by the Committee of Ethics and Animal Experimentation of the Institut de Recerca i Tecnologia Agroalimentàries and in accordance with the Guidelines of the European Union Council (86/609/EU) for the use of laboratory animals.



Histological Organization of the Skin

For histological purposes, 1 cm2 of the skin from the dorsal anterior region of the body from 16 fish per dietary treatment was dissected (n= 4 fish per tank) and fixed in 4% buffered formaldehyde (pH = 7.4), dehydrated in a graded series of ethanol, cleared with xylene, embedded in paraffin and cut in serial sections (3–5 μm thick). Sections were stained with hematoxylin-esosin (HE) for general histological descriptions, whereas slides were stained with Periodic Acid Schiff for goblet cell identification (neutral mucins produced by mucous cells stain in magenta). All sections were observed under a light microscope (Leica DM LB; Leica Microsystems) and photographed (Olympus DP70 Digital Camera; Olympus Imaging Europa GmbH). Digital images (600 dpi) were processed and analyzed using an image analysis software package (ANALYSIS; Soft Imaging Systems GmbH). Measurements of the thickness of different skin regions (epidermis and dermis), as well as mucous cell number (full and empty) were based on the analysis of three to five randomly chosen fields from the skin per fish. The number of epidermal mucous cells was expressed over a length of 100 μm.



Transcriptional Analysis

Total RNA was extracted individually from fish skin using QIAGEN RNeasy® Mini Kit following the manufacturer’s recommendations. The total RNA concentration was quantified using a NanoDrop ND-2000 (Thermo Scientific) and RNA integrity and quality checked with the Experion (Automated Electrophoresis Station, Bio-Rad) using the Experion Standard Sens RNA chip (Bio-Rad). Only the samples with an RNA integrity number (RIN) > 8.0 were chosen for further analysis. Transcriptional analysis was carried out using the AquaGenomic Sparus aurata oligonucleotide microarray (SAQ) platform (39). The complete information on this platform and our data is available through the public repository Gene Expression Omnibus (GEO) (accession numbers GPL13442 and GSE162501, respectively) at the United States National Center for Biotechnology Information (NCBI). A transcriptomic analysis was conducted to determine differences at the expression level between control and SDPP groups at the end of feeding trial (95 days). For each experimental group (control; SDPP group) total RNA samples were pooled (n = 3 pools each group; n = 4 fish each pool, n = 1 fish taken at random from each tank for each pool) using the same final concentration (133 ng/µL each pool). One-color microarray was carried out according to the manufacturer’s protocols. Briefly, 200 ng of total RNA was reversed transcribed along with spike-in (Agilent One-Color RNA Spike-In kit, Agilent Technologies, United States). The solution was then used as template for Cyanine-3 (Cy3) labeled cRNA synthesis and amplification with the Quick Amp Labeling kit. cRNA samples were purified using the RNeasy micro kit (Qiagen) according to manufacturer’s instructions. Dye incorporation and cRNA yield were checked with the NanoDrop ND-2000 Spectrophotometer. 1.5 mg of Cy3-labeled cRNA with specific activity of >6.0 pmol Cy3/mg cRNA was then fragmented at 60°C for 30 min, and the samples were then mixed with hybridization buffer and hybridized to the array (ID 025603, Agilent Technologies) at 65°C for 17 h, using the Gene expression hybridization kit. Washes were conducted as recommended by the manufacturer, using gene expression wash buffers and a stabilization and drying solution (Agilent Technologies). Microarray slides were scanned with Agilent Technologies Scanner model G2505B. Spot intensities and other quality control features were extracted with Agilent’s Feature Extraction software version 10.4.0.0 (Agilent Technologies). Quality reports were checked for each array. The extracted raw data were imported and analyzed with GeneSpring (version 14.5 GX software, Agilent Technologies). The 75% percentile normalization was used to standardize the arrays for comparisons, and data were filtered by expression. The differential expressed genes (DEGs) were obtained from a gene-level differential expression analysis. Expression values with a p-value < 0.05 were considered statistically significant. The DEGs were grouped according to its fold-change value (p-value < 0.05) and represented using the GraphPad software v7.0 for Windows. The Principal Component Analysis (PCA) was carried out using GeneSpring software (Agilent), four eigenvectors were calculated to describe the aggrupation of the control and SDPP groups in a 3D plot. The gene expression values (log2-expression ratios) were represented by a hierarchical clustering heatmap analysis using MeV software (v4.0), with Pearson distance and average linkage as it was described before (40).


Gene Ontology and Pathway Enrichment Transcriptome Analysis

In order to classify the DEGs (both up- and down-regulated) according to its functional annotation, genes were imported into the web-tool Protein ANalysis Through Evolutionary Relationships (PANTHER) classification system (version 13.0) (41). This web resource allows understanding the biological meaning behind large list of DEGs based on their GO classification. For the enrichment analysis, the major over-represented GO were chosen according to a p-value < 0.05 criteria (biological processes; cellular component). The biological interpretation of the DEGs obtained was complemented using the free access databases GeneCards (www.genecards.org) (42) and UniProt (www.uniprot.org) (43).




Proteomic Analysis of Exuded Mucus


Protein Extraction and Two-Dimensional Electrophoresis Separation

Mucus samples for two-dimensional electrophoresis (2-D PAGE) protocols were solubilized in equal volume of ice-cold lysis buffer (7 M urea; 2 M thiourea, 2% w/v CHAPS and 1% protease inhibitor mixture) and centrifuged at 20,000 g for 15 min at 4°C, whereas the resultant supernatant was aliquoted avoiding pellet resuspension and surface lipid layer. The supernatants obtained were submitted to a clean-up procedure (ReadyPrep 2-d clean-up kit, Bio-Rad) in order to enhance protein extraction as described in Sanahuja and Ibarz (44). The proteome map of soluble epidermal mucus proteins was obtained by 2D-electrophoresis. Protein concentration was determined by Bradford assay with bovine serum albumin as standard (Bio-Rad).

Pools of three mucus samples were prepared in order to obtain 450 µg of protein dissolved in 450 µL of rehydration buffer containing 7M urea, 2M thiourea, 2% w/v CHAPS, and 0.5% v/v IPG buffer, 80 mM DTT and 0.002% bromophenol blue. Five samples of skin mucus protein extract from each dietary condition (Control and SDPP diets) were loaded onto 24 cm, pH 3–10 NL IPG strips (GE Healthcare, Madrid, Spain). Isoelectric-focusing was performed using an IPGhor instrument (Amersham Biosciences), following the manufacturer’s instructions (active rehydratation at 50 V for 12 h followed by linear gradient from 500 to 8000 V until 48,000 V/h). The focused strips were equilibrated in two steps as follows: 15 min with equilibration buffer I (65 mM DTT, 50 mM Tris-HCl, 6 M urea, 30% glycerol, 2% SDS, bromophenol blue) and then, 15 min with equilibration buffer II (135 mM iodoacetamide, 50 mM Tris-HCl, 6 M urea, 30% glycerol, 2% SDS, bromophenol blue). Equilibrated strips were set directly onto 12.5% polyacrylamide gels, sealed with 0.5% w/v agarose, and separated at a constant voltage of 50 V for 30 min followed by 200 V for about 6 h, until the blue dye reached the bottom of an Ettan DALT II system (Ammersham Biosciences, Stockholm, Sweden). Proteins were fixed for 1 h in methanol: acetic acid 40:10 and stained overnight using colloidal Coomassie blue G-250. Gel staining was removed by consecutive washing steps with distilled water until the best visualization was achieved.



Gel Image Analysis and Protein Digestion

Coomassie blue stained gels were scanned in a calibrated Imagescanner (Bio-Rad, Spain) and digital images captured using Quantity-One software (Bio-Rad). The images were saved as uncompressed TIFF files. Gel images were analyzed using the software package ImageMaster 2D, version 6.01 (GE Healthcare, Spain). Proteins were detected using the automated routine of ImageMaster 2.0 software, combined with manual editing when necessary to remove artefacts. The background was removed and normalized volumes were calculated as follows: the volume of each protein spot was divided by the total volume of all the protein spots included in the analysis. Normalized protein spot values were used to select the 300 most abundant proteins in each condition to be further analyzed for their differential expression. The obtained protein spots with differential expression, henceforth differential expressed spots (DESs) were manually cut from the gel and in-gel tryptic digestion was performed in an InvestigatorTM Progest (Genomic Solution) automatic protein digestion system as it was detailed for fish mucus samples in Sanahuja and Ibarz (44).



LC-MS/MS Analysis and Database Search

Dried-down peptide mixtures were analyzed in a nanoAcquity liquid chromatographer (Waters) coupled to a LTQ-Orbitrap Velos (Thermo Scientific) mass spectrometer. Tryptic digests were resuspended in 1% FA solution and an aliquot was injected for chromatographic separation. Peptides were trapped on a Symmetry C18TM trap column (5 µm 180 µm x 20mm, Waters), and separated using a C18 reverse phase capillary column (ACQUITY UPLC M-Class Peptide BEH column; 130 Å, 1.7µm, 75 µm x 250mm, Waters). The gradient used for the elution of the peptides was 1 to 40% B in 20 min, followed by gradient from 40 to 60% during 5 min (A:0.1% FA; B: 100% CAN, 0.1% FA), with a flow rate of 250 nl/min. Eluted peptides were subjected to electrospray ionization in an emitter needle (PicoTipTM, New Objective) with an applied voltage of 2,000 V. Peptide masses (m/z 300–1,700) were analyzed in data dependent mode where a full Scan MS was acquired in the Orbitrap with a resolution of 60,000 FWHM at 400 m/z. Up to the 10th most abundant peptides (minimum intensity of 500 counts) were selected from each MS scan and then fragmented in the linear ion trap using CID (38% normalized collision energy) with helium as the collision gas. The scan time settings were: Full MS: 250 ms (1 microscan) and MSn: 120 ms. Generated.raw data files were collected with Thermo Xcalibur (v.2.2).

Files obtained from mass spectrometry analyses were used to search against the public database Uniprot Actinopterygii (v.23/3/17). A database containing common laboratory contaminant proteins was added to this database. The software used as Thermo Proteome Discoverer (v1.4.1.14) with Sequest HT as the search engine. The following search parameters were applied: two missed cleavage sites as well as fixed and variable modifications; carbamidomethyl of cysteine and oxidation of methionine, respectively. Peptide tolerance was 10 ppm and 0.6 Da for MS and MS/MS spectra, respectively. Both target and decoy databases were searched in order to obtain a false discovery rate (FDR), and thus, estimate the number of incorrect peptide-spectrum matches that exceeded a given threshold. The results were filtered so only proteins identified with at least two high confidence (FDR >1%) peptides were included in the lists. To sort the search results, proteins were ranked by a first criterion of the higher Score together with and a second criterion of the higher number of Sequence Coverage and Peptides matched. The principal component analysis (PCA) was used to check the quality of the data from each replicate and identify the subsets of samples that are associated with the two different groups under study. The protein intensity values (log2-expression ratios) were represented by a hierarchical clustering heatmap analysis using MeV software (v4.0), with Pearson distance and average linkage.




Functional Network Analyses: Interactomes

The complete map of interactions that can occur in a living organism (interactome) was obtained from the DEGs obtained in the microarrays-based transcriptomics analysis (transcripteractome), from the DESs (proteinteractome) and the functional integrated network for the transcriptomic and proteomic outcomes both together (multinteractomics). For this purpose, the Search Tool for the Retrieval of Interacting Genes (STRING) public repository version 10.0 (https://string-db.org) was used (45). Protein-protein interaction (PPI) network for the differentially expressed genes was conducted with a high-confidence interaction score (0.9). The mechanisms of response in which DEGs, DESs and both omics outcome together are involved, were obtained from a comparative analysis based on Homo sapiens as a reference organism in order to extract the maximum information currently available. Thus, an orthologue H. sapiens Entrez Gene ID was assigned based on sequence homology. Briefly, we selected the best tBlastX (NCBI) hit between the entire set of DEGs and DESs query sequence for S. aurata and the human transcriptome database. We only consider those matches with at least E value ≤ 1E-10. The Uniprot (43) and Genecards databases (42) were used to confirm match of the gene acronym tag between both species. The detailed list of human orthologues is available on Table S9. Gene ontology (GO) pathway enrichment analysis (biological processes; cellular component) was also performed for the DEGs, DESs, and both entities together (DEGs+DESs) by STRING using a Fisher’s exact test followed by a correction for multiple testing (46, 47). A p-value < 0.05 was considered as significant. The GO terms obtained were then identified in the ancestor GO chart using the QuickGO web-tool (https://www.ebi.ac.uk/QuickGO/) (48). The GO chart for each GO obtained from the enrichment analysis were then mapped in a single chart in order to identify those less redundant GO terms and thus propose more stringent GO terms associated to the mechanism of response for the SDPP-fed fish. The potential interaction between the GO found into the functional networks was estimated based on an integrative cluster analysis. To do it, those more stringent statistically significant GO obtained from the enrichment analysis were assigned to each one of the nodes represented in the functional network. The nodes classified in different clusters according to their functionality were represented by integrative ameboid graphics using Adobe Photoshop version CC2018.



Statistical Analysis

Data on growth performance, feed conversion and skin morpohometrics were compared by means of a t-test. Regarding, microarray data, an unpaired t-test) was conducted using the GeneSpring software GX 14.5 to detect DEGs (p < 0.05) between the control and SDPP groups. Mucus differential synthesized proteins (DESs) that were found to vary in their abundance between the control and SDPP diets were analyzed for significance using a t-test. The Shapiro-Wilk test was first used to ensure the normal distribution of the data, while the uniformity of the variances was determined by Levene’s test. The DEGs and DESs fold-change graphs were represented with GraphPad software version 7.0. The PCA analyses for DEGs and DESs were obtained from GeneSpring software version 14.5 (Agilent Technologies) and Analyse-it Software versión 5.4, respectively.



Ethics Statement

Animal experimental procedures were conducted in compliance with the research protocol approved by the IRTA’s Committee of Ethics and Animal Experimentation and in accordance with the Guidelines of the European Union Council (86/609/EU) for the use of laboratory animals.




Results


Profiling of the Skin Transcriptome and the Mucus Proteome

Transcriptional analysis of the skin was carried out using the S. aurata oligonucleotide custom microarray and results are shown in Figure 1. A total of 194 DEGs were found in the skin of fish fed the SDPP diet (Figure 1A). Among them, 121 DEGs were annotated, whereas 73 were unknown genes (Table S1). Among them, 93 DEGs were up-regulated and 101 down-regulated. Results from the PCA divided the dataset into three principal components and revealed a clear differential gene expression pattern among the control and SDPP groups (Figure 1B). When representing DEGs from both experimental groups using a hierarchical clustering heatmap, we found a clear differential expression profile with a clear grouping of DEGs of fish fed with the control diet (Figure 1C; top half of the panel) compared to those fed the SDPP diet (Figure 1C; bottom half).




Figure 1 | Skin mucus microrrays-based transcriptomic analysis for gilthead sea bream fed with SDPP supplemented diet. (A) Number of total differential expressed genes (DEGs). The green (upregulation) and red (downregulation) color scheme indicates the gene modulation according to its fold-change magnitude interval. (B) Principal component analysis (PCA). Control (red spheres) and SDPP groups (yellow spheres) are represented. (C) Hierarchical clustering heatmap representing the 194 DEGs. The normalized intensity values (log2) obtained for each microarray analyzed for control (C1, C2, and C3) and SDPP group (S1, S2, and S3) are shown.



High-resolution 2D maps of epidermal mucus proteomes were obtained for each individual sample by a combination of broad range, 3–10NL IPG strips with large format SDS gels. In brief, 950 protein spots were detected in the mucus proteome of all samples after 2DE-gel staining. In primary matched sets, a representative master gel was obtained for the Control diet (Figure S1) and the 300 spots with higher normalized intensity were further analyzed for their differently synthesis between both experimental groups. A total of 35 proteins, whose abundance were significantly changed, were considered as DESs since they accomplished the criterion over the 2-fold spot intensity difference. Importantly, none of the significant proteins that changed matched with the identified DEGs. A total of 33 proteins were up-regulated (Figure 2A). The PCA analysis for DESs suggested a differential protein synthesis pattern between the skin mucus of gilthead seabream fed the control and SDPP diets (Figure 2B). This result was confirmed by the hierarchical clustering heatmap, showing a clear differential synthesis profile between both experimental groups; thus, grouping the DESs profile of the skin mucus proteome from fish fed with the control diet (Figure 2C; top half of the panel) compared to that of fish fed the SDPP diet (Figure 2C; bottom half).




Figure 2 | Skin mucus 2-Dimensional electrophoresis separation-based proteomic analysis for gilthead sea bream fed with SDPP supplemented diet. (A) Number of total differential expressed spots (DESs). The green (upregulation) and red (downregulation) color scheme indicates the protein modulation according to its fold-change magnitude interval. (B) Principal component analysis (PCA). Control (red spheres) and SDPP groups (yellow spheres) are represented. (C) Hierarchical clustering heatmap representing the 35 DESs. The results obtained for each 2-D electrophoresis separation for control (C0, C2, C3, and C4) and SDPP group (S0, S1, S2, S3, and S4) are shown.





Transcripteractome: The Skin Transcriptomics Functional Network

A functional network analysis was carried out based on the DEGs obtained from the skin tissue transcriptional analysis from fish fed with the SDPP diet. From the 121 annotated DEGs, a functional association was registered between 90 DEGs, (74.4% of the total annotated DEGs) with the generation of 143 edges between them (Figure S2). In particular, 47 DEGs belonged to the central core interaction network (31 up-regulated DGEs; 16 down-regulated DEGs), while eight DEGs (seven up-regulated DEGs and one down-regulated DEGs) were more isolated. On the other hand, 35 DEGs (13 up-regulated DGEs; 22 down-regulated DEGs) showed no interaction with the main functional network obtained (Figure S2). The gene ontology (GO) pathway enrichment analysis revealed that the dietary inclusion of SDPP induced sustained changes in several biological processes including “RNA splicing” (GO.0008380) and “mRNA processing” (GO.0006397), “ribonucleoprotein complex biogenesis” (GO.0022613) and “ribosome biogenesis” (GO.0042254), “intracellular protein transport” (GO.0006886), and “protein localization to membrane” (GO.0072657) (Figure S2). Biological processes linked to “membrane budding” (GO.0006900) and “cellular catabolic process” (GO.0044248) were also detected. The full list of the GO biological process enrichment analysis is on Table S2. The complexity of the interaction between the biological processes was assessed through an integrative cluster analysis (Figure 3) where the sharing nodes of DEGs were considered as evidences of interacting network within biological processes.




Figure 3 | Integrative ameboid graphic for the biological processes and cellular components obtained from the skin transcripteractome analysis in gilthead sea bream fed with SDPP supplemented diet. Each node represents one differential expressed gene (DEG) obtained from the skin transcriptomic analysis. The DEG modulatory profile is represented with green (upregulated) and red (downregulated) into each node. The integrative cluster analysis groups the DEGs classified into the GO biological process or cellular component enrichment analysis. The set of these GO enrichment pathways are represented with different colors (bottom). The functional network statistics (Network stats) details are indicated (bottom).



In order to determine the functional network upon cellular structures, compartments, or macromolecular complexes, DEGs were classified according to their GO cellular component (Figure S3; Table S3). According to the GO terms for biological process enrichment analysis, the cellular component enrichment determined the presence of macromolecular complexes associated with splicing (GO.0097525 “spliceosomal snRNP complex”; GO.0005681 “spliceosomal complex”) and biogenesis (GO.0030529 “ribonucleoprotein complex”), whereas GO terms associated with vesicle compartment (GO.0030662 “coated vesicle membrane”; GO.0030135 “coated vesicle”) were also identified. Importantly, GO terms related to cell junction (GO.0070161 “anchoring junction”; GO.0005925 “focal adhesion”) were found, suggesting the effect of SDPP upon classical cellular structures for the maintenance epithelial tissue integrity.

The relationship between the cellular component GO terms was evaluated by an integrative cluster analysis. According to the data obtained for biological processes GO terms, the transcripteractome showed a strong association between spliceosomal complex (six up-regulated DEGs; zero down-regulated DEGs) and the ribonucleoprotein complex (seven up-regulated DEGs; three down-regulated DEGs) (Figure S3). Taking collectively both integrative clusters analyses of biological processes and cellular component for DEGs, a strong relationship was found between protein transport, vesicle compartment, protein localization to membrane, cell junction structures, and membrane budding (Figure 3).



Proteinteractome: The Skin Mucus Proteomic Functional Network

The mucus proteome analysis determined the relative abundance for 35 DESs on the exuded skin matrix in fish fed the SDPP diet. Details on protein identification are supplied in Table S4 providing the protein identity, gene symbol, fold change, the theoretical/observed MW and pI, together with the accession number, identified peptides, score, sequence coverage, species of identification and protein code by UniProtKB. From the total DESs, only two of them were down-regulated meanwhile the other 33 showed a clear higher relative abundance on the mucus of fish fed the SDPP diet compared to the control group (Figure S4). According to their function in epidermal mucus, DESs were classified as structural-, metabolic- or defense-related proteins (Figure S4). Among the DESs with protective-related roles, two groups of up-regulated proteins were found: proteins with chaperone activity and proteins with enzymatic defensive activities including proteasomal and esterase activity. Four identified proteins were associated with cell redox activity: the protein disulfide-isomerase related to protein disulfide bonds formation, and three enzymes related to glutathione biosynthesis, which participate in the synthesis of cysteine, glutamate and serine, respectively. Together with glutathione biosynthesis, a miscellaneous group of metabolic proteins and enzymes were up-regulated on the mucus of fish fed the SDPP diet. These results were in agreement to the described increased skin metabolic activity revealed by the transcripteractome. The third group of proteins belonged to the structural function of epidermal mucus, most of them participating in the process of mucus exudation. Thus, ten up-regulated proteins were identified as different keratin types (I and II). However, six of these keratin forms were located with a markedly lower molecular weight than expected (spots 14, 20, 22, 28, 31 and 32) and they could be described as “keratin fragments” resulting from own mucus enzymatic activity. Within the rest of structural proteins, two additional groups were proposed. The first one related to the cell exocytosis process, which includes up-regulated actin forms and cell motility-related proteins. The second one group of proteins related to cytoskeleton organization were also up-regulated except for a catenin form, a protein belonging to cadherin cell junction complex, which was down-regulated.

At the proteome functional network, 25 DESs were represented, including the 71.4% of the total 35 DESs (Figure S5). Among them, 22 DESs (21 up-regulated DESs; one down-regulated DESs), whereas they interacted each other totalizing 65 edges in the functional network. Only three DESs (one up-regulated DESs; one down-regulated DESs) showed no interaction with the functional network (Figure S5). The GO enrichment analysis showed that fish fed with the SDPP diet presented a modulatory effect on several biological processes, including “epidermal cell differentiation” (GO.0009913) and “epidermis development” (GO.0008544). Importantly, the analysis showed a tight relationship of these processes with the “skin development” process (GO.0043588) (Figure S5), confirming the high specificity of the mucus exuded proteins. Processes related to “de novo post-translational protein folding” (GO.0051084), “protein import into mitochondrial outer membrane” (GO.0045040), “nucleoside diphosphate phosphorylation” (GO.0006165), and “purine ribonucleoside metabolism” (GO.0046128) completed the biological enrichment panel for DESs (Figure S5). The full list of the Gene Ontology (GO) biological process enrichment analysis for skin mucus proteome is shown in Table S5.

Importantly, at the cellular component level, most of DESs were classified in GO terms as “extracellular region” (GO.0005576), indicating their involvement in exudative processes (Figure S6). Other GO identified for DESs were “membrane-bound vesicle” (GO.0031988) and the “melanosome compartment” (GO.0042470), “sarcomere” (GO.0030017), “myofibril” (GO.0030016), and “cell leading edge structures” (GO.0031252) (Figure S6; Table S6). Their positional distribution in the proteinteractome showed that the “extracellular region” (GO.0005576) covered almost all the nodes included in the network: 17 DESs (16 up-regulated DESs; one down-regulated DESs) from the 22 possible interacting proteins (Figure S6).

Similar to the DEGs, the relationship between the biological processes and cellular component GO terms was evaluated by an integrative cluster analysis (Figure 4). The results showed an intimate association between the biological processes (including epidermal and skin development and differentiation) and metabolism (into the context of mucus exudation). Importantly, these data confirms the nature of the skin mucus sample analyzed.




Figure 4 | Integrative ameboid graphic for the biological processes and cellular components obtained from the skin proteinteractome analysis in gilthead sea bream fed with SDPP supplemented diet. Each node represents one differential expressed spots (DES) obtained from the skin proteomic analysis. The DES modulatory profile is represented with green (upregulated) and red (downregulated) into each node. The integrative cluster analysis groups the DESs classified into each of the biological processes or cellular components indicated in color (on top). Keratin, Type I Cytoskeletal 10 (KRT10) and T-complex 1 (TCP1) genes are exclusively clustered into membrane-bound vesicle and extracellular region, respectively. The functional network statistics (Network stats) details are indicated (bottom).





Skin Mutiomics-Based Interactome Analysis: Merging the Tissue and Exuded Mucus Into a Biological Context of Response

To better understand the skin mucosa functionality on fish fed SDPP, a multi-omics-based interactome analysis performed. This integrative tool was used to merge the transcriptome response determined at tissue level and the proteome profile at the mucosal level in order to interpret data from a holistic perspective. The multinteractomics analysis was constituted by 115 nodes consisting in 93 DEGs (54 up-regulated; 39 down-regulated) and 22 DESs (20 up-regulated; two down-regulated) that in turn were responsible of 313 edges in the functional network. In particular, 88 nodes formed part of the main interaction network: 67 DEGs (43 up-regulated DGEs; 24 down-regulated DGEs) and 21 DESs (19 up-regulated DESs; two down-regulated DESs). This data indicated that our strategy elucidated the integrated context of response, considering expressed genes and synthesized proteins, in fish fed the SDPP diet for 76.9% of the DEGs with gene annotation and 60% of the DESs. On the other hand, 26 DEGs and one DES showed no interaction with the main functional network obtained (Figure S7).

As shown in Figure S7, the GO enrichment analysis showed several biological processes that were also identified in the transcripteractome (“RNA splicing”; “ribonucleoprotein complex biogenesis”; “intracellular protein transport”; “protein transport”; “protein localization to membrane”; “cellular catabolic process”) and in the proteinteractome (“de novo post-translational protein folding”; “skin development”). All of them increased their total number of genes/proteins represented, except in the case of the “RNA splicing” and “ribonucleoprotein complex biogenesis” that showed no variations. Importantly, four new biological processes were identified: “defense response” (GO.0006952), “innate immune response” (GO.0045087), “response to external stimulus” (GO.0009605), and “anatomical structure development” (GO.0048856). The complete list of the GO terms for the biological processes enrichment obtained from the multinteractome analysis is indicated in the Table S7.

According to the biological process enrichment, the integrative cluster analysis showed no variations compared to the data obtained in the transcripteractome for the interaction between “RNA splicing” and “ribonucleoprotein complex biogenesis” processes (Figure 5). The same output than in the transcripteractome was also registered between the “ribonucleoprotein complex” and the “protein transport process”, meanwhile 10 common nodes were determined between “protein transport” and “protein localization to membrane”. The new biological processes identified using multi-omics showed that the distribution of “innate immune response” nodes in the multinteractome was disperse, as well as for the “defense response”, “response to external stimulus” and “anatomical structure development”, indicating a unspecific, but broad spectrum of the effects of dietary SDPP on the mucosa (skin and mucus). For instance, a low number of nodes were identified sharing “defense response” with “RNA splicing” (1 node) and “protein transport” (3 nodes). In the case of “response to external stimulus”, none common node was registered with “RNA splicing”, just one node related to “ribonucleoprotein complex biogenesis” and three nodes linked to “protein localization to membrane”. Similarly, the “anatomical structure development” showed two common nodes with “RNA splicing”, three common nodes with “protein transport” and three nodes with “protein localization to membrane”. The “cellular catabolic process” showed a major linkage with “biogenesis” (12 nodes) and “protein transport” (5 nodes) processes, although it was also associated to a minor extend to “defense response” (5 nodes), “response to external stimulus” (2 nodes) and “anatomical structure development” (2 nodes) processes. “De novo post-translational protein folding” process was located in the middle of the main core in the multinteractome, merging with the process of “RNA splicing”. In summary, the multinteractome at the level of biological processes showed a clear interaction with low redundancy in the number of nodes that interacted with the above-mentioned processes; thus, suggesting a complementarity biological response at transcriptional and proteome level between those mechanisms modulated in fish fed with SDPP (Figure 5).




Figure 5 | Integrative ameboid graphic for the biological processes obtained for the skin mutiomics-based interactome analysis in gilthead sea bream fed with SDPP supplemented diet. Each node represents one differential expressed gene (DEG) obtained from the skin transcriptomic analysis (circles) or one differential expressed spots (DES) obtained from the skin proteomic analysis (bold circles). The modulatory profile for DEGs or DES is represented with green (upregulated) and red (downregulated) into each node. The integrative cluster analysis groups the DEGs or DESs classified into each of the biological processes indicated in color (on top). The functional network statistics (Network stats) details is also indicated (bottom).



In the case of the cellular component enrichment analysis, most of the GO terms already identified on the transcriptomic response were also recognized in the multinteractome. The “cell junction structure” (GO.0030054; 17 nodes) detected from the multinteractome celular component enrichment analysis was probably due to the additive effect of the “anchoring junction” (GO.0070161; nine nodes) and “focal adhesion” (GO.0005925; eight nodes) processes (Figure S8). No variations in the number of nodes were found for the “spliceosomal-related processes” and the “coated vesicle membrane” compared to the transcripteractome profile. The complete list of the GO terms for the cellular component enrichment from the multinteractome analysis is indicated in the Table S8.

In agreement with the transcripteractome, the integrative cluster analysis for the cellular component enrichment showed a high relationship with the “spliceosomal complex” (Figure 6). The “extracellular exosome” covered most of the interactome; i.e., 36 nodes of the 50 possible (Figure 6). Among them, 17 nodes corresponded to DEGs (12 up-regulated DEGs; five down-regulated DEGs). According to the exuded matrix nature of the skin mucus, most of the DESs were included in the “extracellular exosome” with 19 DESs (17 up-regulated DESs; two down-regulated DESs). This result revealed the relevance of an intimate coordination between the transcriptomic and proteomic responses resulting in the exudate of mucus on the surface of the skin’s epithelial tissue in teleost fish. On the other hand, the cell junction structure was also identified in the multinteractome, thus representing 13 nodes from a total of 17 possible (Figure 6). Collectively, Figure 7 represents the summary scheme of global mucosa functionality showing a series of processes promoted and compartments modulated by SDPP, such as RNA splicing (a gene expression-related process), biogenesis, protein transport and localization to membrane, and cell junction structure. Regarding specific mucus properties, an augment also in the modulation of genes and proteins involved in the anatomical structure development of the epithelium, response to external stimulus, and immune defense was also registered in fish fed the SDPP diet.




Figure 6 | Integrative ameboid graphic for the cellular components obtained for the skin mutiomics-based interactome analysis in gilthead sea bream fed with SDPP supplemented diet. Each node represents one differential expressed gene (DEG) obtained from the skin transcriptomic analysis (circles) or one differential expressed spots (DES) obtained from the skin proteomic analysis (bold circles). The modulatory profile for DEGs or DES is represented with green (upregulated) and red (downregulated) into each node. The integrative cluster analysis groups the DEGs classified into each of the biological processes indicated in color (on top). The functional network statistics (Network stats) details is also indicated (bottom).






Figure 7 | Summary for the data obtained in our study. (A) Integrated model of response for the effect of SDPP supplemented diet in gilthead sea bream skin mucosa based on multi-interactome analyses. (B) Representation for the most relevant results obtained from the skin histological analysis and somatic growth in gilthead sea bream fed with SDPP supplemented diet.





Skin Histology and Somatic Growth Performance

In order to evaluate whether the molecular response observed on the multi-interactome had consequences on skin anatomy, a histological analysis of this mucosal tissue was conducted. The epidermis from all analyzed fishes had a normal appearance with no visible lymphocytes and macrophages scattered across the stratified squamous epithelium with scattered mucous cells, irrespective to control or SDPP dietary regimes. The skin in both experimental groups had a normal histological organization, being both layers, the epidermis and dermis, clearly differentiated. Importantly, the thickness of the epidermis was higher (p < 0.05) in the animals fed the SDPP diet in comparison to the control group (Figure 8). Importantly, this result is consistent with the favoring of the anatomical structure development of the skin obtained from the multi-interactome analysis. Compared to the control diet, the thickness of the stratum spongiosum of the dermis was higher in fish fed the SDPP diet (p < 0.05), indicating that this stratum is the main target of the SDPP in the skin mucosa. In contrast, no differences in the thickness of the stratum compactum were found between both dietary groups (p < 0.05). In addition, the density of epidermal mucous cells, related to mucus production, was higher (p < 0.05) in the SDPP group than in fish fed the control diet.




Figure 8 | Histological analysis in the skin of gilthead sea bream (Sparus aurata) fed diets containing spray-dried porcine plasma (SDPP). Histological organization of the skin in gilthead seabream (Sparus aurata) fed (A) the control diet and (B) the SDPP supplemented diet. (C) Histological measurements for epidermis thickness, dermis (stratum compactum; stratum spongiosum), and mucous cells density. Different letters within the same row indicate the presence of statistically significant differences between two experimental groups (t-test; P < 0.05). Data are expressed as mean ± standard deviation (n = 4).



From a productive point of view, results of growth performance and feed efficiency parameters are summarized in Table 2. In particular, BWf and SGR values were 6.2 and 4.1% higher in fish fed the SDPP diet in comparison to the control group (p < 0.05), respectively. No significant differences were found in terms of standard length (SL) and the condition factor K (p > 0.05). In addition, CR values were lower in fish fed the SDPP diet in comparison to those fed the control diet (p < 0.05). Both SGR and FCR were of the major interest parameters on aquaculture production, indicating that the SDPP group grew better and were more efficient in feed use (p < 0.05).


Table 2 | Somatic growth and feed efficiency in gilthead sea bream (Sparus aurata) fed diets containing spray-dried porcine plasma (SDPP).






Discussion

Organisms interact with the surrounding environment at multiple body sites, including the nasal and oral cavities, the digestive and genitourinary tracts, and the skin surfaces. In contrast to the skin of mammals, fish epidermis is considered a mucosal tissue (13), since it behaves as a mucosal surface that contains associated-lymphoid tissue with abundant mucus-producing cells, lacks keratinization, and harbor living epithelial cells in direct contact with the water medium (12, 49). In the present study, we evaluated the potential benefits of the dietary administration of SDPP in the skin mucosa in a teleost fish model of importance from biological and productive point of views (50). The holistic ‘systems biology’ approach proposed in this current study combines the skin transcriptome and the mucus proteome as a whole response coordinated from the epidermal in its strategic role as outmost-layer barrier. This information, together with skin histology analysis, provides further insights into the teleost skin mucosa functionality.

When included in animal diets, SDPP products resulted in an improvement of somatic growth, feed efficiency parameters, and supported the immune system. It is well known that inclusion levels of 4–8% are recommended for optimal results in higher vertebrates like pigs (25), poultry (24, 26), cats (51) and rats (52). Recently, it was also assayed its beneficial effects on several freshwater and marine fish species of importance due to their economic value such as rainbow trout (30), Nile tilapia (32) and gilthead sea bream (31, 53). Under the present experimental conditions, our results were in agreement with the available literature on different teleost species, confirming the beneficial effects of dietary SDPP inclusion on somatic growth performance and feed efficiency. In addition, we also evidenced that dietary SDPP promoted skin development by increasing the thickness of the epidermis and the stratum spongiosum of the dermis, providing new evidence of the dietary supplement at mucosal level. Similarly to the antecedent obtained from intestinal mucosa (53), our study showed that dietary SDPP increased the density of mucous cells in the epidermis. The above-mentioned results on growth, diet utilizationand mucosal tissue development might be attributed to the nutritional profile of SDPP that includes growth factors, immunoglobulins and bioactive peptides (27, 54, 55). Although the benefits of dietary SDPP in livestock and model species are well known (27, 51, 52), there is limited information about the mode of action and mechanistic links of this feed ingredient at mucosal level, especially with regard to the skin-associated lymphoid tissue. Thus, we performed a transcriptomic analysis of the skin by means of SAQ microarrays (39) in order to provide insight into the beneficial effects of SDPP. This analysis was complemented with the proteome analysis of the mucus exuded by epidermal mucous cells using SDS-PAGE (44) with the purpose of determining whether different transcriptomic profiling resulted in different mucous skin proteins. Data from both methodologies were finally integrated into a multi-omics-based interactome analysis in order to provide a holistic approach of the effects of SDPP at the skin level. This strategy allowed providing further insight into the adaptation, responsiveness and trade-offs of the skin at cellular level.

A detailed trancripteractome was built from Biological processes and Cellular components based on GO annotations in order to elucidate how the diet acted on the maintenance of healthy skin mucosal tissue. The transcriptomic analysis revealed that at the cellular component level, DEGs obtained corresponded to the “extracellular exosome” (GO.0070062), “anchoring junction” (GO.0070161) and “focal adhesion” (GO.0005925). These processes might be correlated with the role of skin in chemical and physical protection due to mucus exudation by mucous cells, as well as physical barrier by the enhancement of tight junctions at cell-cell level and/or between the cell and the extracellular matrix. These characteristics favor the protection of the organism in front of the environment fluctuations (12, 15). The effect of SDPP promoting the integrity of mucosal tissues has also been reported in previous studies in mammals where an increase of tight junction molecular markers was observed after the administration of SDPP. However, these studies focused on the intestine and none of them evaluated the modulatory effects of SDPP on the skin (56, 57). Furthermore, no evidences are still available on the underlying cell processes that improved the skin barrier function. In addition, GO results revealed that several biological processes were also up-regulated such as those related to (1) RNA metabolism (“RNA splicing”, GO.0008380; “mRNA processing” GO.0006397; “ribonucleoprotein complex biogenesis”, GO.0022613; and “ribosome biogenesis”, GO.0042254); (2) protein fate to membrane (“protein localization to membrane”, GO.0072657; “membrane budding” (GO.0006900); and “intracellular protein transport”, GO.0006886); (3) “ribonucleoprotein complex” (GO.0030529), and 4) “spliceosomal complex” (GO.0005681). The above-mentioned results based on transcriptomic data demonstrated that SDPP supported the structure and function of the skin by promoting intercellular junctions that provide contact and/or adhesion between neighboring cells or between a cell and the extracellular matrix, conferring strength and adhesiveness to the different layers of the epidermis and dermis (58). The results may be attributed to the nutritional profile of SDPP, rich in proteins and functional peptides (59) that may stimulate cell protein turnover and exudation machinery in mucosal tissues.

One of the most distinctive features of body mucosal tissues is the production and secretion of mucus by goblet and club cells (60). Mucus protects the underlying epithelium from chemical, enzymatic and mechanical damage (61), whereas in the skin it also reduces swimming drag forces (62). In fish, the epidermis is responsible for the production and maintenance of the mucous layer via the synthesis and secretion of mucins- the high molecular weight glycoproteins densely coated- which formed a support matrix-web equivalent to the mammalian mucus (15). Soluble proteins, other metabolites and microbiota are trapped in this exuded mucous. The functionality of fish mucus has been deeply studied (15, 63–65). In this way, the mucus proteome has classified proteins as structural, metabolic and protection-related functions (44). In the present study, mucus proteome changed in gilthead seabream fed the diet containing SDPP in comparison to the control group. In the two-dimensional proteome analysis, proteins with different pI or relative molecular mass are identified as separate spots. Such information, together with the quantity (abundance and fold change) and identity of those proteins, allowing us to determine the changes at post-translational modification level. It may also determine the cleaved proteins resulting from mucus proteolytic activity. In our study, the current proteome gel-based approach limited the number of detected DESs to the 300 most abundant proteins. However, changes in the abundance of lower molecular mass presents as mucus soluble proteins can be not discarded.

Beyond the non-specific biological processes determined by the Gene Ontology for the proteinteractome, specific skin mucus proteins have been grouped into relevant functional groups. Thus, two specific groups related to mucus formation have been identified: (1) “cytoskeleton related proteins” (TPM1, TUBA1A, PPL and CTNMA1) previously described as structural mucus related proteins (44, 66); and (2) proteins involved in exocytosis processes and cell motility like ACTA1 and ACTB, which have been extensively reported in the fish mucus proteome (44, 67, 68). Although the function of ANXA10 (member of the calcium and phospholipid binding proteins) in the mucus deserves further investigation, this protein has been associated to exocytosis, as well as differentiation and cellular proliferation processes (69). In addition, ACTR1B was found significantly up-regulated in the skin mucus of fish fed SDPP. This is a conserved protein related to actin and dynactin complex and has been found in different cellular compartments. It has been reported in vesicular structures in the cytoplasm (70) as well as in neutrophil degranulation and in the antigen processing and presentation of exogenous peptide antigens via Major Histocompatibility Complex (MHC) class II. Nevertheless, considering their cellular functionality, the above-mentioned proteins may be related to vesicle formation, enhancing the liberation of products from epidermal mucous cells to skin mucus. This data matches with our results obtained from the transcriptome analysis concerning the protein fate. Different fragments of keratin fragments (KRT1, KRT10, KRT36) considered as structural components of the epidermis were differentially expressed in the mucus proteome. Cleaved keratins produced by proteolysis via extracellular proteases have been proposed to have putative antimicrobial function as membrane pore-forming peptides in higher vertebrates (71). This is of special relevance since one defence mechanism commonly used by the skin is the production of antimicrobial peptides that can kill invading pathogens and activate the host immune response (15). Furthermore, SDPP also promoted other defensive exuded products as proteins with chaperone activity like HSP70, HSP90, TCP1 and GRP78 (44, 67). Their function is also linked to the immunoproteasome and to the MHC class I pathway, which in turn are related to an activation of innate immune responses. For instance, GRP78 has a potent immunological activity when released from the internal environment of the cell into the extracellular space. Specifically, it feeds anti-inflammatory and pro-resolutory signals in immune networks (72). Most of metabolic-related proteins found up-regulated in the skin mucus have no direct functionality in this protective layer; nonetheless, the resultant products of their enzymatic activity may have an important intracellular signaling functionality (66). Four of the over-expressed proteins were grouped within the cell redox activity, including BHMT, GMPS, PHGDH and PDIA3. BHMT mediates betaine and homocysteine transformation, which is involved in methionine biosynthesis and has been described as a precursor of glutathione biosynthesis (73, 74). GMPS synthetises glutamine, which is the precursor of glutamate, one of the molecules needed in glutathione formation. PHGDH is involved in the serine biosynthesis, which has been described to affect glycine formation in mouse, with an effect on mitochondrial glutathione activity (75). PDIA3 is also involved in cell redox homeostasis (74). The presence of these groups of proteins in skin mucus could be related to an up-regulation of the antioxidant defence system and to a more metabolically active tissue as the upregulation of GMPS indicated (involved in the synthesis of purine nucleotides) (76). In summary, the DESs found in the proteome of skin mucus from fish fed the SDPP diet indicated that this feed ingredient promoted the protective role of mucus, with putatively higher antioxidant and antibacterial properties.

The multi-omics-based interactome was conducted based on transcriptomics and proteomics data and their respective interactomes in order to provide a holistic approach of the effects of dietary SDPP on the skin functionality and integrity (77). As far as we know, this study is the first one conducted on an animal mucosa, and especially the skin. In brief, this integrative tool was used to merge the effects of the diet on the tissue functionality at transcriptome (tissue level) and proteome profile (mucosal matrix level). The resulting multi-interactome was composed of 115 nodes (including 93 DEGs and 22 DESs) with a strong interrelationship in 313 edges and higher enrichment values of protein-protein interactions (PPI). Interestingly, new identified biological processes were highlighted considering the skin and mucus differential expression together. In particular, the “anatomical structure development” process (GO.0048856; including 37 nodes) is related to the progression of an anatomical structure from an initial condition to its mature state (GO Term definition). Although few approaches existed in the literature on interactomes from mucosal tissues, this “anatomical structure development” GO process was also identified in the gene expression profiling of olfactory ensheathing glial cells from the olfactory mucosa (78) that have the ability to promote regeneration in the nervous system (79). Thus, the presence of this new biological process would explain the bigger epidermis and dermis thickness found in the skin of fish fed the SDPP diet, as well as its enhanced physical barrier function. The “response to external stimulus” process (GO.0009605; 22 nodes) was another “new” cluster and demonstrated the collaborative work of skin cells and mucus exuded matrix to work as interface with the surrounding environment. It is also an evidence of their tight regulation in front of an epidermal challenge and/or stressor. Additionally, more relevant was the identification of the biological processes related to “innate immune response” (GO.0045087) and “defense response” (GO.0006952), which did not appear when both transcripteractome and proteinteractome were analyzed separately. The innate immune response registered an intimate relationship with the defence response. In fact, all their nodes were contained on its cluster, indicating that this response process was mostly related to an immunological context. These results are of special relevance since the skin requires both intact structural and immunological barriers to protect the organism from external aggressions including pathogens. In this sense, the efficacy of SDPP in livestock nutrition has been associated to an improved barrier function of the gut mucosa and the modulation of the mucosal immune response (27). However, no previous data on the impact of SDPP on the skin was available. Thus, our study confirms that the beneficial role of SDPP is not only restricted to the intestine but it also affects other mucosal tissues of the organism. The immunological-promoting effects of SDPP might be attributed to the immunoglobulin-rich fraction of plasma (80) although other biological peptides may be involved. The skin multi-interactome suggested that the above-mentioned improvements focused no just in a specific cellular way of action, but they also affected several pathways, including gene expression, biogenesis, vesicle formation, protein transport, and protein localization to membrane, all of them corresponding to classical vertebrate response of innate and non-specific defenses.



Conclusions

The mucous tissue presents two main matrices: the tissue and the secreted mucus that fulfills a wide range of functions mainly aimed at the protection of the epithelial layer. In the current study, we studied for the first time both matrices together in the skin mucosa using a holistic multi-omics approach. The skin transcripteractome revealed a gene expression profile that favors molecular mechanisms associated to transcriptional processes, biogenesis, vesicle formation, protein transport, and protein localization to membrane, whereas mucus proteome enhanced the protective role of mucus, with putatively higher antioxidant and antibactericidal properties. The multi-interactome analysis (integrating data from skin and mucus) evidenced the interrelationship and synergy between the skin metabolism and the exuded mucus functions, improving tissue development, the increase in the thickness of epidermis and the stratum spongiosum of the dermis and goblet cell density, the innate defenses and environment recognition. These responses are sustained on a series of processes and compartments related to protein transport and localization to membrane, and structural support at cell junction level. Additionally, SDPP positively impacted on animal performance, growth and feed utilization.

Thus, the integrative perspective followed in our study shows the stimulation of the cell protein turnover and the activation of the exudation machinery in the skin mucosa. This evidence reflects an intimate crosstalk between skin tissue and its exuded mucus in response to a stimulus. In our study, the utilization of SDPP as dietary supplement and its effect upon the teleost skin as model of study. The multi-omics-based interactome analysis increases the power of detecting true causal genes and regulatory networks and pathways involved, providing a comprehensive understanding of the biological context of response that takes place. According to Suravajhala et al. (77), it may even increase the chance to determine the effect of a variable of interest upon animal health and welfare. Overall, this strategy is applicable for evaluating the effect of any experimental variable on any mucosal tissue functionality, including the wide range of applications this assessment may provide on the studies in the mammalian mucosa.
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The mucosa of vertebrates is a particularly complex but dynamic environment in which the host constantly interacts with trillions of commensal microorganisms and pathogens. Although the internal and external mucosal microbiomes with immune defense of mammals have been well investigated, the relationship between mucosal microbes and their host’s immune responses has not been systematically understood in the early vertebrates. In this study, we compared the composition and distribution of mucosal microbiota in common carp (Cyprinus carpio), and found that there were significant differences of microbiota between in the internal (gut) and external mucosal (buccal mucosa, gills and skin) tissues. Next, we successfully constructed an infection model with spring viremia of carp virus (SVCV). Specifically, following viral infection, the immune and antiviral related genes showed different up-regulation in all selected mucosal tissues while significant morphological changes were only found in external tissues including buccal mucosa, gills and skin. Using 16S rRNA gene sequence, we revealed that the abundance of Proteobacteria in mucosal tissues including buccal mucosa, gills and gut showed increased trend after viral infection, whereas the abundance of Fusobacteria significantly decreased in gut. In addition, the loss of dominant commensal microorganisms and increased colonization of opportunistic bacteria were discovered in the mucosal surfaces indicating that a secondary bacterial infection might occur in these mucosal tissues after viral infection. Overall, our results firstly point out the distribution of internal and external mucosal microbiota and analyze the changes of mucosal microbiota in common carp after SVCV infection, which may indicated that the potential role of mucosal microbiota in the antiviral process in early vertebrates.
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Introduction

The mucosal surfaces of vertebrates constitute physical and chemical barriers that separate hosts from the external environment, and are inhabited by dense and complex populations of microorganism that play an essential role in digestion and nutrition, in addition to protecting hosts against pathogens and environmental insult (1–3). It has been proposed that the mucosal immune system in vertebrates may have evolved as a result of the complex symbiotic relationships between microbial communities and their host, which highlights the critical role of mucosal microbiota for maintaining the health of virtually all known vertebrates (4). Over the course of evolution and water-to-land transition in vertebrates, mucosal surfaces have undergone drastic changes that have resulted in different mucosal microbiota structures (2). Specifically, aquatic animals are continuously exposed to microbial-rich environments (freshwater or seawater) and may face a greater challenge coping with the complex microbial loads in their mucosal surfaces compared to land animals (5). As the outer mucosal tissues in teleost fish, the skin and gills have been extensively investigated and found that that they are largely dominated by obligate aerobes (6). However, skin and gills exhibit different microbial compositions. For instance, a study reported that fish skin were rich in Firmicutes and Actinobacteria, whereas the gills were dominated by Proteobacteria and Bacteroidetes which may be related to the gas exchange process of fish (2). In our previous study, we identified IgT-coated trout gills bacteria belonged to the Proteobacteria and Bacteroidetes phyla, suggesting that the members of these two phyla may have a protective role against pathogenic invasion (3). Additionally, several commensal microbiota isolates belonging to the Proteobacteria phylum in salmonid skin reportedly have an inhibitory effect on bacterial pathogen infection, further confirming that symbiotic bacteria may play a crucial role in fighting mucosal pathogens in teleost hosts (7). Interestingly, the buccal mucosa of teleost (i.e., the first tissue in the digestive tract that comes in contact with external stimuli) is a newly discovered mucosa-associated lymphoid tissue (MALT). Recent studies have determined that Proteobacteria was the most abundant phylum in teleost buccal mucosa; however, its abundance decreases significantly after infectious hematopoietic necrosis virus (IHNV) infection in trout (8–10). Unlike the microbial composition of skin and gills, the teleost gut is primarily colonized by aerobic, facultative anaerobic and obligate anaerobic bacteria (11). Importantly, Proteobacteria are the predominant gut microbiota in most marine and freshwater fish; however, these bacteria may become pathogenic under stressful conditions (10, 12–16). It is obvious that different mucosal tissues in teleost are inhabited by uniquely different microbial communities and proportions of specific bacteria (2, 17). However, although there is a topographical map of the microbiomes associated with pathogens or the environment (2, 18), the relationship between virus-mediated microbes and their hosts’ mucosal responses in external and internal mucosal surfaces remains uncharacterized.

This study focused on the common carp (Cyprinus carpio), one of the most widely farmed freshwater fish species worldwide, which is often challenged by the emergence of infectious diseases including bacterial, parasitic and viral pathogens (19, 20). Particularly, the spring viremia of carp virus (SVCV) poses a severe risk not only to carp health but also that of other aquatic animals (21). To better understand the microbial dynamic changes in different mucosal surfaces very early after viral infection, we successfully constructed an SVCV infection model where a less lethal concentration of SVCV was administered to common carp via injection, an easy, quick, and accurate immune method. Our results demonstrated that SVCV infection of the common carp elicited strong pathological changes and immune response both in external (buccal mucosa, skin, and gills) and internal (gut) mucosal tissues. Importantly, SVCV can cause microbial dysbiosis at the mucosal surface, leading to the invasion of opportunistic pathogens, suggesting that viral infection may be followed by secondary bacterial infection in the mucosal tissues. Moreover, we firstly compared the internal and external microbial structure during SVCV infection and provided a topographical map of the microbiome of a teleost species, thus highlighting the potential role of resident strains in aquatic viral disease control.



Materials and Methods


Fish Maintenance

The 5 months-old common carp (10–15 g) used in this experiment were obtained from a fish farm in Chongqing province, and maintained in aquarium tanks using a water recirculation system including thermostatic temperature control and extensive biofiltration. The fish were kept at 18°C for at least two weeks and fed with commercial carp pellets with a rate of 0.5–1% body weight twice a day (9:00 a.m. and 4:00 p.m.). The feeding was terminated 48 h prior to sacrifice both in control and infected groups. Before experimental infection, the fish were acclimatized to the water temperature by changing the water temperature from 18 to 12°C by 2°C per day for the SVCV infection. All animal procedures were approved by the Animal Experiment Committee of Huazhong Agricultural University and carried out according to the recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of China.



Virus and Infection

In a 26°C incubator with 5% CO2, the cyprinus carpio epithelioma papillosum cyprini (EPC) cell line was maintained in minimum Eagle’s medium (MEM) supplemented with 10% fetal bovine serum (FBS) containing 1% Penicillin-Streptomycin Solution. The SVCV used in this study was gifted from Professor Xue-Qin Liu’s lab in the Huazhong Agricultural University and propagated in EPC cells until cytopathic effect (CPE) was observed, subsequently adjusted to 1 × 107 pfu ml−1 in MEM and stored at −80°C until use. The methods used for SVCV infection were described previously by Wei X et al. (22) with slight modification. Briefly, fish were anaesthetized with methanesulfonate (MS-222) at a final concentration of 40 μg/ml and intraperitoneally (i.p.) injected with 100 μl of MEM containing SVCV. As the control group, fish were treated similarly and i.p. injected with 100 μl of MEM collected from non-infected cells. Then the fish were migrated into the aquarium containing new aquatic water.



Sample Collection

After 4 days infection, the common carp were anesthetized with MS-222 for sampling. For histological and pathological studies, four different tissues (buccal mucosa, gills, skin, gut) of common carp were directly taken out from control fish and infected fish, then fixed immediately at 4% (v/v) neutral buffer paraformaldehyde for at least 24 h. For RNA extraction and quantitative real-time PCR (qRT-PCR), tissues including buccal mucosa, gills, skin, gut and spleen were collected in sterile micro-centrifuge tubes. For bacteria 16S rRNA gene sequencing, mucosa-associated bacteria were collected by scraping the mucosal layer with a sterile scalpel. Concretely, buccal upper mucosa was used for histological and pathological studies, quantitative real-time PCR and bacteria 16S rRNA gene sequencing. Gills taken from the second and third on the left and right gill arch were used for histological and pathological studies, quantitative real-time PCR and bacteria 16S rRNA gene sequencing. For skin, the skin on the back of the pectoral fin was sampled for histological and pathological studies; the skin on the back of the pectoral fin and below the dorsal fin was used for quantitative real-time PCR and bacteria 16S rRNA gene sequencing. For gut, after gently removing the contents, the foregut was used for histological and pathological studies, and the whole gut was used for quantitative real-time PCR and bacteria 16S rRNA gene sequencing. All tissues collected for RNA or 16S rRNA gene analysis were immediately frozen in liquid nitrogen and stored at -80°C for further study.



Histology and Light Microscopy Studies

After fixed in 4% neutral formalin buffer, the buccal mucosa, gills, skin and gut were dehydrated in a graded ethanol series, washed with xylene, embedded in paraffin, and then sectioned into 5 μm pieces. The paraffin sections were stained with classic hematoxylin and eosin (H&E) as described previously (23). Images were acquired in microscope (Olympus, Japan) using the Axiovision software. By measuring the thickness of the epidermis, the microscopic pathological changes of the buccal mucosa and skin mucosa were evaluated. Similarly, the length–width ratios of the lamellae and villi were measured for evaluating microscopic pathological changes in gills and gut, respectively. The parameters of each image are measured by three different researchers and averaged to reduce random errors.



RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was extracted from fish different tissues (buccal mucosa, gills, skin, gut and spleen), which were homogenized in 1 mL TRIZol (Invitrogen) by shaking (60 HZ for 1 min) with steel beads. Equivalent amounts of the total RNA (1,000 ng) were used for cDNA synthesis with the SuperScript first-strand synthesis system for qPCR (YEASEN, China) in a 20 µl reaction volume. The synthesized cDNA was diluted 3 times and then was used as a template for qRT-PCR analysis. The qRT-PCR was performed on a qTOWER3G PCR system (Analytik Jena AG, Germany) by using the EvaGreen 2 × qPCR Master mix (YEASEN, China) as following conditions: 95°C for 5 min, followed by 40 cycles at 95°C for 10 s and at 58°C for 30 s. The change in transcription of genes was calculated as relative fold expression by the methods of 2-ΔΔCt and 40S was used as control gene for normalization of expression. The results were obtained from three independent experiments and each was performed in triplicate.



DNA Extraction and PCR Amplification

Microbial DNA was extracted from 32 samples using the OMEGA Soil DNA Kit (D5625-01) (Omega Bio-Tek, Norcross, GA, USA) according to manufacturer’s protocols. Subsequently we detected the DNA concentration and quality by NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and 2% agarose gel electrophoresis, respectively. The universal primer set 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) incorporated specific barcodes and was used for the amplification of the V3-V4 hypervariable region of bacterial 16S rRNA genes by thermocycler PCR system (GeneAmp 9700, ABI, USA). The PCR reactions were performed in triplicate 25 µl mixture containing 5 µl of buffer (5×), 0.25 μl of Fast pfu DNA Polymerase (5 U/μl), 2 μl (2.5 mM) of dNTPs, 1 μl (10 uM) of each Forward and Reverse primer, 1 μl of DNA Template, and 14.75 μl of ddH2O with the following condition: 5 min of denaturation at 98°C, 28 cycles of 30 s at 98°C, 30 s for annealing at 55°C, and 45 s for elongation at 72°C, and a final extension at 72°C for 5 min. The PCR amplicons were extracted from recycling of 2% agarose gel and further purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.



Illumina MiSeq Sequencing and Analyses

Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China). Microbiome bioinformatics were performed with QIIME2 2019.4 (24) with slight modification according to the official tutorials (https://docs.qiime2.org/2019.4/tutorials/). Briefly, raw sequence data were demultiplexed using the demux plugin following by primers cutting with cutadapt plugin (25). Sequences were then quality filtered, denoised, merged and chimera removed using the DADA2 plugin (26). Alpha-diversity metrics (Chao1, Shannon, and Simpson), beta diversity metrics (weighted UniFrac) were estimated using the diversity plugin. Taxonomy was assigned to ASVs using the classify-sklearn naïve Bayes taxonomy classifier in feature-classifier plugin against the SILVA Release 132. For Lefse analysis, non-parametric factor Kruskal–Wallis rank sum test is applied for determining the species that showed significant difference in abundance. By linear discrimination analysis (LDA), the effect of the different species was estimated.



Standard Curve for Spring Viremia of Carp Virus

For standard curve, the PCR products of SVCV were inserted in pMD 19-T vector and recombined with DH5α Escherichia coli cells. Plasmid DNA was isolated from an overnight selective culture using HiPure Plasmid Micro Kit (OMEGA). For estimation of plasmid copy number, the following equation was used: , where Avogadro number = 6.023×1023 molecules/mol; plasmid concentration =4.05×10-3 μg/μl; recombinant plasmids = 2916 bp and average MW of a DNA molecule = 660 g/mol. The recombinant plasmids diluted 10 times continuously (a total of 7 gradients of 1.27 × 108 copies/μl ~1.27 × 102 copies/μl) were used as the standard positive template. The standard curve was shown in Supplementary Figure 3, and the Ct values of the samples were extrapolated into the standard curve to calculate the copy number.



Statistical Analysis

An unpaired Student’s t-test (Prism version 6.0; GraphPad) was used for gene expression and histology data analysis. For 16S analysis, Mann-Whitney test was used to evaluate the differences between control and infection groups. P-values of 0.05 or less were considered statistically significant.




Results


Microbiome Signatures Across Different Mucosal Sites in Common Carp

In this study, four mucosal tissues including external buccal mucosa (BM), gills, skin and internal gut mucosa were collected, and the abundance of their microbial communities was assessed using 16S rRNA sequencing with the Illumina MiSeq platform. We obtained a total of 40,425,311 sequences from the original samples of control and infected fish, which were further filtered down to 3,387,816 merged sequences after removal of the samples with the threshold. Afterward, the sequences were divided into unique OTUs at the 97% level using the DADA2 plugin and further clustered into 21,780 distinct OTUs for downstream analysis. Concretely, the BM, gills, skin, and gut had a total of 23, 25, 22, and 24 phyla, respectively. Analysis at the genus level elucidated 160, 173, 156, and 150 genera in BM, gills, skin, and gut, respectively.

To further compare the microbial composition and distribution in different mucosal sites of common carp, the external (BM, gills, skin) and internal (gut) tissues were characterized at the phylum and order levels (Figures 1A, B). Similar to previous studies, Proteobacteria was the most predominant phylum both in internal and external mucosal sites of common carp, accounting for a large proportion in each site (BM, 74.9%; skin, 67.6%; gills, 79.8%; gut, 70.2%). After Proteobacteria, Bacteroidetes and Fusobacteria accounted for 15.4% and 15.1% in external and internal mucosal sites, respectively. Interestingly, we found that the microbial composition of the external and internal mucosa was also significantly different at the order level. For example, the aerobic microorganisms Rhizobiales, Burkholderiales, and Saprospirales made up the majority of the external microorganisms (18.4%, 16.5%, and 10.0%, respectively). However, the gut microbiota was mainly composed of anaerobes and facultative anaerobes such as Vibrionales, Fusobacteriales, Enterobacteriales, and Alteromonadales (16.1%, 15.1%, 8.7%, and 6.9%, respectively). Additionally, upon analyzing the bacterial OTUs at the genus level, we identified the differences in microbial communities between external and internal mucosa including beneficial bacteria such as Aquabacterium, Sediminibacterium, Azospirillum, and Cetobacterium, as well as disease-causing taxa such as Ochrobactrum, Acinetobacter, Aeromonas, and Shewanella (Figures 1C–J). Importantly, the proportion of Aquabacterium, Sediminibacterium, Azospirillum, Ochrobactrum, and Acinetobacter in external mucosal sites were homogeneous and undifferentiated, whereas the gut exhibited a ~2-, and 3-fold decrease in the abundance of these microbial communities. In contrast, the relative abundance of Cetobacterium, Aeromonas, and Shewanella in the internal gut mucosa was much higher than in the external mucosal sites. Overall, our findings highlighted the variations in the composition and distribution of external and internal mucosal microbial communities in common carp.




Figure 1 | Composition and distribution of the bacterial microbiome in common carp at different mucosal sites. (A) Composition and relative abundance of the dominant bacterial taxa in common carp samples (BM, gills, skin, and gut) at the phylum level. (B) Composition and relative abundance of the dominant bacterial taxa in common carp samples (BM, gills, skin, and gut) at the order level. (C–I) The distribution of several representative dominant bacteria in various mucosal tissues (BM, gills, skin, and gut) in common carp including Aquabacterium (C), Sedminibacterium (D), Azospirillum (E), Ochrobactrum (F), Acinetobacter (G), Cetobacterium (H), Areomonas (I), and Shewanella (J), BM, buccal mucosa; Data are representative of 4 individuals (mean ± SEM).





SVCV Infection Induced Morphological Changes and Immune Genes Expression in Common Carp

Given the observed variations in the composition and distribution of internal and external mucosal microorganisms, we then sought to characterize the effect of pathogen invasion on mucosal tissues. Here, we constructed an infection model with SVCV, which was harvested by proliferation in EPC cells (Supplementary Figure 1A). As expected, typical symptoms such as proptosis in the eyes, hyperemia in the fins, and swelling in the anus were observed in the infected group (Supplementary Figure 1B). In contrast, the control group did not exhibit any of these clinical signs throughout the experimental period. We then collected the samples including BM, skin, gills, gut, and spleen after SVCV infection, and detected high SVCV expression in most tissues at 4 days post-infection (Supplementary Figure 2). Hematoxylin and eosin (H&E) staining was then conducted to evaluate the morphological changes in mucosal tissues of common carp after SVCV infection. These histological analyses revealed that the thickness of the epidermis (EP) in the buccal mucosa and skin had significantly contracted at 4 days post-infection compared to that of control carp (Figures 2A, B, and D). Moreover, significant changes in infected gills were also observed, as evidenced by wider and shorter secondary lamellae (Figures 2A, C). However, no pathological changes were detected in the internal gut mucosa, which was consistent with a previous study in which no conspicuous changes were found in the gut of rainbow trout after virus infection compared to control fish (10) (Figures 2A, E). Interestingly, high copy numbers of SVCV were detected in both external (buccal mucosa, skin, and gills) and internal (gut) mucosa. As expected, SVCV was detected frequently in the spleen (Figure 2F). Overall, these results demonstrated that SVCV successfully invaded investigated tissues of common carp and induced significant morphological changes in the external mucosa.




Figure 2 | Pathological changes and immune response in mucosal tissues of common carp following SVCV infection. (A) Histological examination of the mucosal tissues (including BM, gills, skin, and gut) from control fish and experimental fish infected with SVCV after 4 days (n = 6 fish per group). (B) The thickness of BM epidermis in control and infected fish (n = 6 fish per group). (C) The length-width ratio of secondary lamellae in control and infected fish (n = 6 fish per group). (D) The thickness of skin epidermis in control and infected fish (n = 6 fish per group). (E) The length-width ratio of gut villus in control and infected fish (n = 6 fish per group). (F) The loads of SVCV in different tissues (BM, gills, skin, gut, and spleen) at 4 days after infection (n = 9 fish per group). Data are representative of three independent experiments (mean ± SEM). (G) Heat map illustrates results from quantitative real-time PCR of mRNAs for immune-related genes in virus-challenged fish vs. control group measured at 4 days following with SVCV in the BM, gills, skin, gut, and spleen of common carp (n = 6 fish per group). Color value: log2 (fold change). BM, buccal mucosa; BE, buccal epithelium; SM, submucosa; PL, primary lamellae; SL, secondary lamellae; EP, epidermis; SC, scales; LP, lamina propria; Scale bars, 20 µm. Control vs. Infected: *P < 0.05, ***P < 0.001, unpaired Student’s t-test. Data are representative of three different independent experiments (mean ± SEM).



To gain insights into the kinetics of the immune responses following SVCV infection, the expression of 20 antiviral and immune-related genes was quantified at 4 days post-infection in external (buccal mucosa, skin, and gills) and internal (gut) mucosal tissues, as well as spleen tissues via RT-qPCR, including pro-inflammatory cytokines genes (interleukin 1β and interleukin 8), toll-like receptors (TLR2, TLR3, and TLR7), interferon (IFNa1, IFNa1s, and IFNa2) and interferon regulator factor (IRF3 and IRF7), antimicrobial peptides (Hepcidin), mucins (Muc2 and Muc13), innate immune genes (TNF and NOD1) and antiviral genes (ISG15, Mx1, VIG, protein kinase R (PKR), ADAR) (Figure 2G; the primers used in this study are shown in Supplementary Table 1). Strong antiviral responses were detected in both mucosal tissues (BM, gills, skin, and gut) and spleen tissue after SVCV infection, which further suggested that the common carp was successfully invaded by SVCV and activated the antiviral pathway. Moreover, the expression of immune genes was also detected in external and internal mucosal tissues, indicating that innate immunity was involved in the antiviral process. Interestingly, the relative expression level of antiviral response genes was similar to that of immune-related genes in mucosal tissues such as IRF7, which is a master transcriptional factor that regulates IFN gene induction and innate immune response after virus infection. Similarly, IFN, a critical secreted mediator of the innate immune response, also exhibited the same expression pattern in both mucosal tissues and the spleen. Additionally, we found that the up-regulated expression of immune genes in the spleen was lower than that in mucosal tissues, which indicated that mucosal tissues may play a more important role in the early stages of viral infection than the spleen.



Changes in the Microbial Distribution of Mucosal Tissues After SVCV Infection

Next, we calculated the differences in the microbial abundance and community diversity in the mucosal tissues between infected and control groups. Interestingly, the Shannon diversity index (a metric that weights the numbers of species by their relative evenness data) and the Simpson diversity index (a metric that weights species diversity by their richness and evenness) in BM and gills decreased significantly after SVCV infection compared to the control group (Figures 3A, B). However, the Chao1 index (a metric used to estimate microbial richness) did not change significantly in any of the selected mucosal sites including BM, gills, skin, and gut (Figures 3A–D). To further analyze the microbial composition changes in the external and internal mucosal sites, the microbial sequences from the control and infected fish were classified by phylum, class, order, family, and genus. At the phylum level, the abundance of Proteobacteria increased significantly post SVCV infection in BM (90.3% in the infected group versus 74.9% in the controls), gills (78.2% in the infected group versus 67.7% in the controls), and gut (83.8% in the infected group versus 70.2% in the controls) but decreased in the skin (73.2% in the infected group versus 79.8% in the controls). Notably, the abundance of Fusobacteria in the infected common carp gut decreased significantly compared to control fish (0.4% in the infected group versus 15.1% in the controls) (Figures 3E–H). At the order level, although the changes in the microbial composition of external mucosal sites were moderate, we observed an increasing trend in pathogenic bacteria and a decrease in beneficial bacteria (Figures 3I–K). Specifically, the abundance of the pathogenic bacteria Burkholderiales increased in the BM (~2.4-fold), gills (~1.7-fold), and skin (~1.5-fold), whereas the abundance of the beneficial orders Bacteroidales in gills and Clostridiales in BM and gills decreased upon viral challenge (~1.5-fold, ~2.0-fold, and ~1.5-fold, respectively). Although no significant signs of tissue damage were observed in the gut after SVCV infection, this tissue exhibited dramatic changes in bacterial abundance (Figures 2E and 3L). For instance, the abundance of Rhodospirillales, Burkholderiales, and Rhizobiales increased (~3.2-fold, ~3.0-fold, and ~1.8-fold, respectively), whereas the abundance of Enterobacteriales, Fusobacteriales, Vibrionales, and Alteromonadales decreased (~48.8-fold, ~41.9-fold, ~12.9-fold, and ~6.9-fold, respectively). In general, SVCV invasion disrupts microbial homeostasis both in the external and internal mucosal tissues of common carp, which may lead to opportunistic pathogen invasion and secondary infection.




Figure 3 | Microbiota community changes in mucosal tissues of common carp in response to SVCV infection. (A–D) Alpha diversity of bacterial community in common carp BM (A), gills (B), skin (C), and gut (D) from control and infected groups (n = 4 fish per group). Richness and diversity of the bacterial community was measured using Chao1 mean and Shannon index, respectively. Error bars represent standard error of mean (SEM). Kruskal-Wallis test was conducted between groups with significance level. Control vs. Infection: *P < 0.05. (E–H) Bar chart of the relative abundance of phylum present at BM (E), gills (F), skin (G), and gut (H) from control fish and experimental fish infected with SVCV after 4 days. (I–L) Bar chart of the relative abundance of order present at BM (I), gills (J), skin (K), and gut (L) from control fish and experimental fish infected with SVCV after 4 days. BM, buccal mucosa; E4d, 4 days after SVCV infection.





SVCV Infection Led to Significant Alterations in the Microbial Community of Different Common Carp Mucosal Tissues

Based on the WPGMA (Weighted pair group method with arithmetic mean) algorithm, we performed a hierarchical clustering tree, and found that the microbial communities in the BM, gills, and gut tissues of control and infected groups were clustered into two distinct groups (Figures 4A, B, and D). However, the OTU clustering in the skin from control and infected fish was dispersed (Figure 4C), which may be caused by individual differences and sampling conditions. Details about the changes of the microbial community at the genus level were shown with heatmaps including the top 20 bacteria from control and infected groups (Figures 4E–H). Interestingly, the abundances of Azospirillum, Aquabacterium, and Caulobacter were much higher in all of the mucosal tissues of the infected group compared to the controls. Additionally, the abundances of Acinetobacter, Ochrobacterium, and Agrobacterium decreased in the external mucosal tissues but increased in the internal gut mucosa. Moreover, we observed a decrease in the abundance of Plesiomonas, Cetobacterium, and Shewanella, which were uniquely dominant in the gut compared to the control group.




Figure 4 | The diversification of microbiota community at genus level in common carp mucosal tissues after SVCV infection. (A–D) Hierarchical cluster analysis of Weighted-unifrac distances generated from BM (A), gills (B), skin (C), and gut (D) in control group and SVCV-challenged group. (E–H) Heat map showing the hierarchical clustering results for the abundance of bacterial genera in BM (E), gills (F), skin (G), and gut (H) from SVCV-challenged and control fish. BM, buccal mucosa; E4d, 4 days after SVCV infection. Pheatmap package of R (version 3.4.4) was used to picture heat maps, Pearson correlation was carried out and Weighted-unifrac method was used to cluster the relative abundance values. The relative abundance values were scaled in raw.



LDA effect size (LEfSe) analysis was used to further explore the changes in microbial composition in different common carp tissues after SVCV infection. Here, we identified significant decreases in the abundance of Aquabacterium and Azospirillum in BM, gills, and gut (~5.0-fold and ~5.1-fold, ~4.8-fold and ~4.9-fold, ~4.8-fold and ~4.9-fold, respectively). In contrast, Ochrobactrum, Acinetobacter, and Cetobacterium decreased more than ~4-fold in BM, gills, and gut after SVCV invasion (Figures 5A, B, and D). Moreover, the abundance of Sediminibacterium decreased by ~4.7-fold in the BM. Interestingly, the microbial changes of the skin were inconsistent with other tested mucosal tissues (Figure 5C). For instance, the abundances of Turicibacter and Bacteroides in the skin were significantly increased at the expense of losses in Sphingobacterium and Sphingomonas after SVCV infection. Additionally, we performed scatter diagrams to illustrate the changes in dominant bacteria both in internal and external mucosal tissues (Figure 6). Interestingly, although no significant differences were detected in the skin of common carp, the abundance of Aquabacterium increased in BM, gills, skin, and gut (Figures 6A, D, G, and J). However, Sediminibacterium and Ochrobactrum were markedly decreased in the BM as a result of SVCV infection (Figure 5A and Figures 6B, C). Furthermore, a significant decrease in Acinetobacter and an increase in Azospirillum were observed in gills tissues at 4 days post-infection compared to the control group (Figures 6H, I). A moderate decrease in Acinetobacter and Ochrobactrum was also observed in the skin (Figures 6E, F), whereas a decrease in Cetobacterium and an increase in Azospirillum were detected in the gut (Figures 6K, L).




Figure 5 | Description of biomarkers that were significantly different between control and infection groups in common carp BM (A), gills (B), skin (C), and gut (D). E4d, 4 days after SVCV infection.






Figure 6 | SVCV infection results in microbial composition changes in common carp BM (A–C), gills (D–F), skin (G–I), and gut (J–L). *P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student’s t-test.






Discussion

The microorganisms that inhabit the mucosal surfaces of vertebrates play critical roles in the development, homeostasis, and immune function of mucosal tissues. However, imbalances in the microbiota of susceptible hosts may lead to opportunistic pathogenic invasion and a multitude of immune-mediated disorders (27). Many studies on mammalian mucosal microbiota have identified distinct microbial communities in the mouth, skin, gut, and vaginal cavity (17). In teleost, although some studies have characterized the changes in the microbial composition of mucosal tissues in response to pathogen infection or environmental changes, very few studies have assessed the effect of viral infection on the internal and external mucosal microbiomes of aquatic animals. Therefore, our study sought to compare the microbial composition of external (BM, gills, and skin) and internal (gut) mucosal tissues in common carp and analyzed the changes of microorganism and immune response after SVCV infection.

16S rRNA sequencing analyses revealed differences in the bacterial community composition of different mucosal tissues including BM, gills, skin, and gut. Similar to rainbow trout (2, 10, 28), southern catfish (18), and zebrafish (29), Proteobacteria and Bacteriodetes accounted for a large proportion of both the internal and external mucosal microbiota of common carp. Previous studies have linked Proteobacteria and Bacteroidetes to inflammation and metabolic diseases, respectively, thus acting as “microbial signatures” of disease (30–32). However, the abundance of Fusobacteria in the gut was significantly higher than that in external mucosal tissues, which was attributed to the unique characteristics of the gut environment (33). Similarly, we also found that the bacterial composition of internal (gut) mucosa at the order level was markedly different from that of external tissues, as shown in previous studies in other species (17). Particularly, the abundance of Fusobacteriales, Enterbacteriales, and Vibrionales were much higher in the gut compared to the external mucosa, suggesting that these bacterial taxa might be related to nutrition, metabolism, and immune function in the gut according to the previous studies (33–35). Therefore, the bacterial composition observed in external mucosal sites may be a reflection of niche and environmental diversity, whereas the gut may offer more stable habitats that shape specialized microbial communities.

To evaluate the dynamic changes of the immune responses and microbial composition in response to viral infection, an SVCV infection model was established in common carp. We found that SVCV could successfully invade investigated tissues of common carp and caused typical clinical symptoms (e.g., proptosis in the eyes, hyperemia in the fins, and anal swelling). Moreover, significant morphological changes were detected in external tissues, including lamellae epithelium thickening or mucosal epithelium thinning, which may be caused by the loss of epithelial mucous cells while released mucus in response to viral invasion according to previous study (10). However, compared to control fish, no pathological changes were detected in the gut, which was consistent with previous study (10). We speculated that the gut would be the habitat of the special microbial community, which ensured the integrity of the gut in the process of antiviral infection (20, 36). The morphological changes caused by SVCV also likely led to changes in the expression of immune genes in the corresponding tissues. Previous studies have shown that virus infection often leads to the activation of innate immune signal pathways (37). In our study, a strong immune response was observed both in the internal and external mucosa of infected common carp. As key components of intercellular signal transmission and regulation, the expression of cytokines including inflammatory factors (IL-1β and IL-8) and toll-like receptors (TLR2, TLR3, and TLR7) increased significantly after viral infection (22, 38). According to previous studies, IFNs are secreted mediators that play a fundamental role in the innate immune response against viruses in all vertebrate classes (39). Our study detected a high expression of interferon-related genes in mucosal tissues including interferons (IFNa1, IFNa1s, and IFNa2) and interferon regulator factors (IRF3 and IRF7). Moreover, innate immune genes such as TNF and NOD1 also been detected in all selected mucosal tissues, further suggesting that innate immunity was involved in the antiviral process (40). More importantly, the mRNA expression of antiviral genes such as Vig1, ISG15, Adar, PKR, and Mx1 was upregulated in infected individuals, suggesting that SVCV activated the antiviral pathway in common carp (21, 22, 41). As an antimicrobial peptide widely distributed in teleost, hepcidin plays an important role against microbial invasion in the innate immune system (42). In our study, the expression of hepcidin increased significantly after SVCV infection, indicating that viral infection may cause antimicrobial immune responses in common carp. Moreover, as matrix containing a diverse range of antimicrobial molecules, mucin expression may also favor the colonization of mucosal surfaces with facultative bacterial pathogens in common carp according to previous study (20). Mucins such as Muc2 and Muc13 also were detected in all selected tissues in our study, further suggesting that SVCV invasion may lead to secondary infection. To our surprise, consistent with previous studies, strong immune responses were detected in the gut after virus infection though no pathological changes were identified (10). Importantly, we found that the expression levels of immune response genes in the spleen were lower than those in mucosal tissues, which may indicate that the spleen of teleost exhibits a delayed immune response to pathogen invasion (28).

Our study firstly characterized the changes in bacterial community in common carp mucosal tissues after SVCV infection and found that there was a significant change in bacterial community species, albeit without significant changes in microbial diversity. As mentioned above, previous studies on mammals have proposed that an increased prevalence of the bacterial phylum Proteobacteria could be used as a marker of unstable microbial structure and may constitute a potential criterion for disease diagnosis (30–32). In our study, the relative abundance of Proteobacteria in the BM, gills, and gut of infected common carp was significantly higher than that of the control group, which confirms the potential diagnostic value of this signature in teleost. However, consistent with previous studies on rainbow trout, SVCV infection decreased the relative abundance of Proteobacteria in the skin (28). Thus, based on the aforementioned studies, we speculated that pathogens may similarly impact fish microbiota diversity regardless of species. In our study, almost all Fusobacteria detected in fish gut mucosa belonged to the Fusobacteriales, which has been linked to host nutrition. Moreover, we found that the relative abundance of Fusobacteriales in common carp gut was significantly lower after SVCV infection, suggesting that the changes in gut microbial communities caused by SVCV infection may alter nutrient absorption capacity in common carp intestines.

Based on the changes in the bacterial communities of mucosal tissues at the phylum and order levels, our study used LEfSe analysis to identify the top 20 bacteria that underwent significant changes in each mucosal tissue. Interestingly, the abundance of Bacteroidetes increased in the skin but decreased in the BM, gills, and gut after SVCV infection. Studies have shown that Bacteroides members may encode a proportionally high number of carbohydrate-active enzymes (CAZymes; e.g., glycoside hydrolases and polysaccharide lyases) that enable the use of both dietary and host mucosal glycans (36), which implied that nutritional and metabolic processes in the gut may have been affected by SVCV infection. Importantly, previous studies have demonstrated that Bacteroides could activate intestinal dendritic cells (DCs) in the human gut, thus inducing plasma cells in the intestinal mucosa to express secretory IgA (sIgA) to coat the surface of gut microbiota (43). It is reasonable to extrapolate that Bacteroides in teleost may also play the same role. Unlike Bacteroides significantly increased abundance only in the skin, we found that the abundance of Aquabacterium strikingly increased in BM, gills, skin, and gut. Moreover, our previous study also showed that the abundance of Aquabacterium increased significantly and then decreased slightly after Ichthyophthirius multifiliis (Ich) infection (28). Interestingly, Ich infection led to increased colonization of opportunistic bacteria, which inevitably affected the colonization of symbiotic bacteria. Therefore, these results indicated that Aquabacterium may be a symbiotic bacterium that plays an important role after SVCV infection. In contrast, the abundance of Burkholderia, a group of bacteria that is considered potentially pathogenic in humans and insects (44), was markedly increased in the gut mucosa after SVCV infection, suggesting that viral infection may facilitate colonization by opportunistic bacteria.

In general, we found that Proteobacteria was the dominant microbial community in both external (BM, gills, and skin) and internal (gut) tissues of common carp, with Fusobacteria also accounting for a large proportion of the gut microbiota. After SVCV infection, the mucosal tissues exhibited a strong antiviral response, particularly in the external mucosa, and mucosal microorganisms also exhibited significant changes. The abundance of Proteobacteria in mucosal tissues including BM, gills, and gut exhibited an increasing trend after viral infection, whereas the abundance of Fusobacteria significantly decreased in the gut (Figure 7). More importantly, our study is the first to demonstrate that SVCV infection disrupts the microbial homeostasis of both external and internal mucosal tissues in common carp, which may lead to opportunistic pathogen invasion and secondary infection.




Figure 7 | A map of microbiome community compositions at different mucosal sites (BM, gills, skin, and gut) in common carp after SVCV infection. The pie charts represent the microbial changes at the phylum level following SVCV infection. The histograms represent the changes of dominant bacteria abundance at the genus level following SVCV infection. Red rectangles show the sampling scheme used for 16S sequencing. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student’s t-test. E4d, 4 days after SVCV infection.
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Probiotics have been defined as live microorganisms that when administered in adequate amounts confer health benefits to the host. The use of probiotics in aquaculture is an attractive bio-friendly method to decrease the impact of infectious diseases, but is still not an extended practice. Although many studies have investigated the systemic and mucosal immunological effects of probiotics, not all of them have established whether they were actually capable of increasing resistance to different types of pathogens, being this the outmost desired goal. In this sense, in the current paper, we have summarized those experiments in which probiotics were shown to provide increased resistance against bacterial, viral or parasitic pathogens. Additionally, we have reviewed what is known for fish probiotics regarding the mechanisms through which they exert positive effects on pathogen resistance, including direct actions on the pathogen, as well as positive effects on the host.
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History and Definition of Probiotics in Aquaculture

The term “probiotic” comes from the Latin word “pro” (for) and the Greek word “bios” (life) meaning “for life” (1) and it refers to microbial feed additives which confer a health benefit to the host organism through the modulation of intestinal microbiota. This first definition provided the basis of differentiating probiotics from antibiotics. The term “probiotics” was first proposed by Lilly and Stillwell (2) as “substances secreted by a micro-organism that stimulate the growth of another organism”, being substances microbially produced “factors”. Later on, Parker (3) was the first who defined probiotics as “organisms and substances which contribute to intestinal microbial balance”. As new findings emerged, the definition of “probiotic” was modified over the years. In 1989, Fuller defined probiotics as “live microbial feed supplements which beneficially affect the host animal by improving its intestinal microbial balance” (4), where the use of live microorganisms is emphasized, and the use of the word “substances” is removed, avoiding confusion. To accommodate the immunostimulatory effect of probiotics, Naidu et al. (5) modified the concept of probiotics as “microbial dietary adjuvants that beneficially affect the host physiology by modulating mucosal and systemic immunity, as well as improving nutritional and microbial balance in the intestinal tract”. Since then, many variations to the definition have still been proposed (6). The Food and Agriculture Organization of the United Nations/World Health Organization (FAO/WHO) integrated all these definitions and stated that probiotics are “live microorganisms, which when administered in adequate amounts confer a health benefit on the host” (7).

The first reported use of probiotics in aquaculture was in 1986 by Kosaza who evaluated the use of Bacillus toyoi spores as feed additives to increase the growth rate of yellowtail, Seriola quinqueradiata (8). But it was not until the late 1990s that research on probiotics became prominent in aquaculture. Given the fact that the aquatic animals constantly interact with their surrounding water environment, Moriarty (9) widened the definition of probiotics, also considering them as microbial “water additives”. Later on, Verschuere et al. (10) put forward the concept of aquaculture probiotics, proposing a broader application of the term as “live microbial adjuncts which have a beneficial effect on the host by modifying the host-associated or ambient microbial community by ensuring improved use of the feed or enhancing its nutritional value, by enhancing the host response towards diseases, or by improving the quality of its environment”. This definition allowed a wider application of the term “probiotic” by involving the aquatic environment.

The outmost desired goal of a probiotic is to have a positive effect on the general health status of the fish, thus increasing its resistance to pathogens. This can be achieved through different mechanisms, reviewed in the current paper, that cover direct interference with pathogens as well as effects on the host. Additionally, we have summarized those probiotics that have been shown to confer resistance against different types of pathogens, including bacteria, viruses and parasites.



Source and Selection Criteria of Probiotics in Aquaculture

In the last decades, several microorganisms have been experimentally identified, characterized and applied in aquacultured species as probiotics. Probiotics tested for these species include a wide range of bacteria (Gram-negative or Gram-positive), yeasts, microalgae and bacteriophages which have been added to the water or included as feed supplements (11–17). Nevertheless, the list of probiotics commercially available for use in aquaculture is much more limited (18).

The source from where the probiotic microorganism is obtained varies greatly, including for example, the intestine of healthy fish, water of rearing environment, sediments of culture tanks, other animals or fermented food products (19). Because the main principle of a probiotic is to establish a relation with beneficial and harmful bacteria usually present in fish intestine, the gastrointestinal tract (20, 21) and the mucus (22) of aquatic animals are usually the most common sources to isolate microorganisms which can be used as potential probiotics. Although the probiotics could also have an origin outside the host, host-derived microorganisms are preferred given that microbiota living in healthy hosts can be considered part of the natural defense system, being beneficial to the host in multiple ways (23, 24). Furthermore, probiotics indigenous to the environment are able to survive spontaneously and function physiologically at their optimum level (21). It has to be taken into account, that, in contrast to terrestrial animals, the gastrointestinal microbiota of aquatic species is strongly dependent on the external environment due to the continuous water flow through the digestive tract. Hence, most of bacteria that colonize the tract are transient and could vary if the environmental conditions change (25).

In recent years, a large number of scientific works have been published regarding the screening, selection and characterization of fish probiotic bacterial strains (26–35). Potential candidates isolated from different sources are subjected to screening through multiple steps in order to assess their potential as ideal probiotics. Their safety (10) and lack of pathogenicity (36) have to be demonstrated as an essential first step. Thereafter, a successful probiotic candidate should meet certain criteria. Merrifield et al. (37) proposed an extended list of criteria, classifying them as either essential or favorable. As new findings emerged over the last decades, additional criteria have been added (12, 14). Taking all of this into account, the essential criteria to consider a microorganism as a suitable probiotic are the following: not being pathogenic, not only with regards to the host species, but also with regards to aquatic animals in general and human consumers; being free of plasmid-encoded antibiotic resistance genes; having the ability to tolerate a wide range of pH (low acidic to high alkaline) and high concentration (>2.5%) of bile salts. On the other hand, the merely favorable characteristics include: being able to adhere to and/or grow well within the intestinal mucus; being able to colonize the intestinal epithelial surface; being registered for use as a feed additive; displaying advantageous growth characteristics (e.g. short lag period, a short doubling time and/or growth at host rearing temperatures); exhibiting a broad spectrum of antagonistic activity against one or more key pathogens; producing relevant extracellular digestive enzymes or vitamins; being indigenous to the host or the rearing environment; remaining viable under normal storage conditions and being robust enough to survive industrial processes; having good sensorial properties, fermentative action, tolerance towards freeze-drying and viability in feed during packaging and storing process; having a beneficial effect on the growth, stimulation of immunity and protection of fish against various pathogenic bacteria. Although it is unlikely to find a candidate that will fulfill all of these characteristics, the more of these characteristics are fulfilled, the more likely it will be a promising probiotic. However, the main driver to select potential probiotics among different candidates has been their inhibitory activity against target pathogens in vitro (10, 28, 30, 38–40) or in vivo (11, 14, 15, 21, 41).



Mechanisms of Interference of Probiotics With Pathogens


Production of Inhibitory Substances

The antagonistic action or the inhibition of a variety of pathogens is one of the most important sought properties for potential probiotics. Probiotic microorganisms often have the capacity to produce substances which have bacteriostatic or bactericidal impact on pathogenic microbes, such as lysozymes, proteases, siderophores, hydrogen peroxide or bacteriocins (9, 42–50). For example, a compound named indole (2,3-benzopyrrole) with potent inhibitory activity against bacteria and fungus has been identified in some probiotic bacteria (51, 52). Similarly, some microorganisms produce volatile fatty acids (acetic, butyric, lactic and propionic acid) and organic acid, decreasing the gastrointestinal lumen’s pH, thereby preventing the proliferation of opportunistic pathogens (10, 47, 53–55).

In aquaculture, some candidate probiotics have been shown to produce antibacterial substances that inhibit the growth of harmful microbes and maintain intestinal microecological balance (43, 49). Thus, several probiotics used in aquaculture have been documented to exert direct antibacterial activities against known pathogens (14, 17). On the other hand, while knowledge on antiviral activity of probiotics has increased in recent years (14, 17), the exact mechanism of action through which these probiotic bacteria produce their antiviral effects remains still unknown. Yet, some studies performed in vitro revealed that the inhibition of viruses can occur through the action of extracellular enzymes secreted by the bacteria (14, 17). Finally, only a few studies have been reported the antifungal properties of fish probiotics (14, 17).



Competition for Nutrients and Available Energy

All organisms, including bacteria, require a continuous source of nutrients for survival, growth and proliferation. Probiotics consume the available nutrients, thus, competition for nutrients is one of the mechanisms through which probiotics can inhibit pathogens (56). In fact, the survival of a microorganism will mainly depend on its potential to compete for nutrients and energy with other microorganisms in the same environment (10).

Among nutrients, iron is recognized to be the most important element, as it is an essential cofactor for important cellular processes, being required for DNA replication, oxygen transport, protection against oxidative stress, enzyme activity and energy generation (57). Thus, the majority of bacteria need iron for their growth, but the amount of iron available in animal tissues and body fluids is very limited. As a consequence, the competition for this nutrient between pathogenic bacteria and the host is a very well-known process (58). Siderophores are ferric ion specific chelators that are able to dissolve precipitated iron or extract it from iron complexes under iron-stressed conditions, making it available for bacterial growth (59). Siderophores are produced by several bacteria and fungus (59). Thus, the ability to produce siderophores is a favorable characteristic of a microorganism to be considered as a potential probiotic, in an iron-limited environment, as the probiotic would sequester ferric ion making it unavailable for the growth of pathogenic bacteria (60).

Siderophore production of fish probiotic strains has been investigated to some extent (61). Thus, for example, Smith and Davey (62) and Gram et al. (63) reported the inhibition of the growth of Aeromonas salmonicida and Vibrio anguillarum, respectively, under iron-limited conditions by Pseudomonas fluorescens. Similarly, Lazado et al. (64) showed the capacity of two bacterial isolates (GP21 Pseudomonas sp.; GP12 Psychrobacter sp.) obtained from the intestinal tract of Atlantic cod (Gadus morhua) to release siderophores, showing antagonistic activity against V. anguillarum and A. salmonicida. Also, the probiotic effect of a strain of Vibrio sp. has been associated with its capacity to compete for iron with a pathogenic strain of Vibrio sp. in seabass larvae (Dicentrarchus labrax) (65).



Competition for Colonization of Mucosal Surfaces

The mucosal surface of fish is continuously interacting with the microbiota and the external media in an aquatic environment. In this context, pathogens invade the host through these mucosal surfaces, colonizing them and eventually spreading throughout the host and causing disease (66). Thus, most pathogenic bacteria need to attach to the mucosal layer of the host gastrointestinal tract (or other mucosal tissues) to exert a harmful effect and develop an infection (67).

In this sense, the ability of a microorganism to colonize and adhere to the epithelial surface, interfering with the pathogen’s adhesion is a favorable characteristic for the selection of candidate probiotics (37). In fact, competition for adhesion receptors with pathogens can be considered as an essential probiotic characteristic (68). Probiotics occupy the binding sites of the intestinal mucosa, forming a physical barrier, preventing the attachment of pathogenic microorganisms. Attachment of probiotics may be non-specific, based on physicochemical agents, or specific, based on the interaction of surface receptors on the adherent bacteria to receptor molecules on epithelial cells (19, 69). The mechanism through which a probiotic competes for adhesion sites is referred to as “competitive exclusion” (17).

Various authors have reported the ability of candidate fish probiotics to adhere to the host gastrointestinal tract and to interfere with pathogenic bacteria (66, 70–72). The interference of four potential probiotics (members of Vibrionaceae and Pseudomonodaceae families, as well as Micrococcus genus) with the pathogens Listonella anguillarum and Vibrio harveyi through competition for adhesion to the skin, gill and intestinal mucus of gilthead seabream (Sparus aurata) and Senegalese sole (Solea senegalensis) was demonstrated in vitro by Chabrillón et al. (73, 74). Furthermore, the in vivo probiotic potential of one of the selected candidates (Pdp11, Vibrionaceae) was assessed by oral administration and its ability to reduce the mortality after a challenge in gilthead seabream and sole against L. anguillarum and V. harveyi demonstrated, highlighting the relevance of this probiotic capacity. Another in vitro study investigated the potential of two candidate probiotic bacteria (GP21 and GP12) to adhere to primary cultures of epithelial cells obtained from different segments of the intestine and to interfere with the adhesion of two pathogens, V. anguillarum and A. salmonicida subsp. salmonicida in Atlantic cod. The study concluded that the adhesion of probiotics is segment-specific and the interference with the pathogen adhesion is dependent on both the source of epithelial cells and the mechanism through which the probiotic adheres to the epithelial cells (70). Through an in vivo study, Divya et al. (75) also confirmed the ability of three probiotic strains (Bacillus coagulans, Bacillus mesentericus and Bifidobacterium infantis) to colonize the gut of rosy barb (Puntius conchonius). This probiotic administration significantly changed the proportion of the gut microflora, decreasing the level of pathogenic strains. Vine et al. (72) reported the in vitro suppression of bacterial pathogen growth (Aeromonas hydrophila and Vibrio alginolyticus) as a consequence of their displacement by different probiotic candidate isolates that adhered to the intestinal mucus of spotted grunter (Pomadasys commersonnii). Similarly, the capacity of endogenous microbiota, e.g. Lactobacilli, to compete with pathogens for adhesion sites on the intestinal surface has also been established (76).

From a practical point of view, whether the applied probiotic is able to colonize the gut and for how long is a key issue to establish its administration regime (administration route, concentration and time of administration) and to provide farmers with a specific protocol with beneficial effects on fish health.



Disruption of Quorum Sensing

Quorum sensing (QS) is the regulation of gene expression in response to fluctuations in cell-population density (77). QS is a regulatory mechanism by which the majority of bacteria communicate with each other and response collectively. To this end, bacteria synthesize and secrete small chemical signal molecules called auto-inducers whose concentration can be recognized by other bacteria, and in this way, perceive the surrounding cell density. Gram-negative bacteria secrete acyl-homoserine lactones (AHLs) as auto-inducers, while Gram-positive bacteria use oligopeptides. Both Gram-negative and Gram-positive bacteria can produce autoinducer-2 (AI-2). When a critical threshold concentration is achieved, the QS induces or represses the expression of genes involved in specific physiological functions (77, 78), including luminescence, virulence, motility, sporulation and biofilm formation (79–83).

As pathogenicity is controlled by QS, inhibiting this mechanism is a good strategy to control microbial pathogens. Thus, the disruption of QS is considered a potential anti-infective strategy in aquaculture (17, 84, 85). Quorum quenching (QQ), the disruption of QS, can be performed by molecule antagonists (86) or degrading enzymes (87). Thus, the QQ microorganisms can be used as potential quenchers of quorum-sensing-regulated functions in pathogenic bacteria (88, 89), acting as an alternative to antibiotics in the control of infections in aquatic systems. In aquaculture, QQ has also been demonstrated as an alternative to antibiotic control of infections (90, 91). In this context, probiotic bacteria with QQ capacities would be on one hand efficacious to control antibiotic-resistant pathogens while having other beneficial effects on the host (92). Along this line, searching for probiotics isolated from the intestinal microbiota of olive flounder (Paralichthys olivaceus), Zhang et al. (93) identified AHL lactonase (FiaL) in the genome of Flaviramulus ichthyoenteri. This FiaL degraded some signals used by different fish pathogens such as A. hydrophila, Edwardsiella tarda, Vibrio salmonicida and V. anguillarum; revealing a great potential of F. ichthyoenteri as a fish probiotic. Other studies reported the ability of some microorganisms to produce QS antagonists, such as halogenated furanones, which are produced by the marine red alga Delisea pulchra (94). These compounds were reported to protect Brachionus, Artemia, and rainbow trout (Oncorhynchus mykiss) from the negative effects of pathogenic Vibrio species (95, 96).

Other probiotic bacteria such as Lactobacillus, Bifidobacterium and Bacillus cereus strains degrade the signal molecules of pathogenic bacteria by enzymatic secretion or production of autoinducer antagonists (76). Thus, Bacillus sp. QSI-1 has been shown to significantly reduced the pathogenicity of A. hydrophila in Carassius auratus gibelio (84), zebrafish (Danio rerio) (79) and goldfish (Carassius aurata) (97) by degrading AHLs. Likewise, Ren et al. (98) reported the inhibition of growth and virulence of A. hydrophila by Bacillus subtilis involving QS. Another Bacillus species, Bacillus licheniformis, protects against A. hydrophila in zebrafish through QQ (99). In rainbow trout, Delshad et al. (100) established the QQ activity of different isolates (B. cereus, Bacillus thuringiensis, Stenotrophomonas moltiphilia, Enterobacter hormaechei subsp. hormaechei and Citrobacter gillenii), regulating the virulence of Yersinia ruckeri.

A recent publication focused on the isolation of autochthonous AHL degrading bacteria from the gastrointestinal tract of different fish species. Thus, Ghanei-Motlagh et al. (101) isolated several strains with beneficial QQ AHL-degrading and probiotic activities for the first time in Asian seabass (Lates calcarifer). Vadassery and Pillay (92) also focused at isolating AHL degrading bacteria from the gastrointestinal tract of Nile tilapia (Oerocrhomis niloticus). Among the isolated strains, Enterococcus faecium contained an autoinducer inactivation homolog gene with the ability to degrade N-AHL (N-acyl homoserine lactone) produced by the fish pathogen A. hydrophila.




Immunomodulatory Effects of Probiotics

Probiotics have been shown to have the capacity to increase innate and adaptive immunity of fish, being the effects exerted on the fish innate immune system the main desirable characteristics of candidate probiotics (102). Probiotics can influence both the systemic and the local immunity of the host when they are administered i) orally or through the rearing water, or ii) as live or as dead cells (102). In some studies, the immunomodulatory effect of probiotics was attributed to the release of cytokines, key regulators in orchestrating the immune response in fish, which include interleukins (ILs), tumor necrosis factors (TNFs), interferons (IFNs), transforming growth factors (TGF) and chemokines from immune cells such as lymphocytes, granulocytes, macrophages, mast cells, epithelial cells, and dendritic cells (DCs) (103, 104). In this review, we report some of the immunomodulatory effects that probiotics have been shown to exert on the mucosal immune system.

As mentioned above, fish are constantly interacting with their surrounding water environment. In this sense, mucosal tissues are strategically located in areas where environmental pathogens enter the body. Thus, the mucosal immune system has a pivotal role in the defense mechanism against pathogens and thus considered as a very active immunological site (105). The mucosal surfaces of the fish include the epithelia and the mucosa-associated lymphoid tissues (MALTs). The main MALTs in teleost fish include: GALT (gut-associated lymphoid tissue), SALT (skin-associated lymphoid tissue), GIALT (gill-associated lymphoid tissue) and NALT (nasopharynx-associated lymphoid tissue). All teleost MALTs have common features: i) the presence of a mucus layer, that envelops the majority of the epithelia and consisting mainly of high molecular weight glycoproteins called mucins secreted by the epithelial globet cells. This mucus layer acts as a physical and chemical barrier preventing the entry of pathogens; ii) the presence of innate and adaptive immune components, such as cytokines or immunoglobulins (Igs), among many others; iii) the transport of antibodies across the epithelium by the polymeric Ig receptor (pIgR); and iv) the presence of a complex and diverse commensal bacterial community (microbiota) that plays a critical role in maintaining the host’s physiology homeostasis. In contrast to mammals, the intestinal immune system of fish lacks lymphoid tissue aggregates such as the Peyer’s patches, instead they have a diffuse GALT, and the inductive and effector sites of the lamina propria can hence not be distinguished from each other. However, similar to higher vertebrates, GALT contains mucosal immune cells such as lymphocytes, plasma cells, granulocytes and macrophages present in the epithelium or distributed in the lamina propria (105–107) and these potentiate this mucosal tissue as an active immune organ.

Many studies have demonstrated that probiotic supplementation influences the GALT by modulating gut morphology and the population of intestinal immune cells as well as their physiological activities (102, 108). In addition, probiotics could also manipulate the richness and diversity of the commensal gut microbiota, which in turn may interact with pathogens to influence their success in the intestine. However, to date, despite the great advances made in this field in the past years, there are still many gaps regarding our understanding of how microbiota composition influences mucosal responses in teleosts.

Lactic acid bacteria (LAB) and Bacillus spp. are among the most commonly used probiotic candidates in aquaculture (108, 109). Thus, several effects in the gut immune system have been reported upon LAB administration in different fish species. For example, the administration of Lactobacillus rhamnosus in Nile tilapia resulted in increased villous height in the proximal and mid intestine as well as increased intraepithelial lymphocytes numbers and acidophilic granulocytes (110). In an earlier study performed in rainbow trout, the co-administration of Lactococcus lactis subsp. lactis, Leuconostoc mesenteroides and Lactobacillus sakei resulted in an enhanced phagocytic activity of gut leukocytes (111). Other direct effects on the gut immune system that have been observed in LAB-fed fish include: stimulation of pro-inflammatory cytokines such as IL-1, IL-6, IL-2, TNF-α and IFN-γ and also anti-inflammatory cytokines such as IL-10 and TGF-β; increased gene expression of immune-related genes such as MHC II or IgM; increased presence of T cells; increased mucin-secreting goblet cell numbers; increased total Ig concentration (112–117). Certainly, all these probiotic immune effects vary depending on the types of LAB administered and on the host species, but in general are mostly immunostimulatory pro-inflammatory effects. It is interesting to note that, in contrast, the effects of probiotics on the gut immune system in mammals are mostly anti-inflammatory (118). In mammals, probiotics have been seen to provoke anti-inflammatory effects indirectly by maintaining or repairing epithelial barriers, enhancing the production of short chain fatty acids with anti-inflammatory properties or by inducing the synthesis of antimicrobial peptides that influence inflammation resolution in the mucosa. Also in mammals, probiotics bind innate immune receptors and trigger pathways that affect the production of both pro- and anti-inflammatory cytokines. Despite the capacity to induce both types of cytokines, the overall balance is generally anti-inflammatory. Hence, although the reason for this discrepancy between the effects that probiotics have on inflammation in fish and mammals is currently unknown, it seems obvious that the immunomodulatory properties of a given probiotic are not only dependent on the inherent features of the microorganism used but also on the complexity of the immune system of the host.

Regarding Bacillus spp., numerous investigations have demonstrated their efficacy and potency as probiotics in aquaculture (109). In an overview, Bacillus probiotics have been shown to have the capacity to modulate some innate immune responses such as phagocytic and lysozyme activity, respiratory burst, antiprotease and peroxidase, superoxide dismutase and myeloperoxidase through effects on different some immunocompetent cell populations. These probiotics have also been shown to generate changes in the physiology of immune cells, for example, increasing of neutrophil adherence capacity, neutrophil migration and plasma bactericidal activity that in the end can result in the improvement of immune effector functions such as enhancement in complement activity, Ig production and cell cytotoxicity (119–121). All these immune-stimulatory effects exerted by Bacillus occur in the GALT, although further research work is needed to understand the detailed mechanisms.

The mucus is a key element of mucosal immunity, thus, some studies have focused on determining how probiotics affect the mucus layer in different ways. Hence, for example, Cerezuela and collaborators extensively studied the effects of diets enriched with two different probiotics, Shewanella putrefaciens and Bacillus sp. on the skin mucus of gilthead seabream (122). Both probiotics were shown to significantly alter the carbohydrate composition of the mucus, its IgM content and its enzymatic activity, with some differences depending on the probiotic used. In the case of Nile tilapia, feed supplementation with Lactobacillus plantarum (123) or Bacillus licheniformis (124) was shown to increase the enzymatic activity of the skin mucus, whereas diets containing different Bacillus strains significantly augmented its nitric oxide (NO) and IgM content, and lysozyme and alkaline phosphatase activity (125). The protein profile of the skin mucus was also altered in Crucian carp (Carassius auratus gibelio) fed Bacillus cereus (126) or Lactobacillus acidophilus (127). Despite their relevance, the number of studies that have investigated the effects of probiotics on the intestinal mucus is much more reduced. In this sense, some studies have reported a significant increase in the number of goblet cells in the intestinal mucosa (125, 128) or an increased IgM content of the intestinal mucus (128) in response to a prolongued administration of probiotics.

Finally, it has to be mentioned that many other studies have addressed the systemic immune effects of fish probiotics, but due to length restrictions of this review, we will not refer to them in depth. Most of these studies have been focused on describing increased serum IgM levels (129), increased humoral innate immune parameters or transcriptional changes in systemic immune tissues (reviewed in 129–131) upon probiotic treatment.



Additional Effects of Probiotics on Fish


Production of Beneficial Substances

Probiotics can also produce some substances with beneficial effects, which are useful to the host for feed conversion, growth performance and immunity. Thus, the capability of a microorganism to produce extracellular enzymes, such as proteases, amylases, cellulases, phytases, chitinases, lipases, etc., is also a desirable characteristic of a probiotic candidate. Fish produce a wide range of endogenous enzymes such as those listed above (132–135), however, their quantity and activity are not adequate for a complete metabolism of the ingested materials from feed. Thus, enzymes secreted by permanent gut endosymbionts and potential probiotics are essential from a nutritional perspective (136), contributing to the digestive process of the host. In recent years, the capacity of several fish probiotic strains to produce extracellular enzymes has been extensively investigated (12, 16). For example, Dawood et al. (137) reported that Lactobacillus plantarum significantly enhanced amylase, lipase and protease activity of Nile tilapia. Supplementation of olive flounder with this probiotic (L. plantarum) as well as with Bacillus sp. increased several enzyme activities such as amylase, trypsin and lipase (138). Significant increase of theses enzymes, together with proteases was also reported in carp (Cyprinus carpio) after the administration of Lactobacillus casei in combination with β-glucan and mannan oligosaccharide (139). Other LAB, Lactobacillus bulgaricus and Lactobacillus acidophilus, together with Citrobacter were reported to increase amylase, trypsin and alkaline phosphatase in rainbow trout (140). Tarkhani et al. (141) described the increase of intestinal digestive enzyme activities of Caspian roach (Rutilus caspicus) after the administration of E. faecium. Despite of the reported results, the actual contribution of these enzymes to the fish metabolism is still not well understood.

In general, fish do not produce any vitamins and endosymbionts/probiotics are the primary producers of vitamins, making them available to the host. Thus, many probiotics have been shown to supply vitamins, fatty acids and essential amino acids to the host (45, 111, 142, 143). Besides bacterial probiotics, many strains of yeast have been used as dietary supplements in a number of fish species (144). Interestingly, yeasts can produce polyamines, which enhance intestinal maturation (145). Therefore, considering the provision of vital nutrients such as fatty acids, biotin and vitamins, probiotics might be also considered as a complementary food source (10).



Promotion of Growth Performance

As probiotics contribute to improve the feed consumption and nutrient’s uptake, they also have positive effects on the host growth rate (146). Thus, probiotics often lead to an enhanced growth performance, as well as an increased survival rate.

Lactobacillus is the most studied genus of bacteria regarding its effects on growth performance. Dietary administration of L. plantarum enhanced growth parameters of several fish species (carp, Nile tilapia, brown trout, Salmo trutta caspius; 123, 137, 147–150). Furthermore, the combination of L. plantarum with other probiotics and natural immunostimulants was also shown to increase of growth rate in different fish. Thus, Alishahi et al. (151) reported an increase in the weight gain of carp after dietary administration of a combination of L. plantarum with L. bulgaricus. The growth performance of Nile tilapia was increased after administration of L. plantarum together with the fungus Cordyceps militaris (152), and the catfish (Pangasius bocourti) with artichoke (153) or with Bacillus velezensis (154). L. lactis is another probiotic whose positive effect on growth performance has been reported in several farmed fish species, when administered alone (155–158); in combination with immunostimulants, such as β-glucan and mannan oligosaccharide (139); or other Lactobacillus (117). The ability to increase the growth rate has been demonstrated for other species of Lactobacillus, such as Lactobacillus delbrueckii (159), L. rhamnosus (117, 160), L. bulgaricus, L. acidophilus (138), and for other bacteria species, such as Citrobacter in combination with L. bulgaricus and L. acidophilus (140), Pediococcus (161, 162) and Enterococcus (141, 163). For example, Asian seabass increased its growth after the administration of a commercial probiotic consisting in Lactobacillus spp., E. faecium, B. subtilis and Saccharomyces cerevisiae. Streptoccocus faecium in combination with L. acidophilus and S. cerevisiae was also reported to act as a growth promoter for Nile tilapia (164, 165).

The role of Bacillus probiotics as growth promoters has been reported in several farmed fish species. Thus, dietary administration of B. subtilis enhances growth of Nile tilapia (164, 166), carp (167) and grass carp, Ctenopharyngodon idella (168). B. subtilis has been administered in combination with L. lactis and increase the growth of rohu, Labeo rohita (169), as well as Peidococcus acidilactici in rainbow trout (170). Growth of catfish was increased due to the administration of Bacillus amyloliquefaciens and Bacillus pumilus (171). Similarly, B. coagulans enhanced the growth of carp (172) and B. licheniformis functioned as a growth promoter in tilapia (173).




Established Effects of Probiotics on Pathogen Resistance

The use of probiotics in aquaculture is still faced with a lot of controversies and skepticism. However, the capacity of probiotics to increase the resistance of fish against different types of pathogens, including bacteria, viruses and parasites, has been widely demonstrated experimentally by higher survival rates upon pathogen challenge in probiotic-treated fish when compared to controls (15, 56, 108). Thus, in this section, we briefly review all the published data concerning increased resistance of aquacultured fish to bacteria, viruses or parasites upon probiotic treatment. The main information regarding these studies has been also summarized in Table 1 (bacteria), Table 2 (viruses) and Table 3 (parasites).


Table 1 | Probiotics assayed in vivo in aquacultured species which have shown to confer significant resistance against bacterial pathogens.






Table 2 | Probiotics assayed in vivo in aquacultured species which have shown to confer significant resistance against viral pathogens.




Table 3 | Probiotics assayed in vivo in aquacultured species which have shown to confer significant resistance against parasites.




Probiotics Providing Resistance to Bacterial Pathogens

Most of the investigations in the literature that have studied pathogen resistance conferred by probiotics have studied it in relation to bacterial pathogens.

As mentioned above, the most commonly used probiotic species in aquaculture include genera Lactobacillus and Bacillus (108, 260). In all the studies summarized in Table 1, apart from these probiotic species, there are other Gram-positive bacteria frequently used that include genera Carnobacterium, Lactococcus, Leuconostoc, Pediococcus, Enterococcus, Clostridium, Micrococcus, Rhodococcus and Kocuria. Regarding the Gram-negative bacteria, Pseudomonas, Aeromonas, Shewanella, Enterobacter, Citrobacter, Roseobacter, Vibrio and Flavobacterium have also been tested with positive effects. Regarding yeast, the genera Saccharomyces is the most commonly used. Interestingly, in numerous investigations the mixture of different probiotic candidates, mainly LAB or Bacillus spp. together or with other species (see Table 1) resulted in higher disease resistance against bacteria (also reviewed in 108). Indeed, as mentioned throughout the review, the combination of different probiotics and other immunostimulants resulted in higher positive effects on the host, not only regarding pathogen resistance but also on growth performance or in the immune response.

In almost all studies described in Table 1, the probiotic candidates were administered along with the diet. Lactobacillus spp. constitutes one of the probiotics for which antibacterial activity has been more frequently shown. Thus, the dietary supplementation of L. rhamnosus increased disease resistance of rainbow trout against A. salmonicida (31); Nile tilapia against E. tarda (224) and, in combination with L. lactis, also increased disease resistance of Nile tilapia against Streptococcus agalactiae (117). In case of dietary inclusion of L. plantarum, it has also been shown that significantly increased disease resistance of common carp and L. rohita against A. hydrophila (148, 196); rainbow trout against Lactoccocus garvieae (261); Epinephelus coioides against Streptococcus sp. (186) and Nile tilapia against Aeromonas sobria (234). Other bacteria species of genera Lactobacillus, such as L. pentosus, L. acidophilus, L. fermentum, L. delbrueckii or L. casei have also been studied as probiotic candidates improving disease resistance against a variety of bacterial pathogens, when administered with the diet alone or in combinations (see Table 1). Regarding Lactococcus spp., it has been shown that diet supplementation of these probiotic species also led to the improvement disease resistance of common carp against A. hydrophila (155); Chromileptes altivelis against V. harveyi (158); rainbow trout against A. salmonicida (38); olive flounder against E. tarda (241), S. iniae (239, 240) and also against Streptococcus parauberis (156); Nile tilapia against Staphylococcus aureus (233); Oreochromis mossambicus against A. hydrophila (48) and brown trout against A. salmonicida (244). In many other studies, Carnobacterium spp. were the selected microorganisms to be investigated as probiotic candidates and dietary administration of these bacteria species resulted in enhanced disease resistance of Atlantic cod against V. anguillarum (189, 190); and rainbow trout against Y. ruckeri and/or A. salmonicida (203, 209). Also, in some investigations, the mixture of these bacteria together with A. hydrophila and Vibrio spp., resulted in increased resistance of rainbow trout against A. salmonicida (203, 206, 262). Similar results were also revealed in numerous investigations where Bacillus spp. appears as the selected probiotic agent to study the control of fish disease (Table 1). For example, dietary supplementation of B. subtilis and B. licheniformis significantly increased disease resistance of rainbow trout against Y. ruckeri (207). Likewise, rainbow trout fed Bacillus spp. and A. sobria showed enhanced disease resistance against S. iniae (210), and L. rohita fed B. subtilis showed enhanced disease protection against E. tarda (193) and A. hydrophila (194, 197). In case of fish-fed with Aeromonas spp., increased disease resistance against S. iniae and A. salmonicida were shown (206, 208, 210, 262). Another study worth mentioning is that of Gong et al. (182), that isolated a new Pediococcus pentosaceus strain (SL001) which exhibited a wide antimicrobial spectrum against fish pathogens, including A. hydrophila, Aeromonas veronii, A. sobria, E. tarda, L. garvieae, and Plesiomonas shigelloide. Less frequent are the studies that used yeasts as probiotic agents; however, we found a few of them in the literature in which dietary supplementation with S. cerevisiae significantly increased the disease resistance of Ephinephelus spp. against streptococcosis (188) or Nile tilapia against A. hydrophila (225); in the same way, fish-fed Debaryomyces hansenii presented increased disease resistance against A. hydrophila (201). The effect of dietary inclusion of other selected probiotics, such as Clostridium butyricum or Enterobacter cloacae, to control fish disease against a variety of bacterial pathogens, such as vibriosis or yersiniosis, respectively, are also summarized in Table 1.



Probiotics Providing Resistance to Viral Pathogens

Some studies searching for bacteria with antiviral activity have been carried out in fish, especially during the 80s and 90s (Table 2). In 1988, Kamei et al. performed a plaque reduction assay to screen the antiviral activity of bacteria isolated from fresh water salmonid hatcheries against infectious hematopoietic necrosis virus (IHNV). The results showed that different Pseudomonas spp. and Aeromonas spp. strains produced a 90% plaque reduction (263). In 1997, Maeda et al. performed a natural infection of the yellow jack (Carangoides bartholomaei) larvae with Sima-aji Neuro Necrosis Virus (SJNNV), reporting that the bacterial strain Pseudoalteromonas undina VKM-124 showed an inhibitory activity towards SJNNV (250), consequently increasing the survival rate of the yellow jack larvae. In another study, carried out by Son et al., the dietary administration of the probiotic L. plantarum enhanced disease resistance of the grouper E. coioides against grouper iridovirus (GIV). Interestingly, fish fed L. plantarum also showed enhanced growth and innate immune responses, such as respiratory burst or plasma lysozyme activity among other effects (186). In a similar way, Chiu et al., found that the dietary administration of the yeast probiotic, S. cerevisiae P13 isolated from fermented peaches, enhanced disease resistance of E. coioides against GIV (188). Two years later, Liu et al., observed a similar effect in fish supplemented with B. subtilis E20 isolated from fermented boiled soybeans and then infected with GIV (252). Decreased fish mortality and increased survival rate were observed. In both studies, the administered probiotics also enhanced the innate immune responses (respiratory burst, plasma lysozyme activity, phagocytosis activity and alternative complement activity). Also, dietary supplementation with commercial probiotic named Lactobacil, individually or mixed with Sporolac, in olive flounder naturally infected with lymphocystis disease virus (LCDV) enhanced disease resistance (256). In another study, hulong grouper fed B. subtilis 7k were significantly strengthened in innate immune functions when compared with those fed with control diets. Moreover, B. subtilis 7k supplementation inhibited infection by Singapore grouper iridovirus (SGIV) (253).

In other cases, probiotic strains have been used as vectors to administer viral antigens to the host. Through this strategy, probiotics would exert all their beneficial effects and be at the same time vaccine vectors. Along this line, a study carried out by Min et al. with rainbow trout orally immunized with Lactobacillus-expressing the VP2 and VP3 protein of the infectious pancreatic necrosis virus (IPNV) resulted in reduced viral loads, as analyzed by real-time RT-PCR after IPNV challenge (254). Likewise, oral immunization of rainbow trout with recombinant L. lactis NZ3900 expressing the G gene of viral hemorrhagic septicemia virus (VHSV) resulted in a significant reduction of viral loads and decreased fish mortality after viral challenge (255). Increased resistance to IPNV was also detected in rainbow trout orally immunized with recombinant L. casei expressing the viral antigens (264). Similar results were observed in common carp orally immunized with recombinant L. plantarum expressing the G protein of spring viremia of carp virus (SVCV).



Probiotics Providing Resistance to Parasites

Although parasitic infections often provoke lower mortalities than viral and bacterial pathogens, they adversely affect animal health, with an enormous impact on aquaculture from an economic point of view. Despite this, not many studies have investigated the capacity of probiotics to confer resistance against different types of parasites (Table 3). In one of these studies, Pieters et al. demonstrated that the oral administration of A. sobria GC2 and Brochothrix thermosphacta BA211 to rainbow trout conferred increased resistance against Ichthyophthirius multifiliis (Ich), with the A. sobria GC2 strain being more effective in its protecting role (212). In a similar study, dietary supplementation with B. subtilis spores expressing Clonorchis sinensis paramyosin protected grass carp from cercaria infection (257). In another study, catfish exposed to L. plantarum showed a reduced infection with Saprolegnia parasitica (259). Finally, in Yanuhar et al. (258), probiotic formulations containing a mixture of Bacillus spp., Lactobacillus sp. and Nitrosomonas sp., were administered at different doses to Koi carp and resulted in increased disease protection against Myxobolus sp., in terms of gill tissue damage reduction. Further investigations are needed in fish to explore additional effects of probiotic treatment on the resistance to parasitic infections.




General Conclusions

The use of probiotics in aquaculture is a promising approach to increase fish health status and reduce the impact of infectious diseases. Reports in the past years, have broadly established that there is a wide range of probiotic microorganisms that can produce beneficial effects to the host, including immunostimulatory effects, increased resistance to pathogens, stimulation of growth, increased digestion or even improved water quality. Despite all these studies, the use of probiotics in aquaculture is not as extended as would be expected taking into account the effort that has been devoted to this research field in the past years. In this sense, we thought of importance to gather in a specific review all direct evidence of increased protection to pathogens conferred by probiotic administration. As visualized in this review, most of the efforts have been directed to establish how probiotics can protect against bacterial infections, but much less is known regarding their antiviral or antiparasitic effects. Nevertheless, probiotic application is a dynamic research field in the sense that there is a continuous search for new probiotic candidates that have even more beneficial effects. Despite the numerous reports on fish probiotics, the mechanisms through which these probiotics exert their effects has not yet been clarified in many cases. Other practical and safety issues also need to be addressed to convince farmers that probiotics are safe and eco-friendly alternatives to chemotherapy. Thus, for each probiotic candidate, the best administration regime should be established, determining for how long these probiotics should be administered to colonize the mucosal surfaces and obtain optimal results. Finally, the safety of each candidate has to be established beyond doubt, including a determination of the antibiotic resistance and a confirmation that any resistance will not be transferred to surrounding microorganisms. Hopefully, all these studies focused on providing insights on the mechanisms of action of probiotics, practical administration issues and safety will contribute to stimulate the regular use of probiotics in aquaculture.



Author Contributions

RS, CT, and PD-R collected information and wrote the manuscript with help and contributions from FD and NN-O. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the European Research Council (ERC Consolidator Grant 2016 725061 TEMUBLYM), by the Spanish Ministry of Science, Innovation and Universities (project AGL2017-85494-C2-1-R) and by the Comunidad de Madrid (grant 2016-T1/BIO-1672).



References

1. Zivkovic, R. Probiotics or microbes against microbes. Acta Med Croatica (1999) 53(1):23–8.

2. Lilly, DM, and Stillwell, RH. Probiotics: growth-promoting factors produced by microorganisms. Science (1965) 147(3659):747–8. doi: 10.1126/science.147.3659.747

3. Parker, R. Probiotics, the other half of the antibiotic story. Anim Nutr Health (1974) 29:4–8.

4. Fuller, R. Probiotics in man and animals. J Appl Bacteriol (1989) 66(5):365–78. doi: 10.1111/j.1365-2672.1989.tb05105.x

5. Naidu, A, Bidlack, W, and Clemens, R. Probiotic spectra of lactic acid bacteria (LAB). Crit Rev Food Sci Nutr (1999) 39(1):13–126. doi: 10.1080/10408699991279187

6. Gram, L, and Ringø, E. Prospects of fish probiotics. In Biology of Growing Animals, vol. 2, pp. 379–417. Amsterdam, The Netherlands: Elsevier. (2005). p. 3–504.

7. Food and Agricultural Organization (FAO), World Health Organization (WHO). Health and nutritional properties of probiotics in food including powder milk with live lactic acid bacteria. A joint FAO/WHO expert consultation. Cordoba, Argentina. Rome, Italy: FAO and WHO (2001). Available at: https://www.who.int/foodsafety/publications/fs_management/probiotics/en/index.html.

8. Kozasa, M. Toyocerin (Bacillus toyoi) as growth promotor for animal feeding. Microbiol-Aliments-Nutr (1986) 4:121–35.

9. Moriarty, D. Control of luminous Vibrio species in penaeid aquaculture ponds. Aquaculture (1998) 164(1-4):351–8. doi: 10.1016/S0044-8486(98)00199-9

10. Verschuere, L, Rombaut, G, Sorgeloos, P, and Verstraete, W. Probiotic bacteria as biological control agents in aquaculture. Microbiol Mol Biol Rev (2000) 64(4):655–71. doi: 10.1128/mmbr.64.4.655-671.2000

11. Amenyogbe, E, Chen, G, Wang, Z, Huang, J, Huang, B, and Li, H. The exploitation of probiotics, prebiotics and synbiotics in aquaculture: present study, limitations and future directions: a review. Aquac Int (2020) 28:1017–41. doi: 10.1007/s10499-020-00509-0

12. Ray, AK. The advancement of probiotics research and its application in fish farming industries. Res Vet Sci (2017) 115:66–77. doi: 10.1016/j.rvsc.2017.01.016

13. Caipang, C, Suharman, I, Avillanosa, A, and Bargoyo, V. Host-derived Probiotics for Finfish Aquaculture. In: IOP Conf Ser: Earth Environ Sci. Bristol, UK: IOP Publishing (2020). 430:012026. doi: 10.1088/1755-1315/430/1/012026

14. Chauhan, A, and Singh, R. Probiotics in aquaculture: a promising emerging alternative approach. Symbiosis (2019) 77(2):99–113. doi: 10.1007/s13199-018-0580-1

15. Hoseinifar, SH, Sun, Y-Z, Wang, A, and Zhou, Z. Probiotics as means of diseases control in aquaculture, a review of current knowledge and future perspectives. Front Microbiol (2018) 9:2429. doi: 10.3389/fmicb.2018.02429

16. Ringø, E, Doan, HV, Lee, S, and Song, SK. Lactic acid bacteria in shellfish: possibilities and challenges. Rev Fish Sci Aquac (2020) 28(2):139–69. doi: 10.1080/23308249.2019.1683151

17. Zorriehzahra, MJ, Delshad, ST, Adel, M, Tiwari, R, Karthik, K, Dhama, K, et al. Probiotics as beneficial microbes in aquaculture: an update on their multiple modes of action: a review. Vet Q (2016) 36(4):228–41. doi: 10.1080/01652176.2016.1172132

18. Hasan, KN, and Banerjee, G. Recent studies on probiotics as beneficial mediator in aquaculture: review. J Basic Appl Zool (2020) 81:53. doi: 10.1186/s41936-020-00190-y

19. Shefat, SHT. Probiotic strains used in aquaculture. Int Res J Microbiol (2018) 7:43–55. doi: 10.14303/irjm.2018.023

20. Lazado, CC, Caipang, CMA, and Estante, EG. Prospects of host-associated microorganisms in fish and penaeids as probiotics with immunomodulatory functions. Fish Shellfish Immunol (2015) 45(1):2–12. doi: 10.1016/j.fsi.2015.02.023

21. Sharifuzzaman, S, and Austin, B. Probiotics for disease control in aquaculture. In: Diagnosis and Control of Diseases of Fish and Shellfish. New Jersey (USA): John Wiley & Sons Inc (2017). p. 189–222. doi: 10.1002/9781119152125.ch8

22. Tapia-Paniagua, S, Díaz-Rosales, P, León-Rubio, J, de La Banda, IG, Lobo, C, Alarcón, F, et al. Use of the probiotic Shewanella putrefaciens Pdp11 on the culture of Senegalese sole (Solea senegalensis, Kaup 1858) and gilthead seabream (Sparus aurata L.). Aquac Int (2012) 20(6):1025–39. doi: 10.1007/s10499-012-9509-5

23. Gomez, D, Sunyer, JO, and Salinas, I. The mucosal immune system of fish: the evolution of tolerating commensals while fighting pathogens. Fish Shellfish Immunol (2013) 35(6):1729–39. doi: 10.1016/j.fsi.2013.09.032

24. Sharifuzzaman, S, Al-Harbi, A, and Austin, B. Characteristics of growth, digestive system functionality, and stress factors of rainbow trout fed probiotics Kocuria SM1 and Rhodococcus SM2. Aquaculture (2014) 418:55–61. doi: 10.1016/j.aquaculture.2013.10.006

25. Martínez-Cruz, P, Ibáñez, AL, Monroy-Hermosillo, OA, and Ramírez-Saad, HC. Use of probiotics in aquaculture. ISRN Microbiol (2012) 916845:1–13. doi: 10.5402/2012/916845

26. Alonso, S, Castro, MC, Berdasco, M, de la Banda, IG, Moreno-Ventas, X, and de Rojas, AH. Isolation and partial characterization of lactic acid bacteria from the gut microbiota of marine fishes for potential application as probiotics in aquaculture. Probiotics Antimicrob Proteins (2019) 11(2):569–79. doi: 10.1007/s12602-018-9439-2

27. Aly, SM, Abd-El-Rahman, AM, John, G, and Mohamed, MF. Characterization of some bacteria isolated from Oreochromis niloticus and their potential use as probiotics. Aquaculture (2008) 277(1-2):1–6. doi: 10.1016/j.aquaculture.2008.02.021

28. Balcázar, JL, Vendrell, D, de Blas, I, Ruiz-Zarzuela, I, Muzquiz, JL, and Girones, O. Characterization of probiotic properties of lactic acid bacteria isolated from intestinal microbiota of fish. Aquaculture (2008) 278(1-4):188–91. doi: 10.1016/j.aquaculture.2008.03.014

29. Chabrillón, M, Arijo, S, Díaz-Rosales, P, Balebona, MC, and Moriñigo, MA. Interference of Listonella anguillarum with potential probiotic microorganisms isolated from farmed gilthead seabream (Sparus aurata, L.). Aquac Res (2006) 37(1):78–86. doi: 10.1111/j.1365-2109.2005.01400.x

30. Gatesoupe, FJ. The use of probiotics in aquaculture. Aquaculture (1999) 180(1-2):147–65. doi: 10.1016/S0044-8486(99)00187-8

31. Nikoskelainen, S, Ouwehand, A, Salminen, S, and Bylund, G. Protection of rainbow trout (Oncorhynchus mykiss) from furunculosis by Lactobacillus rhamnosus. Aquaculture (2001) 198(3-4):229–36. doi: 10.1016/S0044-8486(01)00593-2

32. Muthukumar, P, and Kandeepan, C. Isolation, identification and characterization of probiotic organisms from intestine of fresh water fishes. Int J Curr Microbiol Appl Sci (2015) 4:607–16.

33. Sica, MG, Brugnoni, LI, Marucci, PL, and Cubitto, MA. Characterization of probiotic properties of lactic acid bacteria isolated from an estuarine environment for application in rainbow trout (Oncorhynchus mykiss, Walbaum) farming. Antonie Van Leeuwenhoek (2012) 101(4):869–79. doi: 10.1007/s10482-012-9703-5

34. Thankappan, B, Ramesh, D, Ramkumar, S, Natarajaseenivasan, K, and Anbarasu, K. Characterization of Bacillus spp. from the gastrointestinal tract of Labeo rohita—towards to identify novel probiotics against fish pathogens. App Biochem Biotechnol (2015) 175(1):340–53. doi: 10.1007/s12010-014-1270-y

35. Wanka, KM, Damerau, T, Costas, B, Krueger, A, Schulz, C, and Wuertz, S. Isolation and characterization of native probiotics for fish farming. BMC Microbiol (2018) 18(1):119. doi: 10.1186/s12866-018-1260-2

36. Chythanya, R, Karunasagar, I, and Karunasagar, I. Inhibition of shrimp pathogenic vibrios by a marine Pseudomonas I-2 strain. Aquaculture (2002) 208(1-2):1–10. doi: 10.1016/S0044-8486(01)00714-1

37. Merrifield, DL, Dimitroglou, A, Foey, A, Davies, SJ, Baker, RT, Bøgwald, J, et al. The current status and future focus of probiotic and prebiotic applications for salmonids. Aquaculture (2010) 302(1-2):1–18. doi: 10.1016/j.aquaculture.2010.02.007

38. Balcázar, JL, De Blas, I, Ruiz-Zarzuela, I, Vendrell, D, Gironés, O, and Muzquiz, JL. Enhancement of the immune response and protection induced by probiotic lactic acid bacteria against furunculosis in rainbow trout (Oncorhynchus mykiss). FEMS Immunol Med Microbiol (2007) 51(1):185–93. doi: 10.1111/j.1574-695X.2007.00294.x

39. Chahad Bourouni, O, El Bour, M, Mraouna, R, Abdennaceur, H, and Boudabous, A. Preliminary selection study of potential probiotic bacteria from aquacultural area in Tunisia. Ann Microbiol (2007) 57(2):185. doi: 10.1007/BF03175205

40. Medina, M, Sotil, G, Flores, V, Fernández, C, and Sandoval, N. In vitro assessment of some probiotic properties and inhibitory activity against Yersinia ruckeri of bacteria isolated from rainbow trout Oncorhynchus mykiss (Walbaum). Aquac Rep (2020) 18:100447. doi: 10.1016/j.aqrep.2020.100447

41. Hai, NV. The use of probiotics in aquaculture. J Appl Microbiol (2015) 119(4):917–35. doi: 10.1111/jam.12886

42. Chen, D-D, Yao, Y-Y, Cui, Z-W, Zhang, X-Y, Guo, X, Zhou, Y-Y, et al. Comparative study of the immunoprotective effect of two grass carp-sourced Bacillus subtilis spore-based vaccines against grass carp reovirus. Aquaculture (2019) 504:88–95. doi: 10.1016/j.aquaculture.2019.01.055

43. Gao, X-Y, Liu, Y, Miao, L-L, Li, E-W, Hou, T-T, and Liu, Z-P. Mechanism of anti-Vibrio activity of marine probiotic strain Bacillus pumilus H2, and characterization of the active substance. AMB Express (2017) 7(1):23. doi: 10.1186/s13568-017-0323-3

44. Muñoz-Atienza, E, Gómez-Sala, B, Araújo, C, Campanero, C, del Campo, R, Hernández, PE, et al. Antimicrobial activity, antibiotic susceptibility and virulence factors of lactic acid bacteria of aquatic origin intended for use as probiotics in aquaculture. BMC Microbiol (2013) 13(1):15. doi: 10.1186/1471-2180-13-15

45. Panigrahi, A, and Azad, IS. Microbial intervention for better fish health in aquaculture: the Indian scenario. Fish Physiol Biochem (2007) 33(4):429–40. doi: 10.1007/s10695-007-9160-7

46. Servin, AL. Antagonistic activities of lactobacilli and bifidobacteria against microbial pathogens. FEMS Microbiol Rev (2004) 28(4):405–40. doi: 10.1016/j.femsre.2004.01.003

47. Tinh, NT, Dierckens, K, Sorgeloos, P, and Bossier, P. A review of the functionality of probiotics in the larviculture food chain. Mar Biotechnol (NY) (2008) 10(1):1–12. doi: 10.1007/s10126-007-9054-9

48. Vijayabaskar, P, and Somasundaram, ST. Isolation of bacteriocin producing lactic acid bacteria from fish gut and probiotic activity against common fresh water fish pathogen Aeromonas hydrophila. Biotechnol (2008) 7(1):124–48. doi: 10.3923/biotech.2008.124.128

49. Xu, HM, Rong, YJ, Zhao, MX, Song, B, and Chi, ZM. Antibacterial activity of the lipopetides produced by Bacillus amyloliquefaciens M1 against multidrug-resistant Vibrio spp. isolated from diseased marine animals. App Microbiol Biotechnol (2014) 98(1):127–36. doi: 10.1007/s00253-013-5291-1

50. Zapata, A, and Lara-flores, M. Antimicrobial activities of lactic acid bacteria strains isolated from Nile tilapia intestine (Oreochromis niloticus). J Biol Life Sci (2013) 4:164–71. doi: 10.5296/jbls.v4i1.2408

51. Gibson, LF. Bacteriocin activity and probiotic activity of Aeromonas media. J App Microbiol (1999) 85(1):243–8. doi: 10.1111/j.1365-2672.1998.tb05304.x

52. Lategan, MJ, Booth, W, Shimmon, R, and Gibson, LF. An inhibitory substance produced by Aeromonas media A199, an aquatic probiotic. Aquaculture (2006) 254(1):115–24. doi: 10.1016/j.aquaculture.2005.11.019

53. Faramarzi, M, Kiaalvandi, S, and Iranshahi, F. The effect of probiotics on growth performance and body composition of common carp (Cyprinus carpio). J Anim Vet Adv (2011) 10:2408–13. doi: 10.3923/javaa.2011.2408.2413

54. Ma, Y-X, Li, L-Y, Li, M, Chen, W, Bao, P-Y, Yu, Z-C, et al. Effects of dietary probiotic yeast on growth parameters in juvenile sea cucumber, Apostichopus japonicus. Aquaculture (2019) 499:203–11. doi: 10.1016/j.aquaculture.2018.09.043

55. Rengpipat, S, Phianphak, W, Piyatiratitivorakul, S, and Menasveta, P. Effects of a probiotic bacterium on black tiger shrimp Penaeus monodon survival and growth. Aquaculture (1998) 167(3):301–13. doi: 10.1016/S0044-8486(98)00305-6

56. Ringø, E, Zhou, Z, Vecino, JLG, Wadsworth, S, Romero, J, Krogdahl, Å, et al. Effect of dietary components on the gut microbiota of aquatic animals. A never-ending story? Aquac Nutr (2016) 22(2):219–82. doi: 10.1111/anu.12346

57. Cairo, G, Bernuzzi, F, and Recalcati, S. A precious metal: iron, an essential nutrient for all cells. Genes Nutr (2006) 1(1):25–40. doi: 10.1007/BF02829934

58. Skaar, EP. The battle for iron between bacterial pathogens and their vertebrate hosts. PloS Pathog (2010) 6(8):e1000949. doi: 10.1371/journal.ppat.1000949

59. Khan, A, Singh, P, and Srivastava, A. Synthesis, nature and utility of universal iron chelator – Siderophore: a review. Microbiol Res (2018) 212-213:103–11. doi: 10.1016/j.micres.2017.10.012

60. Parmanand, BA, Kellingray, L, Le Gall, G, Basit, AW, Fairweather-Tait, S, and Narbad, A. A decrease in iron availability to human gut microbiome reduces the growth of potentially pathogenic gut bacteria; an in vitro colonic fermentation study. J Nutr Biochem (2019) 67:20–7. doi: 10.1016/j.nutbio.2019.01.010

61. Sugita, H, Mizuki, H, and Itoi, S. Diversity of siderophore-producing bacteria isolated from the intestinal tracts of fish along the Japanese coast. Aquac Res (2011) 43:481–8. doi: 10.1111/j.1365-2109.2011.02851.x

62. Smith, P, and Davey, S. Evidence for the competitive exclusion of Aeromonas salmonicida from fish with stress-inducible furunculosis by a fluorescent pseudomonad. J Fish Dis (1993) 16(5):521–4. doi: 10.1111/j.1365-2761.1993.tb00888.x

63. Gram, L, Melchiorsen, J, Spanggaard, B, Huber, I, and Nielsen, TF. Inhibition of Vibrio anguillarum by Pseudomonas fluorescens AH2, a possible probiotic treatment of fish. App Environ Microbiol (1999) 65(3):969–73. doi: 10.1128/AEM.65.3.969-973.1999

64. Lazado, C, Caipang, CM, Rajan, B, Brinchmann, M, and Kiron, V. Characterization of GP21 and GP12: two potential probiotic bacteria isolated from the gastrointestinal tract of Atlantic cod. Probiotics Antimicrob Proteins (2010) 2:126–34. doi: 10.1007/s12602-010-9041-8

65. Gatesoupe, F-J, Infante, J-LZ, Cahu, C, and Quazuguel, P. Early weaning of seabass larvae, Dicentrarchus labrax: the effect on microbiota, with particular attention to iron supply and exoenzymes. Aquaculture (1997) 158(1):117–27. doi: 10.1016/S0044-8486(97)00179-8

66. Li, M, Xi, B, Qin, T, Chen, K, and Xie, J. Isolation and characterization of AHL-degrading bacteria from fish and pond sediment. J Oceanol Limnol (2019) 37(4):1460–7. doi: 10.1007/s00343-019-8137-6

67. Adams, CA. The probiotic paradox: live and dead cells are biological response modifiers. Nutr Res Rev (2010) 23(1):37–46. doi: 10.1017/S0954422410000090

68. Montes, AJ. The use of probiotics in food-animal practice. Vet Med (1993) 88:282–9.

69. Salminen, S, Isolauri, E, and Salminen, E. Clinical uses of probiotics for stabilizing the gut mucosal barrier: successful strains and future challenges. Antonie van Leeuwenhoek (1996) 70(2):347–58. doi: 10.1007/BF00395941

70. Lazado, CC, Caipang, CMA, Brinchmann, MF, and Kiron, V. In vitro adherence of two candidate probiotics from Atlantic cod and their interference with the adhesion of two pathogenic bacteria. Vet Microbiol (2011) 148(2):252–9. doi: 10.1016/j.vetmic.2010.08.024

71. Pan, X, Wu, T, Zhang, L, Song, Z, Tang, H, and Zhao, Z. In vitro evaluation on adherence and antimicrobial properties of a candidate probiotic Clostridium butyricum CB2 for farmed fish. J Appl Microbiol (2008) 105(5):1623–9. doi: 10.1111/j.1365-2672.2008.03885.x

72. Vine, NG, Leukes, WD, Kaiser, H, Daya, S, Baxter, J, and Hecht, T. Competition for attachment of aquaculture candidate probiotic and pathogenic bacteria on fish intestinal mucus. J Fish Dis (2004) 27(6):319–26. doi: 10.1111/j.1365-2761.2004.00542.x

73. Chabrillón, M, Arijo, S, Díaz-Rosales, P, Balebona, MC, and Moriñigo, MA. Interference of Listonella anguillarum with potential probiotic microorganisms isolated from farmed gilthead seabream (Sparus aurata, L.). Aquac Res (2005) 37(1):78–86. doi: 10.1111/j.1365-2109.2005.01400.x

74. Chabrillón, M, Rico, RM, Arijo, S, Díaz-Rosales, P, Balebona, MC, and Moriñigo, MA. Interactions of microorganisms isolated from gilthead sea bream, Sparus aurata L., on Vibrio harveyi, a pathogen of farmed Senegalese sole, Solea senegalensis (Kaup). J Fish Dis (2005) 28(9):531–7. doi: 10.1111/j.1365-2761.2005.00657.x

75. Divya, KR, Isamma, A, Ramasubramanian, V, Sureshkumar, S, and Arunjith, TS. Colonization of probiotic bacteria and its impact on ornamental fish Puntius conchonius. J Environ Biol (2012) 33(3):551–5.

76. Brown, M. Modes of Action of Probiotics: Recent Developments. J Anim Vet Adv (2011) 10:1895–900. doi: 10.3923/javaa.2011.1895.1900

77. Miller, MB, and Bassler, BL. Quorum sensing in bacteria. Ann Rev Microbiol (2001) 55(1):165–99. doi: 10.1146/annurev.micro.55.1.165

78. Defoirdt, T. Virulence mechanisms of bacterial aquaculture pathogens and antivirulence therapy for aquaculture. Rev Aquac (2014) 6(2):100–14. doi: 10.1111/raq.12030

79. Chu, W, Zhou, S, Zhu, W, and Zhuang, X. Quorum quenching bacteria Bacillus sp. QSI-1 protect zebrafish (Danio rerio) from Aeromonas hydrophila infection. Sci Rep (2014) 4:5446. doi: 10.1038/srep05446

80. Fuqua, WC, Winans, SC, and Greenberg, EP. Quorum sensing in bacteria: the LuxR-LuxI family of cell density-responsive transcriptional regulators. J Bacteriol (1994) 176(2):269. doi: 10.1128/jb.176.2.269-275.1994

81. Gram, L, Ravn, L, Rasch, M, Bruhn, JB, Christensen, AB, and Givskov, M. Food spoilage—interactions between food spoilage bacteria. Int J Food Microbiol (2002) 78(1-2):79–97. doi: 10.1016/s0168-1605(02)00233-7

82. Whitehead, NA, Barnard, AM, Slater, H, Simpson, NJ, and Salmond, GP. Quorum-sensing in Gram-negative bacteria. FEMS Microbiol Rev (2001) 25(4):365–404. doi: 10.1111/j.1574-6976.2001.tb00583.x

83. Winson, MK, Camara, M, Latifi, A, Foglino, M, Chhabra, SR, Daykin, M, et al. Multiple N-acyl-L-homoserine lactone signal molecules regulate production of virulence determinants and secondary metabolites in Pseudomonas aeruginosa. Proc Natl Acad Sci USA (1995) 92(20):9427–31. doi: 10.1073/pnas.92.20.9427

84. Chu, W, Lu, F, Zhu, W, and Kang, C. Isolation and characterization of new potential probiotic bacteria based on quorum-sensing system. J App Microbiol (2011) 110(1):202–8. doi: 10.1111/j.1365-2672.2010.04872.x

85. Defoirdt, T, Boon, N, Bossier, P, and Verstraete, W. Disruption of bacterial quorum sensing: an unexplored strategy to fight infections in aquaculture. Aquaculture (2004) 240(1-4):69–88. doi: 10.1016/j.aquaculture.2004.06.031

86. Givskov, M, de Nys, R, Manefield, M, Gram, L, Maximilien, R, Eberl, L, et al. Eukaryotic interference with homoserine lactone-mediated prokaryotic signalling. J Bacteriol (1996) 178(22):6618–22. doi: 10.1128/jb.178.22.6618-6622.1996

87. Roy, V, Adams, BL, and Bentley, WE. Developing next generation antimicrobials by intercepting AI-2 mediated quorum sensing. Enzyme Microb Technol (2011) 49(2):113–23. doi: 10.1016/j.enzmictec.2011.06.001

88. Dong, Y-H, Wang, L-H, and Zhang, L-H. Quorum-quenching microbial infections: mechanisms and implications. Philos Trans R Soc Lond B Biol Sci (2007) 362(1483):1201–11. doi: 10.1098/rstb.2007.2045

89. Kalia, VC. Quorum sensing inhibitors: an overview. Biotechnol Adv (2013) 31(2):224–45. doi: 10.1016/j.biotechadv.2012.10.004

90. Cam, DTV, Nhan, DT, Ceuppens, S, Hao, NV, Dierckens, K, Wille, M, et al. Effect of N-acyl homoserine lactone-degrading enrichment cultures on Macrobrachium rosenbergii larviculture. Aquaculture (2009) 294(1):5–13. doi: 10.1016/j.aquaculture.2009.05.015

91. Defoirdt, T, Boon, N, Sorgeloos, P, Verstraete, W, and Bossier, P. Alternatives to antibiotics to control bacterial infections: luminescent vibriosis in aquaculture as an example. Trends Biotechnol (2007) 25(10):472–9. doi: 10.1016/j.tibtech.2007.08.001

92. Vadassery, DH, and Pillai, D. Quorum quenching potential of Enterococcus faecium QQ12 isolated from gastrointestinal tract of Oreochromis niloticus and its application as a probiotic for the control of Aeromonas hydrophila infection in goldfish Carassius auratus (Linnaeus 1758). Braz J Microbiol (2020) 51(3):1333–43. doi: 10.1007/s42770-020-00230-3

93. Zhang, Y, Liu, J, Tang, K, Yu, M, Coenye, T, and Zhang, X-H. Genome analysis of Flaviramulus ichthyoenteri Th78 T in the family Flavobacteriaceae: insights into its quorum quenching property and potential roles in fish intestine. BMC Genomics (2015) 16(1):38. doi: 10.1186/s12864-015-1275-0

94. Manefield, M, de Nys, R, Naresh, K, Roger, R, Givskov, M, Peter, S, et al. Evidence that halogenated furanones from Delisea pulchra inhibit acylated homoserine lactone (AHL)-mediated gene expression by displacing the AHL signal from its receptor protein. Microbiology (1999) 145(2):283–91. doi: 10.1099/13500872-145-2-283

95. Defoirdt, T, Crab, R, Wood, TK, Sorgeloos, P, Verstraete, W, and Bossier, P. Quorum sensing-disrupting brominated furanones protect the gnotobiotic brine shrimp Artemia franciscana from pathogenic Vibrio harveyi, Vibrio campbellii, and Vibrio parahaemolyticus isolates. Appl Environ Microbiol (2006) 72(9):6419–23. doi: 10.1128/AEM.00753-06

96. Rasch, M, Buch, C, Austin, B, Slierendrecht, WJ, Ekmann, KS, Larsen, JL, et al. An inhibitor of bacterial quorum sensing reduces mortalities caused by vibriosis in rainbow trout (Oncorhynchus mykiss, Walbaum). Syst Appl Microbiol (2004) 27(3):350–9. doi: 10.1078/0723-2020-00268

97. Zhou, S, Zhang, A, Yin, H, and Chu, W. Bacillus sp. QSI-1 modulate quorum sensing signals reduce Aeromonas hydrophila level and alter gut microbial community structure in fish. Front Cell Infect Microbiol (2016) 6:184. doi: 10.3389/fcimb.2016.00184

98. Ren, Y, Li, S, Wu, Z, Zhou, C, Zhang, D, and Chen, X. The influences of Bacillus subtilis on the virulence of Aeromonas hydrophila and expression of luxS gene of both bacteria under co-cultivation. Curr Microbiol (2017) 74(6):718–24. doi: 10.1007/s00284-017-1236-8

99. Chen, B, Peng, M, Tong, W, Zhang, Q, and Song, Z. The quorum quenching bacterium Bacillus licheniformis T-1 protects zebrafish against Aeromonas hydrophila infection. Probiotics Antimicrob Proteins (2020) 12(1):160–71. doi: 10.1007/s12602-018-9495-7

100. Torabi Delshad, S, Soltanian, S, Sharifiyazdi, H, Haghkhah, M, and Bossier, P. Identification of N-acyl homoserine lactone-degrading bacteria isolated from rainbow trout (Oncorhynchus mykiss). J Appl Microbiol (2018) 125(2):356–69. doi: 10.1111/jam.13891

101. Ghanei-Motlagh, R, Mohammadian, T, Gharibi, D, Menanteau-Ledouble, S, Mahmoudi, E, Khosravi, M, et al. Quorum quenching properties and probiotic potentials of intestinal associated bacteria in Asian sea bass Lates calcarifer. Mar Drugs (2020) 18(1):23. doi: 10.3390/md18010023

102. Lazado, CC, and Caipang, CMA. Mucosal immunity and probiotics in fish. Fish Shellfish Immunol (2014) 39(1):78–89. doi: 10.1016/j.fsi.2014.04.015

103. Azad, MAK, Sarker, M, and Wan, D. Immunomodulatory effects of probiotics on cytokine profiles. BioMed Res Int (2018) 8063647:10. doi: 10.1155/2018/8063647

104. Savan, R, and Sakai, M. Genomics of fish cytokines. Comp Biochem Physiol Part D Genomics Proteomics (2006) 1(1):89–101. doi: 10.1016/j.cbd.2005.08.005

105. Salinas, I, Zhang, Y-A, and Sunyer, JO. Mucosal immunoglobulins and B cells of teleost fish. Dev Comp Immunol (2011) 35(12):1346–65. doi: 10.1016/j.dci.2011.11.009

106. Rombout, JHWM, Abelli, L, Picchietti, S, Scapigliati, G, and Kiron, V. Teleost intestinal immunology. Fish Shellfish Immunol (2011) 31(5):616–26. doi: 10.1016/j.fsi.2010.09.001

107. Salinas, I, and Parra, D. Fish mucosal immunity: intestine. In: Mucosal Health in Aquaculture. Cambridge, Massachusetts (USA): Academic Press (2015). p. 135–70. doi: 10.1016/B978-0-12-417186-2.00006-6

108. Ringø, E, Van Doan, H, Lee, SH, Soltani, M, Hoseinifar, SH, Harikrishnan, R, et al. Probiotics, lactic acid bacteria and bacilli: interesting supplementation for aquaculture. J Appl Microbiol (2020) 129(1):116–36. doi: 10.1111/jam.14628

109. Soltani, M, Ghosh, K, Hoseinifar, SH, Kumar, V, Lymbery, AJ, Roy, S, et al. Genus Bacillus, promising probiotics in aquaculture: aquatic animal origin, bio-active components, bioremediation and efficacy in fish and shellfish. Rev Fish Sci Aquac (2019) 27(3):331–79. doi: 10.1080/23308249.2019.1597010

110. Pirarat, N, Pinpimai, K, Endo, M, Katagiri, T, Ponpornpisit, A, Chansue, N, et al. Modulation of intestinal morphology and immunity in Nile tilapia (Oreochromis niloticus) by Lactobacillus rhamnosus GG. Res Vet Sci (2011) 91(3):e92–7. doi: 10.1016/j.rvsc.2011.02.014

111. Balcázar, JL, Vendrell, D, de Blas, I, Ruiz-Zarzuela, I, Gironés, O, and Muzquiz, JL. Immune modulation by probiotic strains: Quantification of phagocytosis of Aeromonas salmonicida by leukocytes isolated from gut of rainbow trout (Oncorhynchus mykiss) using a radiolabelling assay. Comp Immunol Microbiol Infect Dis (2006) 29(5):335–43. doi: 10.1016/j.cimid.2006.09.004

112. Picchietti, S, Mazzini, M, Taddei, AR, Renna, R, Fausto, AM, Mulero, V, et al. Effects of administration of probiotic strains on GALT of larval gilthead seabream: Immunohistochemical and ultrastructural studies. Fish Shellfish Immunol (2007) 22(1):57–67. doi: 10.1016/j.fsi.2006.03.009

113. Picchietti, S, Fausto, AM, Randelli, E, Carnevali, O, Taddei, AR, Buonocore, F, et al. Early treatment with Lactobacillus delbrueckii strain induces an increase in intestinal T-cells and granulocytes and modulates immune-related genes of larval Dicentrarchus labrax (L.). Fish Shellfish Immunol (2009) 26(3):368–76. doi: 10.1016/j.fsi.2008.10.008

114. Salinas, I, Abelli, L, Bertoni, F, Picchietti, S, Roque, A, Furones, D, et al. Monospecies and multispecies probiotic formulations produce different systemic and local immunostimulatory effects in the gilthead seabream (Sparus aurata L.). Fish Shellfish Immunol (2008) 25(1):114–23. doi: 10.1016/j.fsi.2008.03.011

115. Shabirah, A, Rosidah, R, Mulyani, Y, and Lili, W. Effect of types isolated lactic acid bacteria on hematocrit and differential leukocytes fingerling common carp (Cyprinus carpio L.) infected with Aeromonas hydrophila bacteria. World News Nat Sci (2019) 24:22–35.

116. Mohammadian, T, Nasirpour, M, Tabandeh, MR, Heidary, AA, Ghanei-Motlagh, R, and Hosseini, SS. Administrations of autochthonous probiotics altered juvenile rainbow trout Oncorhynchus mykiss health status, growth performance and resistance to Lactococcus garvieae, an experimental infection. Fish Shellfish Immunol (2019) 86:269–79. doi: 10.1016/j.fsi.2018.11.052

117. Xia, Y, Lu, M, Chen, G, Cao, J, Gao, F, Wang, M, et al. Effects of dietary Lactobacillus rhamnosus JCM1136 and Lactococcus lactis subsp. lactis JCM5805 on the growth, intestinal microbiota, morphology, immune response and disease resistance of juvenile Nile tilapia, Oreochromis niloticus. Fish Shellfish Immunol (2018) 76:368–79. doi: 10.1016/j.fsi.2018.03.020

118. Lescheid, DW. Probiotics as regulators of inflammation: a review. Funct Food Health Dis (2014) 4(7):299–311. doi: 10.31989/ffhd.v4i7.2

119. Di, J, Chu, Z, Zhang, S, Huang, J, Du, H, and Wei, Q. Evaluation of the potential probiotic Bacillus subtilis isolated from two ancient sturgeons on growth performance, serum immunity and disease resistance of Acipenser dabryanus. Fish Shellfish Immunol (2019) 93:711–9. doi: 10.1016/j.fsi.2019.08.020

120. Li, J, Wu, Z-B, Zhang, Z, Zha, J-W, Qu, S-Y, Qi, X-Z, et al. Effects of potential probiotic Bacillus velezensis K2 on growth, immunity and resistance to Vibrio harveyi infection of hybrid grouper (Epinephelus lanceolatus♂ × E. fuscoguttatus♀). Fish Shellfish Immunol (2019) 93:1047–55. doi: 10.1016/j.fsi.2019.08.047

121. Soltani, M, Kane, A, Taheri-Mirghaed, A, Pakzad, K, and Hosseini-Shekarabi, P. Effect of the probiotic, Lactobacillus plantarum on growth performance and haematological indices of rainbow trout (Oncorhynchus mykiss) immunized with bivalent streptococcosis/lactococcosis vaccine. Iran J Fish Sci (2019) 18(2):283–95. doi: 10.22092/ijfs.2018.117757

122. Cerezuela, R, Guardiola, FA, Cuesta, A, and Esteban, MA. Enrichment of gilthead seabream (Sparus aurata L.) diet with palm fruit extract andn probiotics: effects on skin mucosal immunity. Fish Shellfish Immunol (2016) 49:100–9. doi: 10.1016/j.fsi.2015.12.028

123. Van Doan, H, Hoseinifar, SH, Tapingkae, W, Seel-Audom, M, Jaturasitha, S, Dawood, MA, et al. Boosted growth performance, mucosal and serum immunity, and disease resistance Nile tilapia (Oreochromis niloticus) fingerlings using corncob-derived xylooligosaccharide and Lactobacillus plantarum CR1T5. Probiotics Antimicrob Proteins (2020) 12(2):400–11. doi: 10.1007/s12602-019-09554-5

124. Gobi, N, Vaseeharan, B, Chen, J-C, Rekha, R, Vijayakumar, S, Anjugam, M, et al. Dietary supplementation of probiotic Bacillus licheniformis Dahb1 improves growth performance, mucus and serum immune parameters, antioxidant enzyme activity as well as resistance against Aeromonas hydrophila in tilapia Oreochromis mossambicus. Fish Shellfish Immunol (2018) 74:501–8. doi: 10.1016/j.fsi.2017.12.066

125. Kuebutornye, FKA, Wang, Z, Lu, Y, Abarike, ED, Sakyi, MW, Li, Y, et al. Effects of three host-associated Bacillus species on mucosal immunity and gut health of Nile tilapia, Oreochromis niloticus and its resistance against Aeromonas hydrophila infection. Fish Shellfish Immunol (2020) 97:83–95. doi: 10.1016/j.fsi.2019.12.046

126. Jiang, Y, Zhou, S, and Chu, W. The effects of dietary Bacillus cereus QSI-1 on skin mucus proteins profile and immune response in Crucian Carp (Carassius auratus). Fish Shellfish Immunol (2019) 89:319–25. doi: 10.1016/j.fsi.2019.04.014

127. Hosseini, M, Miandare, HK, Hoseinifar, SH, and Yarahmadi, P. Dietary Lactobacillus acidophilus modulated skin mucus protein profile, immune and appetite genes expression in gold fish (Carassius auratus gibelio). Fish Shellfish Immunol (2016) 59:149–54. doi: 10.1016/j.fsi.2016.10.026

128. Zhang, DX, Kang, YH, Zhan, S, Zhao, ZL, Jin, SN, Chen, C, et al. Effect of Bacillus velezensis on Aeromonas veronii-induced intestinal mucosal barrier function damage and inflammation in crucian carp (Carassius auratus). Front Microbiol (2019) 15:2663(10). doi: 10.3389/fmicb.2019.02663

129. Nayak, SK. Probiotics and immunity: a fish perspective. Fish Shellfish Immunol (2010) 29(1):2–14. doi: 10.1016/j.fsi.2010.02.017

130. Gómez, GD, and Balcázar, JL. A review on the interactions between gut microbiota and innate immunity of fish. FEMS Immunol Med Microbiol (2008) 52(2):145–54. doi: 10.111/j.1574-695X.2007.00343.x

131. Dawood, MAO, Abo-Al-Ela, HG, and Hasan, MT. Modulation of transcriptomic profile in aquatic animals: probiotics, prebiotics and symbiotic scenarios. Fish Shellfish Immunol (2020) 97:268–82. doi: 10.1016/j.fsi.2019.12.054

132. Alarcón, F, Martinez, T, Díaz, M, and Moyano, F. Characterization of digestive carbohydrase activity in the gilthead seabream (Sparus aurata). Hydrobiologia (2001) 445(1-3):199–204. doi: 10.1023/A:1017521900442

133. German, DP, Horn, MH, and Gawlicka, A. Digestive enzyme activities in herbivorous and carnivorous prickleback fishes (Teleostei: Stichaeidae): ontogenetic, dietary, and phylogenetic effects. Physiol Biochem Zool (2004) 77(5):789–804. doi: 10.1086/422228

134. Krogdahl, Å, Hemre, GI, and Mommsen, T. Carbohydrates in fish nutrition: digestion and absorption in postlarval stages. Aquac Nutr (2005) 11(2):103–22. doi: 10.1111/j.1365-2095.2004.00327.x

135. Ray, A, Ghosh, K, and Ringø, E. Enzyme-producing bacteria isolated from fish gut: a review. Aquac Nutr (2012) 18(5):465–92. doi: 10.1111/j.1365-2095.2012.00943.x

136. Banerjee, SP, Dora, KC, and Chowdhury, S. Detection, partial purification and characterization of bacteriocin produced by Lactobacillus brevis FPTLB3 isolated from freshwater fish. J Food Sci Technol (2013) 50(1):17–25. doi: 10.1007/s13197-011-0240-4

137. Dawood, MA, Magouz, FI, Salem, MF, and Abdel-Daim, HA. Modulation of digestive enzyme activity, blood health, oxidative responses and growth-related gene expression in GIFT by heat-killed Lactobacillus plantarum (L-137). Aquaculture (2019) 505:127–36. doi: 10.1016/j.aquaculture.2019.02.053

138. Jang, WJ, Lee, JM, Hasan, MT, Lee, B-J, Lim, SG, and Kong, I-S. Effects of probiotic supplementation of a plant-based protein diet on intestinal microbial diversity, digestive enzyme activity, intestinal structure, and immunity in olive flounder (Paralichthys olivaceus). Fish Shellfish Immunol (2019) 92:719–27. doi: 10.1016/j.fsi.2019.06.056

139. Mohammadian, T, Nasirpour, M, Tabandeh, MR, and Mesbah, M. Synbiotic effects of β-glucan, mannan oligosaccharide and Lactobacillus casei on growth performance, intestine enzymes activities, immune-hematological parameters and immune-related gene expression in common carp, Cyprinus carpio: an experimental infection with Aeromonas hydrophila. Aquaculture (2019) 511:634197. doi: 10.1016/j.aquaculture.2019.06.011

140. Mohammadian, T, Nasirpour, M, Tabandeh, MR, Heidary, AA, Ghanei-Motlagh, R, and Hosseini, SS. Administrations of autochthonous probiotics altered juvenile rainbow trout Oncorhynchus mykiss health status, growth performance and resistance to Lactococcus garvieae, an experimental infection. Fish Shellfish Immunol (2019) 86:269–79. doi: 10.1016/j.fsi.2018.11.052

141. Tarkhani, R, Imani, A, Hoseinifar, SH, Moghanlou, KS, and Manaffar, R. The effects of host-associated Enterococcus faecium CGMCC1.2136 on serum immune parameters, digestive enzymes activity and growth performance of the Caspian roach (Rutilus rutilus caspicus) fingerlings. Aquaculture (2020) 519:734741. doi: 10.1016/j.aquaculture.2019.734741

142. Sugita, H, Miyajima, C, and Deguchi, Y. The vitamin B12-producing ability of the intestinal microflora of freshwater fish. Aquaculture (1991) 92:267–76. doi: 10.1016/0044-8486(91)90028-6

143. Sugita, H, Takahashi, J, and Deguchi, Y. Production and consumption of biotin by the intestinal microflora of cultured freshwater fishes. Biosci Biotechnol Biochem (1992) 56(10):1678–9. doi: 10.1271/bbb.56.1678

144. Navarrete, P, and Tovar-Ramírez, D. Use of yeasts as probiotics in fish aquaculture. In:  MP Hernandez-Vergara, and CI Perez-Castro, editors. Sustainable Aquaculture Techniques 1. London, UK: IntechOpen (2014). p. 135–72. doi: 10.5772/57196

145. Wang, X, Li, H, Zhang, X, Li, Y, Ji, W, and Xu, H. Microbial flora in the digestive tract of adult penaeid shrimp (Penaeus chinensis). J Ocean Univ Qingdao (2000) 30:493–8.

146. Nath, S, Matozzo, V, Bhandari, D, and Faggio, C. Growth and liver histology of Channa punctatus exposed to a common biofertilizer. Nat Prod Res (2019) 33(11):1591–8. doi: 10.1080/14786419.2018.1428586

147. Hamdan, AM, El-Sayed, AFM, and Mahmoud, MM. Effects of a novel marine probiotic, Lactobacillus plantarum AH 78, on growth performance and immune response of Nile tilapia (Oreochromis niloticus). J Appl Microbiol (2016) 120(4):1061–73. doi: 10.1111/jam.13081

148. Soltani, M, Abdy, E, Alishahi, M, Mirghaed, AT, and Hosseini-Shekarabi, P. Growth performance, immune-physiological variables and disease resistance of common carp (Cyprinus carpio) orally subjected to different concentrations of Lactobacillus plantarum. Aquac Int (2017) 25(5):1913–33. doi: 10.1007/s10499-017-0164-8

149. Yu, L, Zhai, Q, Zhu, J, Zhang, C, Li, T, Liu, X, et al. Dietary Lactobacillus plantarum supplementation enhances growth performance and alleviates aluminum toxicity in tilapia. Ecotoxicol Environ Saf (2017) 143:307–14. doi: 10.1016/j.ecoenv.2017.05.023

150. Zhai, Q, Wang, H, Tian, F, Zhao, J, Zhang, H, and Chen, W. Dietary Lactobacillus plantarum supplementation decreases tissue lead accumulation and alleviates lead toxicity in Nile tilapia (Oreochromis niloticus). Aquac Res (2017) 48(9):5094–103. doi: 10.1111/are.13326

151. Alishahi, M, Tulaby Dezfuly, Z, Mohammadian, T, and Mesbah, M. Effects of two probiotics, Lactobacillus plantarum and Lactobacillus bulgaricus on growth performance and intestinal lactic acid bacteria of Cyprinus Carpio. Iran J Vet Med (2018) 12(3):207–18. doi: 10.22059/IJVM.2018.235444.1004816

152. Van Doan, H, Hoseinifar, SH, Dawood, MAO, Chitmanat, C, and Tayyamath, K. Effects of Cordyceps militaris spent mushroom substrate and Lactobacillus plantarum on mucosal, serum immunology and growth performance of Nile tilapia (Oreochromis niloticus). Fish Shellfish Immunol (2017) 70:87–94. doi: 10.1016/j.aquaculture.2018.03.019

153. Van Doan, H, Doolgindachbaporn, S, and Suksri, A. Effect of Lactobacillus plantarum and Jerusalem artichoke (Helianthus tuberosus) on growth performance, immunity and disease resistance of Pangasius catfish (Pangasius bocourti, Sauvage 1880). Aquac Nutr (2016) 22(2):444–56. doi: 10.1111/anu.12263

154. Van Doan, H, Hoseinifar, SH, Khanongnuch, C, Kanpiengjai, A, Unban, K, and Srichaiyo, S. Host-associated probiotics boosted mucosal and serum immunity, disease resistance and growth performance of Nile tilapia (Oreochromis niloticus). Aquaculture (2018) 491:94–100. doi: 10.1016/j.aquaculture.2018.03.019

155. Feng, J, Chang, X, Zhang, Y, Yan, X, Zhang, J, and Nie, G. Effects of Lactococcus lactis from Cyprinus carpio L. as probiotics on growth performance, innate immune response and disease resistance against Aeromonas hydrophila. Fish Shellfish Immunol (2019) 93:73–81. doi: 10.1016/j.fsi.2019.07.028

156. Nguyen, TL, Park, C-I, and Kim, D-H. Improved growth rate and disease resistance in olive flounder, Paralichthys olivaceus, by probiotic Lactococcus lactis WFLU12 isolated from wild marine fish. Aquaculture (2017) 471:113–20. doi: 10.1016/j.aquaculture.2017.01.008

157. Nguyen, TL, Chun, W-K, Kim, A, Kim, N, Roh, HJ, Lee, Y, et al. Dietary probiotic effect of Lactococcus lactis WFLU12 on low-molecular-weight metabolites and growth of olive flounder (Paralichythys olivaceus). Front Microbiol (2018) 9:2059. doi: 10.3389/fmicb.2018.02059

158. Sun, Y, He, M, Cao, Z, Xie, Z, Liu, C, Wang, S, et al. Effects of dietary administration of Lactococcus lactis HNL12 on growth, innate immune response, and disease resistance of humpback grouper (Cromileptes altivelis). Fish Shellfish Immunol (2018) 82:296–303. doi: 10.1016/j.fsi.2018.08.039

159. Zhang, C-N, Zhang, J-L, Guan, W-C, Zhang, X-F, Guan, S-H, Zeng, Q-H, et al. Effects of Lactobacillus delbrueckii on immune response, disease resistance against Aeromonas hydrophila, antioxidant capability and growth performance of Cyprinus carpio Huanghe var. Fish Shellfish Immunol (2017) 68:84–91. doi: 10.1016/j.fsi.2017.07.012

160. Sewaka, M, Trullas, C, Chotiko, A, Rodkhum, C, Chansue, N, Boonanuntanasarn, S, et al. Efficacy of synbiotic Jerusalem artichoke and Lactobacillus rhamnosus GG-supplemented diets on growth performance, serum biochemical parameters, intestinal morphology, immune parameters and protection against Aeromonas veronii in juvenile red tilapia (Oreochromis spp.). Fish Shellfish Immunol (2019) 86:260–8. doi: 10.1016/j.fsi.2018.11.026

161. Ashouri, G, Soofiani, NM, Hoseinifar, SH, Jalali, SAH, Morshedi, V, Van Doan, H, et al. Combined effects of dietary low molecular weight sodium alginate and Pediococcus acidilactici MA18/5M on growth performance, haematological and innate immune responses of Asian sea bass (Lates calcalifer) juveniles. Fish Shellfish Immunol (2018) 79:34–41. doi: 10.1016/j.fsi.2018.05.009

162. Rahimnejad, S, Guardiola, FA, Leclercq, E, Ángeles Esteban, M, Castex, M, Sotoudeh, E, et al. Effects of dietary supplementation with Pediococcus acidilactici MA18/5M, galactooligosaccharide and their synbiotic on growth, innate immunity and disease resistance of rockfish (Sebastes schlegeli). Aquaculture (2018) 482:36–44. doi: 10.1016/j.aquaculture.2017.09.020

163. Baños, A, Ariza, JJ, Nuñez, C, Gil-Martínez, L, García-López, JD, Martínez-Bueno, M, et al. Effects of Enterococcus faecalis UGRA10 and the enterocin AS-48 against the fish pathogen Lactococcus garvieae. Studies in vitro and in vivo. Food Microbiol (2019) 77:69–77. doi: 10.1016/j.fm.2018.08.002

164. Xie, Z, Guo, W, and Zhou, Y. Dietary administration of Bacillus subtilis HAINUP40 enhances growth, digestive enzyme activities, innate immune responses and disease resistance of tilapia, Oreochromis niloticus. Fish Shellfish Immunol (2017) 60:326–33. doi: 10.1016/j.fsi.2016.12.003

165. Lara-Flores, M, Olvera-Novoa, MA, Guzmán-Méndez, BE, and López-Madrid, W. Use of the bacteria Streptococcus faecium and Lactobacillus acidophilus, and the yeast Saccharomyces cerevisiae as growth promoters in Nile tilapia (Oreochromis niloticus). Aquaculture (2003) 216(1-4):193–201. doi: 10.1016/S0044-8486(02)00277-6

166. Liu, H, Wang, S, Cai, Y, Guo, X, Cao, Z, Zhang, Y, et al. Dietary administration of Bacillus subtilis HAINUP40 enhances growth, digestive enzyme activities, innate immune responses and disease resistance of tilapia, Oreochromis niloticus. Fish Shellfish Immunol (2017) 60:326–33. doi: 10.1016/j.fsi.2016.12.003

167. Bisht, A, Singh, UP, and Pandey, N. Bacillus subtilis as a potent probiotic for enhancing growth in fingerlings of common carp (Cyprinus carpio Linnaeus). Indian J Fish (2012) 59(3):103–7.

168. Guo, X, Chen, D-D, Peng, K-S, Cui, Z-W, Zhang, X-J, Li, S, et al. Identification and characterization of Bacillus subtilis from grass carp (Ctenopharynodon idellus) for use as probiotic additives in aquatic feed. Fish Shellfish Immunol (2016) 52:74–84. doi: 10.1016/j.fsi.2016.03.017

169. Abareethan, M, and Amsath, A. Characterization and evaluation of probiotic fish feed. Int J Pure Appl Zool (2015) 3(2):148–53.

170. Giannenas, I, Karamaligas, I, Margaroni, M, Pappas, I, Mayer, E, Encarnação, P, et al. Effect of dietary incorporation of a multi-strain probiotic on growth performance and health status in rainbow trout (Oncorhynchus mykiss). Fish Physiol Biochem (2015) 41(1):119–28. doi: 10.1007/s10695-014-0010-0

171. Thy, HTT, Tri, NN, Quy, OM, Fotedar, R, Kannika, K, Unajak, S, et al. Effects of the dietary supplementation of mixed probiotic spores of Bacillus amyloliquefaciens 54A, and Bacillus pumilus 47B on growth, innate immunity and stress responses of striped catfish (Pangasianodon hypophthalmus). Fish Shellfish Immunol (2017) 60:391–9. doi: 10.1016/j.fsi.2016.11.016

172. Lin, S, Mao, S, Guan, Y, Luo, L, Luo, L, and Pan, Y. Effects of dietary chitosan oligosaccharides and Bacillus coagulans on the growth, innate immunity and resistance of koi (Cyprinus carpio koi). Aquaculture (2012) 342:36–41. doi: 10.1016/j.aquaculture.2012.02.009

173. Han, B, Long, W-Q, He, J-Y, Liu, Y-J, Si, Y-Q, and Tian, L-X. Effects of dietary Bacillus licheniformis on growth performance, immunological parameters, intestinal morphology and resistance of juvenile Nile tilapia (Oreochromis niloticus) to challenge infections. Fish Shellfish Immunol (2015) 46(2):225–31. doi: 10.1016/j.fsi.2015.06.018

174. Chang, CI, and Liu, WY. An evaluation of two probiotic bacterial strains, Enterococcus faecium SF68 and Bacillus toyoi, for reducing edwardsiellosis in cultured European eel, Anguilla anguilla L. J Fish Dis (2002) 25:311–5. doi: 10.1046/j.1365-2761.2002.00365.x

175. Lee, JS, Cheng, H, Damte, D, Lee, SJ, Kim, JC, Rhee, MH, et al. Effects of dietary supplementation of Lactobacillus pentosus PL11 on the growth performance, immune and antioxidant systems of Japanese eel Anguilla japonica challenged with Edwardsiella tarda. Fish Shellfish Immunol (2013) 34(3):756–61. doi: 10.1016/j.fsi.2012.11.028

176. Abraham, TJ, Mondal, S, and Babu, CS. Effect of commercial aquaculture probiotic and fish gut antagonistic bacterial flora on the growth and disease resistance of ornamental fishes Carassius auratus and Xiphophorus helleri. J Fish Aquat Sci (2008) 25(1):27–30.

177. Zhou, S, Xia, Y, Zhu, C, and Chu, W. Isolation of marine Bacillus sp. with antagonistic and organic-substances-degrading activities and its potential application as a fish probiotic. Mar Drugs (2018) 16(6):196. doi: 10.3390/md16060196

178. Meidong, R, Doolgindachbaporn, S, Jamjan, W, Sakai, K, Tashiro, Y, Okugawa, Y, et al. A novel probiotic Bacillus siamensis B44v isolated from Thai pickled vegetables (Phak-dong) for potential use as a feed supplement in aquaculture. J Gen Appl Microbiol (2017) 63(4):246–53. doi: 10.2323/jgam.2016.12.002

179. Al-Dohail, MA, Hashim, R, and Aliyu-Paiko, M. Evaluating the use of Lactobacillus acidophilus as a biocontrol agent against common pathogenic bacteria and the effects on the haematology parameters and histopathology in African catfish Clarias gariepinus juveniles. Aquac Res (2011) 42(2):196–209. doi: 10.1111/j.1365-2109.2010.02606.x

180. Bandyopadhyay, P, and Mohapatra, PKD. Effect of a probiotic bacterium Bacillus circulans PB7 in the formulated diets: on growth, nutritional quality and immunity of Catla catla (Ham.). Fish Physiol Biochem (2009) 35(3):467–78. doi: 10.1007/s10695-008-9272-8

181. Wu, ZQ, Jiang, C, Ling, F, and Wang, GX. Effects of dietary supplementation of intestinal autochthonous bacteria on the innate immunity and disease resistance of grass carp (Ctenopharyngodon idellus). Aquaculture (2015) 438:105–14. doi: 10.1016/j.aquaculture.2014.12.041

182. Gong, L, He, H, Li, D, Cao, L, Khan, TA, Li, Y, et al. A new isolate of Pediococcus pentosaceus (SL001) with antibacterial activity against fish pathogens and potency in facilitating the immunity and growth performance of grass carp. Front Microbiol (2019) 10:1384. doi: 10.3389/fmicb.2019.01384

183. Chi, C, Jiang, B, Yu, XB, Liu, TQ, Xia, L, and Wang, GX. Effects of three strains of intestinal autochthonous bacteria and their extracellular products on the immune response and disease resistance of common carp, Cyprinus carpio. Fish Shellfish Immunol (2014) 36(1):9–18. doi: 10.1016/j.fsi.2013.10.003

184. Sorroza, L, Padilla, D, Acosta, F, Román, L, Grasso, V, Vega, J, et al. Characterization of the probiotic strain Vagococcus fluvialis in the protection of European sea bass (Dicentrarchus labrax) against vibriosis by Vibrio anguillarum. Vet Microbiol (2012) 155(2-4):369–73. doi: 10.1016/j.vetmic.2011.09.013

185. Sorroza, L, Real, F, Acosta, F, Acosta, B, Déniz, S, Román, L, et al. A probiotic potential of Enterococcus gallinarum against Vibrio anguillarum infection. Fish Pathol (2013) 48(1):9–12. doi: 10.3147/jsfp.48.9

186. Son, VM, Chang, CC, Wu, MC, Guu, YK, Chiu, CH, and Cheng, W. Dietary administration of the probiotic, Lactobacillus plantarum, enhanced the growth, innate immune responses, and disease resistance of the grouper Epinephelus coioides. Fish Shellfish Immunol (2009) 26(5):691–8. doi: 10.1016/j.fsi.2009.02.018

187. Huang, JB, Wu, YC, and Chi, SC. Dietary supplementation of Pediococcus pentosaceus enhances innate immunity, physiological health and resistance to Vibrio anguillarum in orange-spotted grouper (Epinephelus coioides). Fish Shellfish Immunol (2014) 39(2):196–205. doi: 10.1016/j.fsi.2014.05.003

188. Chiu, CH, Cheng, CH, Gua, WR, Guu, YK, and Cheng, W. Dietary administration of the probiotic, Saccharomyces cerevisiae P13, enhanced the growth, innate immune responses, and disease resistance of the grouper, Epinephelus coioides. Fish Shellfish Immunol (2010) 29(6):1053–9. doi: 10.1016/j.fsi.2010.08.019

189. Gildberg, A, Mikkelsen, H, Sandaker, E, and Ringo, E. Probiotic effect of lactic acid bacteria in the feed on growth and survival of fry of Atlantic cod (Gadus morhua). Hydrobiologia (1997) 352:279–85. doi: 10.1007/978-94-011-5234-1_27

190. Gildberg, A, and Mikkelsen, H. Effect of supplementing the diet to Atlantic cod (Gadus morhua) fry with lactic acid bacteria and immuno-stimulating peptides during a challenge trial with Vibrio anguillarum. Aquaculture (1998) 167:103–13. doi: 10.1016/s0044-8486(98)00296-8

191. D’Alvise, PW, Lillebø, S, Prol-Garcia, MJ, Wergeland, HI, Nielsen, KF, Bergh, Ø, et al. Phaeobacter gallaeciensis reduces Vibrio anguillarum in cultures of microalgae and rotifers, and prevents vibriosis in cod larvae. PloS One (2012) 7(8):e43996. doi: 10.1371/journal.pone.0043996

192. Kumar, R, Mukherjee, SC, Prasad, KP, and Pal, AK. Evaluation of Bacillus subtilis as a probiotic to Indian major carp Labeo rohita (Ham.). Aquac Res (2006) 37(12):1215–21. doi: 10.1111/j.1365-2109.2006.01551.x

193. Nayak, SK, Swain, P, and Mukherjee, SC. Effect of dietary supplementation of probiotic and vitamin C on the immune response of Indian major carp, Labeo rohita (Ham). Fish Shellfish Immunol (2007) 23:892–6. doi: 10.1016/j.fsi.2007.02.008

194. Kumar, R, Mukherjee, SC, Ranjan, R, and Nayak, SK. Enhanced innate immune parameters in Labeo rohita (Ham.) following oral administration of Bacillus subtilis. Fish Shellfish Immunol (2008) 24(2):168–72. doi: 10.1016/j.fsi.2007.10.008

195. Giri, SS, Sen, SS, and Sukumaran, V. Effects of dietary supplementation of potential probiotic Pseudomonas aeruginosa VSG-2 on the innate immunity and disease resistance of tropical freshwater fish, Labeo rohita. Fish Shellfish Immunol (2012) 32(6):1135–40. doi: 10.1016/j.fsi.2012.03.019

196. Giri, SS, Sukumaran, V, and Oviya, M. Potential probiotic Lactobacillus plantarum VSG3 improves the growth, immunity, and disease resistance of tropical freshwater fish, Labeo rohita. Fish Shellfish Immunol (2013) 34(2):660–6. doi: 10.1016/j.fsi.2012.12.008

197. Ramesh, D, Vinothkanna, A, Rai, AK, and Vignesh, VS. Isolation of potential probiotic Bacillus spp. and assessment of their subcellular components to induce immune responses in Labeo rohita against Aeromonas hydrophila. Fish Shellfish Immunol (2015) 45(2):268–76. doi: 10.1016/j.fsi.2015.04.018

198. Ai, Q, Xu, H, Mai, K, Xu, W, Wang, J, and Zhang, W. Effects of dietary supplementation of Bacillus subtilis and fructooligosaccharide on growth performance, survival, non-specific immune response and disease resistance of juvenile large yellow croaker, Larimichthys crocea. Aquaculture (2011) 317(1-4):155–61. doi: 10.1016/j.aquaculture.2011.04.036

199. Lin, HL, Shiu, YL, Chiu, CS, Huang, SL, and Liu, CH. Screening probiotic candidates for a mixture of probiotics to enhance the growth performance, immunity, and disease resistance of Asian seabass, Lates calcarifer (Bloch), against Aeromonas hydrophila. Fish Shellfish Immunol (2017) 60:474–82. doi: 10.1016/j.fsi.2016.11.026

200. Pan, X, Wu, T, Song, Z, Tang, H, and Zhao, Z. Immune responses and enhanced disease resistance in Chinese drum, Miichthys miiuy (Basilewsky), after oral administration of live or dead cells of Clostridium butyrium CB2. J Fish Dis (2008) 31(9):679–86. doi: 10.1111/j.1365-2761.2008.00955.x

201. Reyes-Becerril, M, Tovar-Ramírez, D, Ascencio-Valle, F, Civera-Cerecedo, R, Gracia-López, V, Barbosa-Solomieu, V, et al. Effects of dietary supplementation with probiotic live yeast Debaryomyces hansenii on the immune and antioxidant systems of leopard grouper Mycteroperca rosacea infected with Aeromonas hydrophila. Aquac Res (2011) 42(11):1676–86. doi: 10.1111/j.1365-2109.2010.02762.x

202. Sakai, M, Yoshida, T, Atsuta, S, and Kobayashi, M. Enhancement of resistance to vibriosis in rainbow trout, Oncorhynchus mykiss (Walbaum), by oral administration of Clostridium butyricum bacterin. J Fish Dis (1995) 18(2):187–90. doi: 10.1111/j.1365-2761.1995.tb00276.x

203. Robertson, PAW, O’Dowd, C, Burrells, C, Williams, P, and Austin, B. Use of Carnobacterium sp as a probiotic for Atlantic salmon (Salmo salar L.) and rainbow trout (Oncorhynchus mykiss, Walbaum). Aquaculture (2000) 185:235–43. doi: 10.1016/S0044-8486(99)00349-X

204. Spanggaard, B, Huber, I, Nielsen, J, Sick, EB, Pipper, CB, Martinussen, T, et al. The probiotic potential against vibriosis of the indigenous microflora of rainbow trout. Environ Microbiol (2001) 3:755–65. doi: 10.1046/j.1462-2920.2001.00240.x

205. Irianto, A, and Austin, B. Use of probiotics to control furunculosis in rainbow trout, Oncorhynchus mykiss (Walbaum). J Fish Dis (2002) 25(6):333–42. doi: 10.1046/j.1365-2761.2002.00375.x

206. Irianto, A, and Austin, B. Use of dead probiotic cells to control furunculosis in rainbow trout, Oncorhynchus mykiss (Walbaum). J Fish Dis (2003) 26(1):59–62. doi: 10.1046/j.1365-2761.2003.00414.x

207. Raida, MK, Larsen, JL, Nielsen, ME, and Buchmann, K. Enhanced resistance of rainbow trout, Oncorhynchus mykiss (Walbaum), against Yersinia ruckeri challenge following oral administration of Bacillus subtilis and B. licheniformis (BioPlus2B). J Fish Dis (2003) 26(8):495–8. doi: 10.1046/j.1365-2761.2003.00480.x

208. Brunt, J, and Austin, B. Use of a probiotic to control lactococcosis and streptococcosis in rainbow trout, Oncorhynchus mykiss (Walbaum). J Fish Dis (2005) 28:693–701. doi: 10.1111/j.1365-2761.2005.00672.x

209. Kim, DH, and Austin, B. Innate immune responses in rainbow trout (Oncorhynchus mykiss, Walbaum) induced by probiotics. Fish Shellfish Immunol (2006) 21(5):513–24. doi: 10.1016/j.fsi.2006.02.007

210. Brunt, J, Newaj-Fyzul, A, and Austin, B. The development of probiotics for the control of multiple bacterial diseases of rainbow trout, Oncorhynchus mykiss (Walbaum). J Fish Dis (2007) 30(10):573–9. doi: 10.1111/j.1365-2761.2007.00836.x

211. Newaj-Fyzul, A, Adesiyunz, AA, Mutani, A, and Austin, B. Bacillus subtilis AB1 controls Aeromonas infection in rainbow trout (Oncorhynchus mykiss, Walbaum). J Appl Microbiol (2007) 103:1699–706. doi: 10.1111/j.1365-2672.2007.03402.x

212. Pieters, N, Brunt, J, Austin, B, and Lyndon, AR. Efficacy of in-feed probiotics against Aeromonas bestiarum and Ichthyophthirius multifiliis skin infections in rainbow trout (Oncorhynchus mykiss, Walbaum). J Appl Microbiol (2008) 105(3):723–32. doi: 10.1111/j.1365-2672.2008.03817.x

213. Capkin, E, and Altinok, I. Effects of dietary probiotic supplementations on prevention/treatment of yersiniosis disease. J Appl Microbiol (2009) 106:1147–53. doi: 10.1111/j.1365-2672.2008.04080.x

214. Rodriguez-Estrada, U, Satoh, S, Haga, Y, Fushimi, H, and Sweetman, J. Effects of single and combined supplementation of Enterococcus faecalis, mannan oligosaccharide and polyhydrobutyric acid on growth performance and immune response of rainbow trout Oncorhynchus mykiss. Aquacult Sci (2009) 57:609–17. doi: 10.11233/AQUACULTURESCI.57.609

215. Sharifuzzaman, SM, and Austin, B. Influence of probiotic feeding duration on disease resistance and immune parameters in rainbow trout. Fish Shellfish Immunol (2009) 27:440–5. doi: 10.1016/j.fsi.2009.06.010

216. Sharifuzzaman, SM, and Austin, B. Kocuria SM1 controls vibriosis in rainbow trout (Oncorhynchus mykiss, Walbaum). . J Appl Microbiol (2010) 108(6):2162–70. doi: 10.1111/j.1365-2672.2009.04618.x

217. Burbank, DR, Shah, DH, LaPatra, SE, Fornshell, G, and Cain, KD. Enhanced resistance to coldwater disease following feeding of probiotic bacterial strains to rainbow trout (Oncorhynchus mykiss). Aquaculture (2011) 321(3-4):185–90. doi: 10.1016/j.aquaculture.2011.09.004

218. Korkea-Aho, TL, Heikkinen, J, Thompson, KD, Von Wright, A, and Austin, B. Pseudomonas sp. M174 inhibits the fish pathogen Flavobacterium psychrophilum. J Appl Microbiol (2011) 111(2):266–77. doi: 10.1111/j.1365-2672.2011.05044.x

219. Sharifuzzaman, SM, Abbass, A, Tinsley, JW, and Austin, B. Subcellular components of probiotics Kocuria SM1 and Rhodococcus SM2 induce protective immunity in rainbow trout (Oncorhynchus mykiss, Walbaum) against Vibrio anguillarum. Fish Shellfish Immunol (2011) 30(1):347–53. doi: 10.1016/j.fsi.2010.11.005

220. Rodriguez-Estrada, U, Satoh, S, Haga, Y, Fushimi, H, and Sweetman, J. Effects of inactivated Enterococcus faecalis and mannan oligosaccharide and their combination on growth, immunity, and disease protection in rainbow trout. N Am J Aquac (2013) 75(3):416–28. doi: 10.1080/15222055.2013.799620

221. LaPatra, SE, Fehringer, TR, and Cain, KD. A probiotic Enterobacter sp. provides significant protection against Flavobacterium psychrophilum in rainbow trout (Oncorhynchus mykiss) after injection by two different routes. Aquaculture (2014) 433:361–6. doi: 10.1016/j.aquaculture.2014.06.022

222. Safari, R, Adel, M, Lazado, CC, Caipang, CMA, and Dadar, M. Host-derived probiotics Enterococcus casseliflavus improves resistance against Streptococcus iniae infection in rainbow trout (Oncorhynchus mykiss) via immunomodulation. Fish Shellfish Immunol (2016) 52:198–205. doi: 10.1016/j.fsi.2016.03.020

223. Harikrishnan, R, Kim, MC, Kim, JS, Balasundaram, C, and Heo, MS. Protective effect of herbal and probiotics enriched diet on haematological and immunity status of Oplegnathus fasciatus (Temminck & Schlegel) against Edwardsiella tarda. Fish Shellfish Immunol (2011) 30(3):886–93. doi: 10.1016/j.fsi.2011.01.013

224. Pirarat, N, Kobayashi, T, Katagiri, T, Maita, M, and Endo, M. Protective effects and mechanisms of a probiotic bacterium Lactobacillus rhamnosus against experimental Edwardsiella tarda infection in tilapia (Oreochromis niloticus). Vet Immunol Immunopathol (2006) 113(3-4):339–47. doi: 10.1016/j.vetimm.2006.06.003

225. Abdel-Tawwab, M, Abdel-Rahman, AM, and Ismael, NE. Evaluation of commercial live bakers’ yeast, Saccharomyces cerevisiae as a growth and immunity promoter for Fry Nile tilapia, Oreochromis niloticus (L.) challenged in situ with Aeromonas hydrophila. Aquaculture (2008) 280(1-4):185–9. doi: 10.1016/j.aquaculture.2008.03.055

226. Aly, SM, Ahmed, YAG, Ghareeb, AAA, and Mohamed, MF. Studies on Bacillus subtilis and Lactobacillus acidophilus, as potential probiotics, on the immune response and resistance of Tilapia nilotica (Oreochromis niloticus) to challenge infections. Fish Shellfish Immunol (2008) 25:128–36. doi: 10.1016/j.fsi.2008.03.013

227. Aly, SM, Mohamed, MF, and John, G. Effect of probiotics on the survival, growth and challenge infection in Tilapia nilotica (Oreochromis niloticus). Aquac Res (2008) 39(6):647–56. doi: 10.1111/j.1365-2109.2008.01932.x

228. Abd El-Rhman, AM, Khattab, YA, and Shalaby, AM. Micrococcus luteus and Pseudomonas species as probiotics for promoting the growth performance and health of Nile tilapia, Oreochromis niloticus. Fish Shellfish Immunol (2009) 27(2):175–80. doi: 10.1016/j.fsi.2009.03.020

229. Liu, W, Ren, P, He, S, Xu, L, Yang, Y, Gu, Z, et al. Comparison of adhesive gut bacteria composition, immunity, and disease resistance in juvenile hybrid tilapia fed two different Lactobacillus strains. Fish Shellfish Immunol (2013) 35(1):54–62. doi: 10.1016/j.fsi.2013.04.010

230. Han, B, Long, WQ, He, JY, Liu, YJ, Si, YQ, and Tian, LX. Effects of dietary Bacillus licheniformis on growth performance, immunological parameters, intestinal morphology and resistance of juvenile Nile tilapia (Oreochromis niloticus) to challenge infections. Fish Shellfish Immunol (2015) 46(2):225–31. doi: 10.1016/j.fsi.2015.06.018

231. Selim, KM, and Reda, RM. Improvement of immunity and disease resistance in the Nile tilapia, Oreochromis niloticus, by dietary supplementation with Bacillus amyloliquefaciens. Fish Shellfish Immunol (2015) 44(2):496–503. doi: 10.1016/j.fsi.2015.03.004

232. Srisapoome, P, and Areechon, N. Efficacy of viable Bacillus pumilus isolated from farmed fish on immune responses and increased disease resistance in Nile tilapia (Oreochromis niloticus): laboratory and on-farm trials. Fish Shellfish Immunol (2017) 67:199–210. doi: 10.1016/j.fsi.2017.06.018

233. Abdelfatah, EN, and Mahboub, HHH. Studies on the effect of Lactococcus garvieae of dairy origin on both cheese and Nile tilapia (O. niloticus). Int J Vet Sci Med (2018) 6(2):201–7. doi: 10.1016/j.ijvsm.2018.11.002

234. Abou-El-Atta, ME, Abdel-Tawwab, M, Abdel-Razek, N, and Abdelhakim, TM. Effects of dietary probiotic Lactobacillus plantarum and whey protein concentrate on the productive parameters, immunity response and susceptibility of Nile tilapia, Oreochromis niloticus (L.), to Aeromonas sobria infection. Aquac Nutr (2019) 25(6):1367–77. doi: 10.1111/anu.12957

235. Van Doan, H, Hoseinifar, SH, Naraballobh, W, Jaturasitha, S, Tongsiri, S, Chitmanat, C, et al. Dietary inclusion of orange peels derived pectin and Lactobacillus plantarum for Nile tilapia (Oreochromis niloticus) cultured under indoor biofloc systems. Aquaculture (2019) 508:98–105. doi: 10.1016/j.aquaculture.2019.03.067

236. Ng, WK, Kim, YC, Romano, N, Koh, CB, and Yang, SY. Effects of dietary probiotics on the growth and feeding efficiency of red hybrid tilapia, Oreochromis sp., and subsequent resistance to Streptococcus agalactiae. J Appl Aquac (2014) 26(1):22–31. doi: 10.1080/10454438.2013.874961

237. Meidong, R, Khotchanalekha, K, Doolgindachbaporn, S, Nagasawa, T, Nakao, M, Sakai, K, et al. Evaluation of probiotic Bacillus aerius B81e isolated from healthy hybrid catfish on growth, disease resistance and innate immunity of Pla-mong Pangasius bocourti. Fish Shellfish Immunol (2018) 73:1–10. doi: 10.1016/j.fsi.2017.11.032

238. Cha, JH, Rahimnejad, S, Yang, SY, Kim, KW, and Lee, KJ. Evaluations of Bacillus spp. as dietary additives on growth performance, innate immunity and disease resistance of olive flounder (Paralichthys olivaceus) against Streptococcus iniae and as water additives. Aquaculture (2013) 402:50–7. doi: 10.1016/j.aquaculture.2013.03.030

239. Kim, D, Beck, BR, Heo, SB, Kim, J, Kim, HD, Lee, SM, et al. Lactococcus lactis BFE920 activates the innate immune system of olive flounder (Paralichthys olivaceus), resulting in protection against Streptococcus iniae infection and enhancing feed efficiency and weight gain in large-scale field studies. Fish Shellfish Immunol (2013) 35(5):1585–90. doi: 10.1016/j.fsi.2013.09.008

240. Beck, BR, Kim, D, Jeon, J, Lee, SM, Kim, HK, Kim, OJ, et al. The effects of combined dietary probiotics Lactococcus lactis BFE920 and Lactobacillus plantarum FGL0001 on innate immunity and disease resistance in olive flounder (Paralichthys olivaceus). Fish Shellfish Immunol (2015) 42(1):177–83. doi: 10.1016/j.fsi.2014.10.035

241. Beck, BR, Lee, SH, Kim, D, Park, JH, Lee, HK, Kwon, SS, et al. A Lactococcus lactis BFE920 feed vaccine expressing a fusion protein composed of the OmpA and FlgD antigens from Edwardsiella tarda was significantly better at protecting olive flounder (Paralichthys olivaceus) from edwardsiellosis than single antigen vaccines. Fish Shellfish Immunol (2017) 68:19–28. doi: 10.1016/j.fsi.2017.07.004

242. Gobeli, S, Goldschmidt-Clermont, E, Frey, J, and Burr, SE. Pseudomonas chlororaphis strain JF3835 reduces mortality of juvenile perch, Perca fluviatilis L., caused by Aeromonas sobria. J Fish Dis (2009) 32(7):597–602. doi: 10.1111/j.1365-2761.2009.01021.x

243. Geng, X, Dong, XH, Tan, BP, Yang, QH, Chi, SY, Liu, HY, et al. Effects of dietary chitosan and Bacillus subtilis on the growth performance, non-specific immunity and disease resistance of cobia, Rachycentron canadum. Fish Shellfish Immunol (2011) 31(3):400–6. doi: 10.1016/j.fsi.2011.06.006

244. Balcázar, JL, Vendrell, D, Blas, ID, Ruiz-Zarzuela, I, and Múzquiz, JL. Effect of Lactococcus lactis CLFP 100 and Leuconostoc mesenteroides CLFP 196 on Aeromonas salmonicida infection in brown trout (Salmo trutta). J Mol Microbiol Biotechnol (2009) 17:153–7. doi: 10.1159/000226588

245. Hjelm, M, Bergh, O, Riaza, A, Nielsen, J, Melchiorsen, J, Jensen, S, et al. Selection and identification of autochthonous potential probiotic bacteria from turbot larvae (Scophthalmus maximus) rearing units. Syst Appl Microbiol (2004) 27:360–71. doi: 10.1078/0723-2020-00256

246. Planas, M, Pérez-Lorenzo, M, Hjelm, M, Gram, L, Fiksdal, IU, Bergh, Ø, et al. Probiotic effect in vivo of Roseobacter strain 27-4 against Vibrio (Listonella) anguillarum infections in turbot (Scophthalmus maximus L.) larvae. Aquaculture (2006) 255(1-4):323–33. doi: 10.1016/j.aquaculture.2005.11.039

247. Chen, Y, Li, J, Xiao, P, Li, GY, Yue, S, Huang, J, et al. Isolation and characterization of Bacillus spp. M 001 for potential application in turbot (Scophthalmus maximus L.) against Vibrio anguillarum. Aquac Nutr (2016) 22(2):374–81. doi: 10.1111/anu.12259

248. Díaz-Rosales, P, Arijo, S, Chabrillón, M, Alarcón, FJ, Tapia-Paniagua, ST, Martínez-Manzanares, E, et al. Effects of two closely related probiotics on respiratory burst activity of Senegalese sole (Solea senegalensis, Kaup) phagocytes, and protection against Photobacterium damselae subsp. piscicida. Aquaculture (2009) 293(1-2):16–21. doi: 10.1016/j.aquaculture.2009.03.050

249. De la Banda, I, Lobo, C, Chabrillón, M, León-Rubio, JM, Arijo, S, Pazos, G, et al. Influence of dietary administration of a probiotic strain Shewanella putrefaciens on Senegalese sole (Solea senegalensis, Kaup 1858) growth, body composition and resistance to Photobacterium damselae subsp. piscicida. Aquac Res (2012) 43(5):662–9. doi: 10.1111/j.1365-2109.2011.02871.x

250. Maeda, M, Nogami, K, Kanematsu, M, and Hirayama, K. The concept of biological control methods in aquaculture. Hydrobiologia (1997) 358:285–90. doi: 10.1023/A:1003126129709

251. Jia, S, Zhou, K, Pan, RH, Wei, J, Liu, ZM, and Xu, YG. Oral immunization of carps with chitosan-alginate microcapsule containing probiotic expressing spring viremia of carp virus (SVCV) G protein provides effective protection against SVCV infection. Fish Shellfish Immunol (2020) 105:327–9. doi: 10.1016/j.fsi.2020.07.052

252. Liu, M, Zhao, LL, Ge, JW, Qiao, XY, Li, YJ, and Liu, DQ. Immunogenicity of Lactobacillus-expressing VP2 and VP3 of the infectious pancreatic necrosis virus (IPNV) in rainbow trout. Fish Shellfish Immunol (2012) 32(1):196–203. doi: 10.1016/j.fsi.2011.11.015

253. Zhou, S, Song, DL, Zhou, XF, Mao, XL, Zhou, XF, Wang, SL, et al. Characterization of Bacillus subtilis from gastrointestinal tract of hybrid Hulong grouper (Epinephelus fuscoguttatus x E. lanceolatus) and its effects as probiotic additives. Fish Shellfish Immunol (2019) 84:1115–24. doi: 10.1016/j.fsi.2018.10.058

254. Min, L, Li-Li, Z, Jun-Wei, G, Xin-Yuan, Q, Yi-Jing, L, and Di-Qiu, L. Immunogenicity of Lactobacillus-expressing VP2 and VP3 of the infectious pancreatic necrosis virus (IPNV) in rainbow trout. Fish Shellfish Immunol (2012) 32(1):196–203. doi: 10.1016/j.fsi.2011.11.015

255. Naderi-Samani, M, Soltani, M, Dadar, M, Taheri-Mirghaed, A, Zargar, A, Ahmadivand, S, et al. Oral immunization of trout fry with recombinant Lactococcus lactis NZ3900 expressing G gene of viral hemorrhagic septicaemia virus (VHSV). Fish Shellfish Immunol (2020) 105:62–70. doi: 10.1016/j.fsi.2020.07.007

256. Harikrishnan, R, Balasundaram, C, and Heo, MS. Effect of probiotics enriched diet on Paralichthys olivaceus infected with lymphocystis disease virus (LCDV). Fish Shellfish Immunol (2010) 29(5):868–74. doi: 10.1016/j.fsi.2010.07.031

257. Sun, H, Shang, M, Tang, Z, Jiang, H, Dong, H, Zhou, X, et al. Oral delivery of Bacillus subtilis spores expressing Clonorchis sinensis paramyosin protects grass carp from cercaria infection. Appl Microbiol Biotechnol (2020) 104(4):1633–46. doi: 10.1007/s00253-019-10316-0

258. Yanuhar, U, Junirahma, NS, Susilowati, K, Caesar, NR, and Musa, M. Effects of probiotic treatment on histopathology of Koi carp (Cyprinus carpio) infected by Myxobolus sp. J Phys: Conf Ser (2019) 1374:12051. doi: 10.1088/1742-6596/1374/1/012051

259. Nurhajati, J, Atira,, Aryantha, INP, and Kadek Indah, DG. The curative action of Lactobacillus plantarum FNCC 226 to Saprolegnia parasitica A3 on catfish (Pangasius hypophthalamus Sauvage). Int Food Res J (2012) 19(4):1723–7.

260. Kuebutornye, FKA, Abarike, ED, and Lu, Y. A review on the application of Bacillus as probiotics in aquaculture. Fish Shellfish Immunol (2019) 87:820–8. doi: 10.1016/j.fsi.2019.02.010

261. Vendrell, D, Balcázar, JL, de Blas, I, Ruiz-Zarzuela, I, Gironés, O, and Múzquiz, JL. Protection of rainbow trout (Oncorhynchus mykiss) from lactococcosis by probiotic bacteria. Comp Immunol Microb (2008) 31:337–45. doi: 10.1016/j.cimid.2007.04.002

262. Irianto, A, and Austin, B. Use of probiotics to control furunculosis in rainbow trout, Oncorhynchus mykiss (Walbaum). J Fish Dis (2002) 25:333–42. doi: 10.1046/j.1365-2761.2002.00375.x

263. Kamei, Y, Yoshimizu, M, Ezura, Y, and Kimura, T. Screening of bacteria with antiviral activity from fresh-water salmonid hatcheries. Microbiol Immunol (1988) 32(1):67–73. doi: 10.1111/j.1348-0421.1988.tb01366.x

264. Chen, Y, Hua, X, Ren, X, Duan, K, Gao, S, Sun, J, et al. Oral immunization with recombinant Lactobacillus casei displayed AHA1-CK6 and VP2 induces protection against infectious pancreatic necrosis in rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immunol (2020) 100:18–26. doi: 10.1016/j.fsi.2020.03.001



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Simón, Docando, Nuñez-Ortiz, Tafalla and Díaz-Rosales. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 04 May 2021

doi: 10.3389/fimmu.2021.669889

[image: image2]


Immunologic Profiling of the Atlantic Salmon Gill by Single Nuclei Transcriptomics


Alexander C. West 1*, Yasutaka Mizoro 2, Shona H. Wood 1, Louise M. Ince 3, Marianne Iversen 1, Even H. Jørgensen 1, Torfinn Nome 4, Simen Rød Sandve 4, Samuel A. M. Martin 5, Andrew S. I. Loudon 6 and David G. Hazlerigg 1


1 Arctic seasonal timekeeping initiative (ASTI), Department of Arctic and Marine Biology, UiT – The Arctic University of Norway, Tromsø, Norway, 2 Unit of Animal Genomics, GIGA Institute, University of Liège, Liège, Belgium, 3 Department of Pathology and Immunology, Faculty of Medicine, University of Geneva, Geneva, Switzerland, 4 Centre for Integrative Genetics (CIGENE), Department of Animal and Aquacultural Sciences (IHA), Faculty of Life Sciences (BIOVIT), Norwegian University of Life Sciences (NMBU), Ås, Norway, 5 Institute of Biological and Environmental Sciences, University of Aberdeen, Aberdeen, United Kingdom, 6 Division of Diabetes, Endocrinology & Gastroenterology, School of Medical Sciences, Faculty of Biology, Medicine and Health, University of Manchester, Manchester, United Kingdom




Edited by: 
Geert Wiegertjes, Wageningen University and Research, Netherlands

Reviewed by: 
Pierre Boudinot, Institut National de la Recherche Agronomique (INRA), France

Javier Santander, Memorial University of Newfoundland, Canada

Chris K. C. Wong, Hong Kong Baptist University, Hong Kong

*Correspondence: 
Alexander C. West
 alexander.west@uit.no

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


Received: 19 February 2021

Accepted: 12 April 2021

Published: 04 May 2021

Citation:
West AC, Mizoro Y, Wood SH, Ince LM, Iversen M, Jørgensen EH, Nome T, Sandve SR, Martin SAM, Loudon ASI and Hazlerigg DG (2021) Immunologic Profiling of the Atlantic Salmon Gill by Single Nuclei Transcriptomics. Front. Immunol. 12:669889. doi: 10.3389/fimmu.2021.669889



Anadromous salmonids begin life adapted to the freshwater environments of their natal streams before a developmental transition, known as smoltification, transforms them into marine-adapted fish. In the wild, smoltification is a photoperiod-regulated process, involving radical remodeling of gill function to cope with the profound osmotic and immunological challenges of seawater (SW) migration. While prior work has highlighted the role of specialized “mitochondrion-rich” cells (MRCs) and accessory cells (ACs) in delivering this phenotype, recent RNA profiling experiments suggest that remodeling is far more extensive than previously appreciated. Here, we use single-nuclei RNAseq to characterize the extent of cytological changes in the gill of Atlantic salmon during smoltification and SW transfer. We identify 20 distinct cell clusters, including known, but also novel gill cell types. These data allow us to isolate cluster-specific, smoltification-associated changes in gene expression and to describe how the cellular make-up of the gill changes through smoltification. As expected, we noted an increase in the proportion of seawater mitochondrion-rich cells, however, we also identify previously unknown reduction of several immune-related cell types. Overall, our results provide fresh detail of the cellular complexity in the gill and suggest that smoltification triggers unexpected immune reprogramming.
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Introduction

During its life cycle, the Atlantic salmon migrates between fresh and seawater environments (1). Atlantic salmon eggs hatch in freshwater streams where they develop for 1-4 years. On reaching a critical size threshold, immature fish known as ‘parr’ are sensitized by several weeks of winter photoperiod (day-lengths), after which, exposure to increasing photoperiods stimulates the parr to transform into a ‘smolt’ ready for migration to sea (2). This process, known as smoltification, is mediated by endocrine factors that collectively deliver extensive phenotypic remodeling, leading to overt changes in length, weight, silvering, migratory behavior, immune function and osmoregulatory capacity, dependent on gill physiology (1).

The salmonid gill is a complex multifunctional organ, essential for gas exchange, nitrogenous waste excretion, pH balance and osmoregulation (3). It is also a major mucosal immune barrier harboring a dedicated lymphoid tissue termed gill associated lymphoid tissue (GIALT) (4, 5) which is rich in T cells, natural killer cells and macrophages. Although it is known that smoltification suppresses immune function, little, if anything, is known about which immune cell types in the gill are modified (6). Structurally, the gills are arranged in symmetrical arches, each of which are populated by numerous filament structures, which are themselves densely flanked with lamellae. The gill is composed of seven major cell types (7). Pavement cells (PVCs) have an enlarged surface area on the apical membrane, and form the majority of the epithelium (8). Pillar cells (PCs), which are structural cells, define the blood spaces within the lamellae (9). Goblet cells (GCs) reside in the filament epithelium and excrete mucus (10). Non-differentiated progenitor cells (NDCs) colonize basal and intermediate layers of the gill epithelium (11). Chemosensory neuroepithelial cells (NECs) lie along the length of the efferent edge of the gills and are innervated by the central nervous system (12). Mitochondrion-rich cells (MRCs) and their adjacent accessory cells (ACs) are located at the trough between two lamellae where they abundantly express the channels and pumps required to maintain the osmotic gradients between blood plasma and both fresh- and seawater (13–15).

Smoltification induced increases in cortisol and growth hormone, as well as declines in prolactin drive conversion of the Atlantic salmon gill from a freshwater-adapted organ to a seawater-adapted organ. This change in endocrinology coincides with a switch in anatomical and molecular phenotypes of MRCs and ACs, and these have formed the major focus of smoltification of gill physiology (1, 14, 16). In the gills of fish living in freshwater, Na+ ions are taken up by proton exchange across the apical membrane of MRCs and then transported into the blood via the sodium potassium ATPase (NKA) on the basolateral membrane (17–19). Cl- ions, meanwhile, are exchanged or channeled across the apical membrane then enter the blood through an undefined channel (20–23). In saltwater adapted gills, NKA in the basolateral membranes of MRCs generates a chemical and electrical gradient, motivating both loss of Cl- ions via the smoltification-induced apical CFTR channels and paracellular escape of Na+ ions (15, 24) [reviewed in (25)].

While changes in MRC function are undoubtedly of central importance for the ion regulatory changes which take place during smoltification, the remodeling of gill phenotype likely extends far beyond these facets (26, 27). During this time the fish are exposed to novel pathogens to which they have not previously been exposed and it is hypothesized that reorganization of the gill immune system needs to coincide with the required physiological changes (6, 28, 29). Here we resolved the complexities of smoltification-driven changes in gill cytology using a single-nuclei RNAseq strategy, exploring the transcriptional responses to smoltification and seawater transfer at individual nuclei-level resolution, with a particular emphasis on immune cell abundance and transcriptional expression.



Material and Methods


Animal Welfare Statement

The Atlantic salmon smoltification experiment was conducted as part of the routine, smolt production at Kårvik havbruksstasjonen, and was approved by the Norwegian Animal Research Authority (NARA) for the maintenance of stock animals for experiments on salmonids. This is in accordance with Norwegian and European legislation on animal research.



Experimental Design

Atlantic salmon (Salmo salar, Aquagene commercial stain) were raised from hatching in freshwater, under continuous light (LL, > 200 lux at water surface) at ambient temperature (~10°C). Juvenile salmon were housed in 500 L circular tanks and fed continuously with pelleted salmon feed (Skretting, Stavanger, Norway). At seven months of age parr (mean weight 49.5g) were sampled for T1 (experiment start). Two days later remaining parr were equally distributed between two 100L circular tanks, and over the next seven days the photoperiod was incrementally reduced to a short photoperiod (SP, 8h light:16h darkness). T2 sampling occurred on experimental day 53 (44 days on SP), remaining parr were transferred back to LL on experimental day 60. T3 sampling occurred on experimental day 110 (50 days after return to LL), then a sub-cohort of fish were netted out and transferred to full strength seawater for 24h before the final T4 collection.



RNAseq Analysis

Gill samples were collected and RNA extracted as described in Iversen et al. (27). Sequencing libraries were prepared using the TruSeq Stranded mRNA HS kit (Illumina). Library mean length was determined by a 2100 Bioanalyzer using the DNA 1000 Kit (Agilent Technologies) and library concentration was measured with the Qubit BR Kit (Themo Scientific). Each sample was barcoded using Illumina unique indexes. Single-end 100bp sequencing of sample libraries was carried out on an Illumina HiSeq 2500 at the Norwegian Sequencing Center (University of Oslo, Oslo, Norway). Cutadapt (30) was used to remove sequencing adapters, trim low quality bases, and remove short sequencing reads using the parameters -q 20 -O 8—minimum-length 40 (version 1.8.1). Quality control of the reads were performed with FastQC software. Mapping of reads to reference genome was done using STAR software (ver. 2.4.2a) (31). HTSEQ-count software (version 0.6.1p1) was used to generate read count for annotated genes (32). Raw counts were analyzed using EdgeR (ver. 3.30.0), using R (ver. 4.0.2) and RStudio (ver. 1.1.456). A quasi-likelihood F-test with exhaustive intergroup contrasts was used to identify differential expressed genes between T1-T3 samples, an FDR threshold was set to <0.01. Clustering analysis was performed using Pearson correlation, and heatmaps rendered using the R package pheatmap. An exact test was performed to identify differential expressed genes between T3 and T4. RNAseq data is available from the European nucleotide archive (PRJEB34224).



Single Nuclei RNAseq Analysis

Our choice of single nuclei RNAseq (snRNAseq) rather than single cell RNAseq (scRNAseq) allowed us to use frozen samples. The use of frozen samples permits consistent dissociation of fibrous gill tissue, prevents gene expression changes provoked by the dissociation of living cells, and allows for parallel library preparation of our longitudinal study samples (33). Comparison between snRNAseq and scRNAseq report broadly comparable gene detection but it should be noted that nuclear depleted genes are less visible to a snRNAseq analysis (34, 35).

Gills for single nuclei analysis were snap frozen on dry ice and stored at -80°C. Duplicate samples were processed for T1-T4. Nuclei were released by detergent mechanical lysis, then samples were homogenized (30s) and nuclei isolated by sucrose gradient (36). Libraries were created using Chromium Single Cell 3′ GEM, Library & Gel Bead Kit v3 (10x technologies) using a NextSeq500 by University of Manchester genomic technology core facility (UK). Raw data was processed using Cell Ranger (10x Technologies, ver. 3.1.0), where the count command generated counts per cell. The cell count was 2355.5 ± 539.8 (SD) for each sample and the pooled duplicate cell count for T1-T4 was 4771 ± 163.6 (SD). The NCBI ICSASG_v2 genome was used for alignment, with gene annotations from the NCBI Salmo salar Annotation Release 100. The R package Seurat (ver. 3.1.5) was used to perform an integrated analysis using all snRNAseq data (37), further details in results and discussion. Raw and processed data is available from GEO data archive (GSE166686).



Gene Ontology Analysis

Human orthologs to Atlantic salmon genes were identified by generating protein sequence homology based orthogroups using the Orthofinder pipeline (38). Where possible, this links Atlantic salmon genes to their human gene counterpart through the shortest distance in ortholog gene trees. Human genome nomenclature consortium (HGNC) identifiers were then used to infer gene ontology to Atlantic salmon genes cohorts using the Consensus Path Database over-representation analysis adjusted to a background list of all genes expressed in the analysis (39). Taken together these data form a useful indication of the concerted function of the gene lists, however, we encourage a degree of skepticism in the roles of individual genes, few of which have been tested for isofunctionality with their orthogroups (40).




Results


A Single-Nuclei Survey of Atlantic Salmon Gill Cells

We profiled 18,844 individual nuclei from eight Atlantic salmon gill samples from four smolt developmental states (Figure 1A). To define the nuclei cluster structure across developmental states we pooled duplicate samples and integrated data between all four states. We next identified anchors: cells that represent shared biological states across datasets. Anchors were then used to calculate “correction” vectors allowing all fours states to be jointly analyzed as an integrated reference (37). Unsupervised graph clustering partitioned the nuclei into 20 clusters, which are defined by the correlative co-expression of a list of marker genes (Supplementary Table 1). We then visualized these data using a uniform manifold approximation and projection (UMAP) dimension reduction technique (Figure 1B). To assign a cell identity to each cluster we identified expression of cell-specific marker genes where possible, then complemented this approach using an unbiased gene ontology analysis (Figures 1B, C).




Figure 1 | Single nuclei RNAseq analysis of Atlantic salmon gill tissue. (A) Gill tissue processing. Pooled duplicates from all T2, T3 and T4 collection points are integrated against T1 as a reference set. (B) UMAP plot of pooled cell data from 18844 cells representing eight samples from four collection states. The plot indicates 20 separate cell clusters. (C) Expression of marker genes in 20 cell clusters. From left to right: hierarchical relatedness of difference cell clusters; total cells in each cluster; UMI number in each cell cluster; gene features in each cell cluster; violin plots showing expression pattern of marker genes for each cluster. ACs, accessory cells; DCs, dendritic cells; ECs, epithelial cells; fib, fibrocytes; GCs, goblet cells; LCs, lymphatic cells; Ms, monocytes; MRC, mitochondrion-rich cells; NDCs, non-differentiated cells; PVCs, pavement cells; RBCs, red blood cells (erythrocytes); TCs, T cells; VCs, vascular cells.



The most well-described gill cells are the MRCs and ACs, which are clearly separated from other gill cell types by their abundant expression of the osmotic regulators NKAa1a and NKAa1b sodium-potassium ATPase subunits (for details see Figure 3C). The MRCs were highlighted within this subset by their shared expression of the sodium-potassium-chloride co-transporter Nkcc1a. We further discriminated the SW population of MRCs from the FW cluster by their increasing abundance through smoltification (see Figure 2), and through the specific expression of a collagen alpha-chain gene, Col4a1, which is shared in expression with two vascular cell (VC1 and VC2) groups, highlighting the developmental heritage of the SW MRC cluster (Figure 1C) (3). Interestingly, the AC cluster was characterized by its expression of Slc26a6, an apical membrane Cl-/HCO3 exchanger, heretofore misassigned to MRCs (Figure 1C) (41, 42).




Figure 2 | Comparative abundance of cell clusters at different sampling points. (A) Experimental design. Fish were kept in constant light (LL) from hatching then transferred to short photoperiod (SP; 8L:16D) for 8 weeks before being returned to constant light (LL) for 8 weeks. Finally the fish were transferred to sea water for 24h. Sample points are indicated T1-T4. (B) Subset of cell clusters from T2, T3 or T4 (orange and blue dots) overlaid on T1 cells (grey dots). (C) Increasing abundance of sea-water mitochondrion-rich cells (MRCs SW) and vascular cells (VC 3) during smoltification (D) Decreasing abundance of leukocytes and immune-associated cells during smoltification.






Figure 3 | Photoperiodic changes in gill gene expression and localized cell cluster expression. (A) Heat map representing 9746 genes differentially regulated (FDR <0.01) from T1-T3. Regulatory patterns for 5 major cluster are shown as amplitude index and 95% confidence limits. Major gene ontology terms for each cluster are shown. (B) RNAseq data for immune-associated genes differentially expressed by smoltification (FDR <0.01). (C) RNAseq data for “classical” smoltification-related genes and violin plots showing their cluster specific expression.



Goblet cells were identified by the specific expression of the mucin gene Muc5ac (Figure 1C) (43). Cluster identity was supported by the association of enriched GO terms for ‘vesicle’ and ‘secretion by cell’ (Supplementary Table 1).

Erythrocytes were identified due to their expression of diverse hemoglobin subunits including Hbb (Figure 1C). We were interested to note that the markers defining the erythrocyte population, including beta-globin, were expressed widely among all cell types. It is unclear what role extra-erythroid hemoglobin plays in the gill, however, mammalian studies suggest that hemoglobin, in addition to its oxygen carrying capacity, may play an antimicrobial role (44). As a major mucosal immune barrier, this capacity may be pertinent to the gill (5).

Of great interest we also highlighted several immune cell clusters. The T cell cluster was identified by the classical marker Cd3e (Figure 1C) (45), and was enriched for the GO term ‘thymic T cell selection’ (Supplementary Table 1). A dendritic cell-like cluster was identified by Flt3 (46), Xcr1 (47) and CD209 (48) expression, although of note, this cluster also expressed Itgae which is more typically associated with T cells (Figure 1C and Supplementary Table 1) (49). We further identified a monocyte-like cluster based on the expression of the monocyte markers ACP2 and C1QA (50), although this cluster also likely subsumes neutrophil cells due to the presence of the CSF3R (51) and LAMP2 (52) marker genes (Supplementary Table 1). Lastly we identify a lymphatic cell population defined by typical Prox1 expression (Figure 1C) (53).

We defined a neuroepithelial cell cluster by its expression of Notch1 (54), Occludin (55) and Hes1 (56) markers in union with the enriched GO terms for ‘cellular response to stimulus’ and ‘signal transduction’ (Supplementary Table 1). The remaining eight cell types were broadly defined as clear molecular indicators were not found. A cluster of ‘non-differentiated cells’ was tentatively defined by the GO enrichment for ‘desmosome’ a structure typical to this cell type (Supplementary Table 1) (7). Two epithelial cell clusters were identified due to their high degree of relatedness, expression of tight junction and cell adhesion molecules including Cld4 (57) and PCDH11X (58), and enrichment of GO terms including ‘keratinization’. Four vascular cell clusters were described by their common GO enrichment for ‘tube development’ and ‘blood vessel development’ (Supplementary Table 1). We indicate a potential fibrocyte population due to its otospirilin expression (Supplementary Table 1) (59), and a pillar cell cluster characterized by its diverse collagen expression and enriched GO terms for ‘extracellular matrix’ (Supplementary Table 1). Lastly we define a pavement cell cluster by the high abundance of the cluster and its GO enrichment for the terms ‘apical junction complex’ and ‘basolateral plasma membrane’ (Supplementary Table 1). The novel populations of fibrocyte-like cells, and several types of vascular- and endothelial-like cells that partitioned across several clusters, together suggesting greater complexity in gill cytology that previously appreciated (Figures 1B, C).



Major Changes in Cell Composition During Smoltification

To understand how gene expression and cellular complexity changes within the gill during smoltification and seawater transfer we compared the snRNAseq profiles at different developmental points [Figure 2A and Supplementary Table 2; for confirmation of smolt status see (27)]. The abundance of six nuclei clusters changed dramatically (>3 fold change in percentage abundance) during smoltification (Figure 2B). SW MRCs increased in proportion steadily from T1-T4, consistent with previous descriptions of Atlantic salmon gill physiology (60). We also observed a marked increase in vascular cell (2) number, with the major differences occurring between T2 and T3, suggesting that this vascular cell cluster proliferates in line with growth rates (Figure 2C). Interestingly, four immune-related nuclei clusters representing T cells, monocyte cells, dendritic cells and lymphatic cells fell dramatically during smoltification (Figure 2D). Changes in cell abundance occurred with a similar profile in all immune-associated cell clusters, with consistent decline observed between T1-T3. In contrast, 24h SW transfer does not appear to affect immune-cell abundance directly (Figure 2D). These results highlight the complex and dynamic changes in cellular composition that occur in the gill during smoltification.



Nuclei Cluster-Specific Expression of Smoltification-Associated Factors

Next, we wanted to identify cluster types where smoltification is associated with cluster-specific gene regulation. As our snRNAseq dataset represented duplicate samples at each developmental point, we cross referenced our snRNAseq analysis with whole gill RNAseq analysis of T1-T3 (n = 6), identifying 9746 genes differentially regulated by smoltification (quasi-likelihood F-test with exhaustive intergroup contrasts, FDR <0.01). Pearson correlation clustering of these genes resolved five major clusters that were associated with immune response, structural morphogenesis, catalytic activity, ribonucleoprotein complexes and mitochondrial respiration (Figure 3A). Given the conspicuous decrease in immune cell abundance seen in our snRNAseq experiment, we data-mined our RNAseq dataset to track the expression of the marker genes for the T cell (Cd3e), monocyte (Csf2r), LEC (Il10rb) and DC (Flt3) clusters (Figure 3B). In accordance with our snRNAseq analysis each of these factors are reduced after smoltification, supporting the evidence that immune cells are depleted during this process. A number of “classical” smoltification-related genes was also identified and localized to specific cell types (Figure 3C). As expected, CFTR was highest under constant light (LL), and was highly localized in expression to MRCs. We also identified the reciprocal regulation of sodium-potassium ATPase subunits, specifically, suppression of NKAa1a and increase in NKAa1b (14). Inspection of cellular localization within our snRNAseq dataset showed that expression of these genes were, as anticipated, highest within the MRCs and ACs (Figure 3C).

Our previous work identified genes whose expression are predicated on exposure to several weeks of short-photoperiod exposure (27). In Atlantic salmon, these “winter-dependent” genes are analogous to vernalization dependent genes in Arabidopsis (61), where a dosage of exposure to a winter-like stimulus (in Arabidopsis, cold; in Atlantic salmon, short photoperiod) controls the presentation of a seasonal phenotype under summer-like stimulus (in Arabidopsis, warmth and long days; in Atlantic salmon, long photoperiod). Winter-dependent genes are therefore intrinsically linked to unidirectional smolt development, and may play a mechanistic role in pre-adaptation of the gill for seawater migration. Surprisingly, canonical markers of smolt status, including the reciprocal expression of NKA subunits, are not winter-dependent. Rather than indicating life history progression, NKA subunit expression correlates directly to photoperiod, meaning that their usefulness in asserting smolt status is flawed (27).

Using our RNAseq dataset we identified novel, winter-dependent genes which we then isolated from our snRNAseq dataset to identify the cell clusters that express these factors (Supplementary Figure 1). Of particular interest was Cuzd1, a gene associated with tumorigenesis, as well as prolactin-induced JAK/STAT5 signaling during mammary gland development in mice, and muscle growth in zebrafish (62–65). The induction of Cuzd1 within non-differentiated cells of the Atlantic salmon gill suggests Cuzd1 is important in gill development during smoltification, and may hint at a role for prolactin signaling. We also identified Rhag, a transporter associated with erythrocytes in mammals, but expressed in the teleost gill where it is thought to regulate ammonium excretion (66–68). Its predominant expression within the vascular cell (VC 3) cluster suggests this cluster plays a specialized role in ammonium balance within the Atlantic salmon gill (69). We also highlight Hg2a (CD74), a multifunctional protein best characterized as a chaperone during mammalian MHCII antigen presentation but also important for endosomal trafficking, cell migration and cellular signaling (70, 71). Hg2a is expressed in the gills of other teleosts however little is known of its function within this context (72, 73). The striking abundance of Hg2a transcripts in our analysis and its common expression in all cell clusters suggests it plays a valuable role in salmonid gill function. Taken together our data show that the phenotypic change driven by smoltification is diverse and engages all gill cells.



Cell Cluster-Specific Expression of Seawater Transfer-Associated Factors

Smoltification manifests when the Atlantic salmon smolts migrate downstream and arrive in the marine environment, thereby committing to an oceanic phase of the life cycle (1). To gain insight into this critical step in smolt gill remodeling we identified 144 induced and 107 suppressed genes (whole gill RNAseq, FDRE<0.01; Supplementary Table 3) after exposure to seawater for 24h. Gene ontologies showed the induced gene cohort was significantly associated with keratinization (Figure 4A) and the suppressed gene cohort was related to immune function, including the key immune regulators CD40, CXCL10, TAP and TAPBP (Figure 4B).




Figure 4 | Sea-water transfer-associated changes in gill gene expression and localized cell cluster expression. (A) Genes differentially regulated (FDR <0.01) by 24h seawater transfer. Major gene ontology terms for each cluster are shown. (B) RNAseq data for immune-associated genes suppressed by seawater transfer (FDR <0.01) (C) RNAseq data for sea-water transfer-related genes and violin plots from the snRNAseq dataset showing their cluster specific expression.



We then cross-referenced the seawater induced genes (Figure 4A) with our snRNAseq data to identify cluster-specific gene regulatory responses (Figure 4C). For example, we localize the expression of an enzyme involved in both ionic and acid/base balance, carbonic anhydrase, to MRCs (26, 74). We also show that ATP-binding cassette sub-family A member 12 (Abca12), a gene important in epidermal lipid barrier formation (75), is broadly expressed, but particularly concentrated in MRCs (SW), pavement, vascular, and non-differentiated cells. Interestingly, we show that a protein chaperone that helps regulate chromatin state, nucleoplasmin (76, 77), is expressed specifically in non-differentiated, vascular and pavement cells groups, suggesting that these cell types undergo a change in chromatin status under seawater exposure.




Discussion

Our results bring insightful cellular resolution to the complexity of the Atlantic salmon gill and the compositional changes that occur during smoltification. Of particular interest was the suppression of immune cell types, which correlates with reduction in immune-related genes and suppression of immune function during smoltification and seawater transfer (6, 29, 78). These data are a puzzle. The marine environment is awash with parasites, bacteria and viruses to which the salmon is potentially vulnerable, so loss of immune function would make little sense. Future work should focus on why and how the immune system is affected in aquaculture, and should include analyses of other important immune tissues to contextualize the response to smoltification beyond that which we report in the gill. Indeed, other studies suggest a systemic suppression of the immune system during smoltification and seawater transfer, including in the head kidney and intestine (38). Conceivably these data point towards an adaptive immunological reprogramming that helps to avoid immune shock when the salmon transition between the distinctive pathogen complements of fresh- and seawater habitats (79, 80). Alternatively, artificial smolt production may drive abnormal immunosuppression. The constant light routinely used to stimulate smolts would profoundly undermine the immune defenses of mammals via disruption of the circadian clock (81).

Our data also show that smoltification-driven transcriptional regulation occurs not only in MRCs and ACs, but also in other distinctive cell types including pavement cells, vascular cells and non-differentiated cells. We anticipate that novel gene function within the context of cell function will be a priority for future investigation, and will be assisted by the novel suite of marker genes which we present here.
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The inclusion of a medicinal plant leaf extract (MPLE) from sage (Salvia officinalis) and lemon verbena (Lippia citriodora), rich in verbascoside and triterpenic compounds like ursolic acid, was evaluated in gilthead seabream (Sparus aurata) fed a low fishmeal-based diet (48% crude protein, 17% crude fat, 21.7 MJ kg-1, 7% fishmeal, 15% fish oil) for 92 days. In particular, the study focused on the effect of these phytogenic compounds on the gut condition by analyzing the transcriptomic profiling (microarray analysis) and histological structure of the intestinal mucosa, as well as the histochemical properties of mucins stored in goblet cells. A total number of 506 differentially expressed genes (285 up- and 221 down-regulated) were found when comparing the transcriptomic profiling of the intestine from fish fed the control and MPLE diets. The gut transcripteractome revealed an expression profile that favored biological mechanisms associated to the 1) immune system, particularly involving T cell activation and differentiation, 2) gut integrity (i.e., adherens and tight junctions) and cellular proliferation, and 3) cellular proteolytic pathways. The histological analysis showed that the MPLE dietary supplementation promoted an increase in the number of intestinal goblet cells and modified the composition of mucins’ glycoproteins stored in goblet cells, with an increase in the staining intensity of neutral mucins, as well as in mucins rich in carboxylated and weakly sulfated glycoconjugates, particularly those rich in sialic acid residues. The integration of transcriptomic and histological results showed that the evaluated MPLE from sage and lemon verbena is responsible for the maintenance of intestinal health, supporting gut homeostasis and increasing the integrity of the intestinal epithelium, which suggests that this phytogenic may be considered as a promising sustainable functional additive for aquafeeds.
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Introduction

Aquaculture will supply the majority of aquatic dietary protein by 2050 (1), playing a relevant role in food security and supply, and poverty alleviation (2). The sustained growth of aquaculture is highly dependent on the intensification of production (3), sustainable feed formulations (4) and generating farming conditions supporting fish health and welfare (5). Among the former concepts, disease is considered a main persistent threat to intensive fish farming, which represents an estimated US$6 billion loss per annum at a global scale (5). Under this scenario, aquaculture depends on the use of antibiotics to fight against infectious diseases that threatens production (6), with emerging infectious diseases forecast to increase with warmer temperatures (7). However, their use tend to result in the emergence of antimicrobial resistant bacteria, which may not represent a direct threat in terms of aquatic food consumption, but they could directly impact production itself by lowering drug efficacy, decreasing the animal’s immune system and selecting more virulent strains of pathogens (7). Considering the above-mentioned reasons, along with the increasing public awareness regarding food safety issues and the environmental impact linked to antibiotics’ use and animal welfare (7, 8), the development of functional feeds focused on promoting and modulating the host’s immune response has been encouraged during the last decade (9–12).

Functional feeds are recognized for promoting the growth, welfare and health of farmed animals coupled with an improvement and/or modulation of their immune system, as well as inducing physiological benefits beyond traditional feeding practices (13). In this sense, by preventive health management through the diet, fish can divert more energy to somatic growth and reduce biological energy reserves needed to fight disease or stress resistance (14). Furthermore, they can be used in addition to chemotherapeutic agents and vaccines (15). Among the long list of feed additives used in animal production (9, 16), phytogenics derived from herbs, spices, medicinal or aromatic plants are residue-free, unlike synthetic antibiotics, and are safe ingredients for sustainable feeds (11, 17, 18). Although the mode of action of most phytogenic feed additives has not yet been fully elucidated, they are well-known for their antimicrobial, immunomodulatory, antioxidative, and growth-promoting effects in livestock (17) and aquatic animals (9, 18).

In a recent study from our research group, we showed that a phytogenic feed additive from sage (Salvia officinalis, Lamiaceae) and lemon verbena (Lippia citriodora, Verbenaceae) is an effective additive for aquafeeds since its inclusion at 0.1% in diets with low fishmeal (FM) content not only improved some key performance indicators (i.e., growth and feed efficiency performances), but also promoted fish systemic immunity. In particular, an ex vivo study with splenocytes from fish fed this phytogenic exposed to lipopolysaccharide (LPS) showed an up-regulation of genes involved in non-specific immune response, as well as pro- and anti-inflammatory cytokines, surface T-cell marker cd4, and antioxidative stress enzymes (14). However, the effects of this phytogenic feed additive still needs to be explored in terms of local immune response, especially at the intestinal level, since optimal health and functionality of the intestinal mucosa is essential for sustainable animal production (19, 20). This is of special relevance under the current scenario in which aquafeeds are formulated with low levels of fishmeal (FM) (21), since several studies have indicated that low FM diets compromised systemic immunity (22–25), as well as gut immune response (26, 27). In this context, intestinal immunity is a key factor in maintaining the general health of aquatic animals (20). The intestinal mucosa is a complex organ composed of the digestive epithelium with its specific structure, the gut-associated lymphoid tissue (GALT), and the mucus overlying the epithelium with its commensal microbiota (19). Furthermore, the intestinal epithelium acts as a selectively permeable barrier for dietary nutrients, electrolytes and water, while maintaining an effective defense against pathogens and tolerance towards dietary antigens. Thus, the GALT is reputed for mediating mucosal innate and adaptive immune responses, as well as being a key element for proper distinction between pathogens and commensal microbiota inhabiting the intestine (28–30).

Considering the importance of interaction between the diet and the gut, in the current study we evaluated the transcriptomic profile and histochemical properties of mucins stored in goblet cells of the intestine in juvenile gilthead seabream (Sparus aurata) fed a functional diet containing a medicinal plant leaf extract (MPLE) from sage and lemon verbena. This species is recognized as the most important Mediterranean aquaculture fish species in terms of volume and economic value (31). For this purpose, we focused on the modulation of the intestinal mucosa functionality and health by the above-mentioned phytogenics when included in a diet with low fishmeal levels.



Material and Methods


Diets, Fish and Rearing Conditions

Two isoproteic (48% crude protein), isolipidic (17% crude fat) and isoenergetic (21.7 MJ kg-1) experimental diets were formulated with a low FM content (7% FM) as described in Salomón et al. (14). Diets, named as control and MPLE, only differed in their content of the feed additive evaluated, the MPLE obtained from sage and verbena leaves, which was included in the MPLE diet at 0.1% (Table 1). The MPLE was obtained by NATAC Biotech SL using water/ethanol extraction (plant leaf extract ratio 5:1) and characterized as described in Arthur et al. (32) and Wójciak-Kosior et al. (33). The tested extract (proximate composition: 73% carbohydrates, 2% crude lipids, <1% crude proteins, 5% salts and 4% water) contained 10%, ursolic acid, 3% other triterpenic compounds, 2% verbascoside and <1% polyphenols. Thus, the content in plant-derived bioactive compounds in the MPLE diet was 100 ppm ursolic acid, 30 ppm other triterpenic compounds, 60 ppm verbascoside and <10 ppm polyphenols. This phytogenic was incorporated in the mixture prior to extrusion. In brief, all powder ingredients were mixed in a double-paddle mixer (model RM90L, Mainca, Spain) and ground (below 250 µm) in a micropulverizer hammer mill (model SH1, Hosokawa-Alpine, Germany). Diets were manufactured with a twin-screw extruder (model BC45, Clextral, France) with a screw diameter of 55.5 mm. Extruded pellets were dried in a vibrating fluid bed dryer (model DR100, TGC Extrusion, France). Oils were added by vacuum coating (model PG-10VCLAB, Dinnissen, The Netherlands). Immediately after coating, diets were packed in sealed plastic buckets and shipped by road to the facilities at IRTA Sant Carles de la Ràpita, Spain. Both extruded diets (pellet size: 2 mm) used in this trial were manufactured by SPAROS Lda. (Portugal) and kept at 4°C until their administration. Proximate composition of the extract and experimental diets have been described in Salomón et al. (14).


Table 1 | List of ingredients and proximal composition of experimental diets; control and a basal diet supplemented with a medicinal plant leaf extract (MPLE) obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora).



A total of 300 gilthead seabream (body weight, BW = 5.0 ± 0.2 g; mean ± standard deviation) were obtained from a commercial fish farm, Piscicultura Marina Mediterránea SL (Andromeda Group, Burriana, Spain) and transported to the experimental facilities of IRTA in Sant Carles de la Ràpita (Tarragona, Spain). Then, fish were acclimatized for three weeks in 450 L tanks connected to a water recirculation system (IRTAmar™) at an initial density of 2 kg m-³. Acclimation was conducted in the same experimental tanks (450 L) where the nutritional experiment was carried out. Just before the start of the trial, all animals were gently anesthetized (50 mg l-1 MS-222, Sigma-Aldrich, Madrid, Spain), individually measured in BW (26.0 ± 0.2 g) and distributed homogeneously among the eight experimental tanks (n = 35 fish per tank; 4 replicate tanks per experimental diet). During the trial that lasted 92 days, fish were fed at the daily rate of 3.0% of the stocked biomass, which approached apparent satiation as described in Salomón et al. (14). Feed ration was regularly adjusted by means of intermediate samplings along the trial. At the end of the trial, all fish were anesthetized as previously indicated and measured for individual BW. Fish performance in terms of survival (S control diet = 98.0 ± 1.0%; S MPLE diet = 99.0 ± 0.8%), growth (BW control diet = 173.8 ± 8.2 g; BW MPLE diet = 189.6 ± 5.0g) and feed conversion ratio (FCR control diet = 1.25 ± 0.04; FCR MPLE diet = 1.10 ± 0.04) was already published in Salomón et al. (14). Twelve fish from each experimental diet (n total= 3 fish per tank replicate) were randomly selected and sacrificed with an overdose of anesthetic (300 mg l-1 MS-222) for gut transcriptomic and histological analyses. Sacrificed animals were eviscerated and mid-anterior intestine samples (1-1.5 cm length per specimen) were put in RNAlater™ (Invitrogen, Thermo Fisher Scientific, Lithuania), incubated overnight at 4°C, and stored at -80°C until RNA extraction. This region of the intestine (mid-anterior section) was chosen due to its specialized immunological functionality when compared with other intestinal sections (34). In addition, a similar piece of tissue was also dissected and fixed in 10% v/v neutral formaldehyde (pH: 7.2 ± 0.01) buffered with sodium phosphate (0.1M) for histological and histochemical purposes.

Water temperature (25.1 ± 1.5°C, range: 22-27°C), oxygen (6.1 ± 0.2 mg l-1) (OXI330, Crison Instruments), and pH (7.5 ± 0.01) (pHmeter 507, Crison Instruments, Barcelona, Spain) were daily controlled. Salinity (35‰) (MASTER-20 T; ATAGO Co. Ltd), ammonia (0.13 ± 0.1 mg NH4+ l-1) and nitrite (0.18 ± 0.1 mg NO- l-1) levels (HACH DR9000 Colorimeter, Hach®, Spain) were weekly monitored. The trial was run under natural photoperiod according to the season of the year (August to November; 40°37’41” N).



Transcriptional Analysis


RNA Isolation and Quality Control

Total RNA was extracted from mid-anterior intestine of individual fish (n = 12 fish per dietary treatment) using the RNeasy® Mini Kit (Qiagen, Germany). Total RNA from each individual sample was eluted in a final volume of 35 μL nuclease-free water and treated with DNAse using the DNA-free™ DNA Removal Kit according to manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific, Lithuania). Total RNA concentration and purity were quantified using a Nanodrop-2000® spectrophotometer (Thermo Scientific, USA) and stored at -80°C until analysis. Prior to hybridization with microarrays (3 pooled RNA per dietary condition), four individual RNA samples were pooled by mixing a volume of 1.5 μL [(RNA) = 133.33 ng/µL] per individual sample [final volume = 6 µL; (RNA) = 133.33 ng/µL] and checked for integrity using an Agilent 2100 Bioanalyzer (Agilent Technologies, Spain). Pooled RNA analyzed in this study were selected by the criteria of a RIN value > 8.5 (Supplementary Figure 1). This methodological approach of pooling RNA from four different specimens in each replicate (n = 3 microarray replicates) allowed authors evaluating population’s variability (n = 4 replicate tanks; 1 fish per tank in each pooled RNA; N = 12 animals); however, the information regarding individual variability was lost with this choice.



Microarray Hybridization and Analysis

Transcriptional analysis was carried out using the Aquagenomics Sparus aurata oligonucleotide microarray v2.0 (4 x 44 K) (SAQ) platform. The detailed information about the platform and the transcriptomic raw data for all samples included in this current analysis is available through the public repository Gene Expression Omnibus (GEO) at the US National Centre for Biotechnology Information (NCBI) (accession number GPL13442 and GSE166558, respectively).

Transcriptomic analysis from both experimental groups were conducted as described by Reyes-López et al. (35). Briefly, 200 ng of total RNA from each sample pool was reverse transcribed along with Agilent One-Color RNA spike-in kit (Agilent Technologies, USA). Then, total RNA was used as template for Cyanine-3 (Cy3) labelled cRNA synthesis and amplification with the Quick Amp Labelling kit (Agilent Technologies). cRNA samples were purified using the RNeasy micro kit (Qiagen). Dye incorporation and cRNA yield were checked with the NanoDrop ND-2000® spectrophotometer. Then, 1.5 mg of Cy3-labeled cRNA with specific activity > 6.0 pmol Cy3/mg cRNA were fragmented at 60°C for 30 min, and then the samples were mixed with hybridization buffer and hybridized to the array (ID 025603, Agilent Technologies) at 65°C for 17 h using the Gene expression hybridization kit (Agilent Technologies). The microarray washes were conducted as recommended by the manufacturer using Gene expression wash buffers (Agilent Technologies) and stabilization and drying solution (Agilent Technologies). Microarrays slides were scanned with an Agilent Technologies Scanner (model G2505B); spot intensities and other quality control features were extracted with Agilent’s Feature Extraction software version 10.4.0.0 (Agilent Technologies). Quality reports were checked for each array. Although validation by mean of qPCR is required when there is a high risk of obtaining paralog genes and unspecific hybridization; in our study, we used an oligonucleotide-based microarray, which has probes with a reduced number of bases and high affinity, which avoids the necessity of conducting the validation of gene expression results by qPCR validation.



Transcripteractome

The Search Tool for the Retrieval of Interacting Genes (STRING) public repository version 11.0 (https://string-db.org) was used in order to obtain the gut transcripteractome for those differentially expressed genes (DEGs) from fish fed the MPLE diet in comparison to the control group (P- value < 0.05) (36). This functional network analysis has gained increasing attention because of the association between different genes sorted in different clusters that may have complementary functions into a biological context of response (35). A protein-protein interaction (PPI) network of DEGs was conducted with a high-confidence interaction score (0.9) using Homo sapiens as model organism. Furthermore, to confirm matches of the genes acronyms tag between both H. sapiens and gilthead seabream species Genecards (37) and Uniprot (38) databases were used. In order to confirm match of gene acronyms between both H. sapiens and gilthead seabream species, human orthology identification based on gene/protein name was accessed through the Genecards (www.genecards.org) (37) and Uniprot (www.uniprot.org) (UniProt, 2019) databases. Additionally, protein-protein BLAST (BLASTp) were analyzed (E-value < 10-7; query cover > 95%). Gene ontology (GO) enrichment analysis for the DEGs were also performed by STRING (P < 0.05).




Histological and Histochemical Analyses

Samples (n = 12 fish per experimental diet) were embedded in paraffin and sagitally sectioned (5-6 µm). A total of 576 sections (2 per each sample x 24 samples x 12 techniques) were used for histological and histochemical purposes. Two sections per each sample were stained with hematoxylin–VOF for descriptive purposes; the rest were used for evaluating the histochemical properties of epithelial and mucous cells. In brief, Schiff, Periodic Acid Schiff (PAS), diastase-PAS and Alcian Blue (AB) pH 2.5, 1 and 0.5 (carboxylated and sulphated glycoconjugates/glycoproteins) techniques were used for studying carbohydrate distribution. Furthermore, several horseradish peroxidase (HRP) conjugated lectins (Sigma-Aldrich, Spain) were used for proper characterization of different glucidic residues bound to the glycoconjugates; in particular, Canavalia ensiformes/ConA (Mannose and/or Glucose), Ulex europeus/UEA-I (L-Fucose), Triticum vulgaris/WGA (N-acetyl-D-glucosamine and/or N-acetylneuraminic acid, NeuNAc/sialic acid/NANA), Glycine max/SBA (α-N-acetyl-D-galactosamine) and Sambucus nigra/SNA (NeuNAc/sialic acid/NANA). Lectin concentrations ranged between 15 µg ml-1 to 30 µg ml-1. Regarding negative controls, omission of the respective lectin, substitution of lectin-HPR conjugates by TBS and treatments with different enzymes were performed according to Sarasquete et al. (39). The peroxidase activity was visualized with 3,3-diaminobenzidine tetra hydrochloride/DAB and hydrogen peroxide (0.05%). All the techniques were performed according to Pearse (40) and following proper standardized techniques and protocols (41). All reagents were purchased from Sigma Chemical Co. St Louis, MO, USA.

Histological images were taken with a Leitz Wetzlar microscope with a built-in SPOT Insight Color camera (Ernst Leitz Wetzlar GmbH, Germany). Results were manually registered using a semi-quantitative assessment scoring based on color intensity scores (0, negative; 1, weak; 2, moderate; 3, intense; 4, very intense) from four independent observers, comparing the sections of the control with the experimental diet. The mucous cell count was determined in four different sites of each histological section, and the number of cells expressed per length unit of the basal lamina of the mucosal epithelium (1 mm) according to Yamamoto et al. (42).



Ethics Statement

All animal experimental procedures were complied with the Guiding Principles for Biomedical Research Involving Animals (EU2010/63), the guidelines of the Spanish laws (law 32/2007 and RD 1201/2015), and authorized by the Ethical Committee of the Institute for Research and Technology in Food and Agriculture (IRTA, Spain) for the use of laboratory animals.



Statistics

Extracted raw data from microarrays were imported and analyzed with Genespring version 14.5 GX software (Agilent Technologies). The 75% percentile normalization was used to standardize arrays for comparisons and data were filtered by expression. An unpaired t-test was conducted without correction to identify those DEGs between fish fed control and MPLE diets. The Principal Component Analysis (PCA) was carried out using GeneSpring software, four eigenvectors were calculated to describe the aggrupation of the MPLE and control groups in a 3D plot. Venn diagram and the hierarchical heatmap were all obtained also with Genespring (version 14.5 GX software, Agilent). Changes in the number of mucous cells between experimental diets were analyzed by means of an unpaired t-test assuming data homoscedasticity (Barlett’s test). All the analysis were performed using GraphPad PRISM 7.00. The level of significance was set at P < 0.05 for all statistical tests.




Results


Organization of the Intestine and Mucins’ Histochemistry Produced by Goblet Cells

In both experimental groups, the intestinal mucosa was lined by a simple columnar epithelium with basal nuclei, basophilic cytoplasm and prominent brush border with scattered goblet cells. The organization of the lamina propria-submucosa and muscular layers was normal. No signals of histological alterations associated to inflammatory processes in the intestine were observed in fish fed the MPLE diet compared to the control group (Figures 1A, B). Fish fed the MPLE diet showed a higher density of goblet cells along the intestinal epithelium compared to fish fed the control diet (Figure 2).




Figure 1 | Histological organization in the intestine of gilthead seabream (Sparus aurata) fed a control diet (A), and medicinal plant leaf extract (MPLE)-supplemented diet (B). Numbers indicate the different intestinal layers: (1) mucosa; (2) lamina propria-submucosa; (3) circular muscle layer; (4) longitudinal muscle layer. bb: brush border; mc: mucous cells; sm: serous membrane. Histochemical properties of mucins secreted by intestinal goblet cells with regard to their content on carboxylated and/or sulphated acidic groups (Alcian Blue pH = 2.5) from fish the control diet (C) and the MPLE-supplemented diet (D). mc, mucous cells. The MPLE included in the basal diet was obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora). Staining: hematoxylin-VOF (A, B), Alcian Blue pH = 2.5/PAS (C, D). Scale bar = 50 µm.






Figure 2 | Goblet cell density in the intestine of gilthead seabream (Sparus aurata) fed a control or a medicinal plant leaf extract (MPLE)-supplemented diet. The MPLE included in the basal diet was obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora). The asterisk indicates statistically significant differences among dietary treatments (t-test; P < 0.05).



Regarding the histochemical properties of mucins in goblet cells from the anterior intestine, results showed a variable richness of neutral glycoproteins (PAS and diastase-PAS positive) (Table 2). In addition, mucins from goblet cells showed a mixture of carboxylated (AB pH = 2.5) and sulphated acidic groups (weak and strongly ionized; AB pH = 1.0 and pH 0.5, respectively) (Table 2 and Figure 1C). Furthermore, a specific affinity for WGA, SNA and SBA lectins was detected in the mucinous content of goblet cells (Table 2 and Figures 3A–L). Moreover, no variations were detected in the distribution of mucosal cell glycoconjugates between the upper and the bottom areas of the intestinal folds. When comparing both dietary groups, the dietary administration of the MPLE modified the composition of glycoproteins of mucins produced by goblet cells, with an increase in the staining intensity of neutral mucins, as well as in mucins rich in carboxylated and weakly sulphated glycoconjugates (Table 2 and Figures 1C, D). In addition, an increase in affinity for WGA and SBA lectins and a decrease in the affinity for the SNA lectin was found in the mucinous content of goblet cells, whereas no changes were detected regarding ConA and UEA-I lectins (Table 2 and Figures 3A–L).


Table 2 | Histochemical characteristics and lectin affinity of mucins produced by goblet cells from anterior intestine of gilthead seabream (Sparus aurata) fed the control and this basal diet supplemented with a medicinal plant leaf extract (MPLE) obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora).






Figure 3 | Histochemical localization of glycoconjugates containing sugar residues in the intestine of gilthead seabream (Sparus aurata) fed a control or a medicinal plant leaf extract (MPLE)-supplemented diet. Presence of glycoconjugates containing N-acetyl-D-glucosamine and/or N-acetylneuraminic acid residues in mucous cells of S. aurata fed a control (A) (B: negative control) or a MPLE-supplemented diet (C). Note the increase in affinity for WGA lectin in the mucinous content of goblet cells from MPLE diet. Glycoconjugates containing α-N-acetyl-D-galactosamine residues in mucous cells of S. aurata fed a control (D) (E: negative control) or a MPLE-supplemented diet (F). Results denote a moderate increase in affinity for the SBA lectin in the mucous cells from MPLE diet. Histochemical detection of glycoconjugates containing N-acetylneuraminic acid/sialic acid residues in the intestine from control (G) (H: negative control) or MPLE group (I). Note the decrease in affinity for the SNA lectin in the intestinal epithelium of S. aurata fed a MPLE-supplemented diet. Glycoconjugates containing α-mannose/α-glucose residues in intestine from S. aurata fed a control (J) (K: negative control) or a MPLE-supplemented diet (L). Observe the increase in affinity for the ConA lectin in the intestinal epithelium of S. aurata fed a MPLE-supplemented diet. Mucous cells were negative for ConA lectin in both control and MPLE groups. e: epithelium; mc: mucous cells. The MPLE included in the basal diet was obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora). Scale bar = 50 µm.





Microarrays and Gut Transcripteractome

A total number of 506 DEGs were found when comparing the transcriptomic profiling of the intestine from gilthead seabream fed the control and MPLE diets (P < 0.05; Figure 4A and Supplementary Table 1). Common segregation among the pool samples within the same dietary treatment was observed in the hierarchical clustering for the gut transcriptomic response based in similitude patterns of the DEGs response (P < 0.05; Figure 4B). The observed segregation among dietary treatments is supported by the PCA analysis for the analyzed samples (Figure 4C); in particular, four eigenvectors were calculated and three principal components were plotted, explaining the 83.2% of the total variability [component 1 (X-axis): 45.5%; component 2 (y-axis): 24.4%; component 3 (z-axis): 13.3%]. The detailed analysis of gene absolute fold-change (AFC) revealed that genes were mostly up-regulated in fish fed the MPLE diet (56.3% of DEGs), while its modulation was moderate in terms of AFC intensity (Figure 4). In particular, 285 of the above-mentioned DEGs were up-regulated with 219 of them within the 1.0 ≤ AFC ≤ 1.5 interval, 58 DEGs were grouped within the 1.5 ≤ AFC ≤ 2.0, and the last 9 DEGs up-regulated were grouped 2.0 ≤ AFC ≤ 3.0. In contrast, 221 genes were significantly down-regulated and grouped in the range -1.0 ≤ AFC ≤ -3.0. (P < 0.05). In particular, 164 DEGs were mainly concentrated in the -1.0 ≤ AFC ≤ -1.5 range. Among them, 42 DEGs were grouped within the -1.5 ≤ AFC ≤ -2.0 interval, 10 DEGs were felt within the -2.0 ≤ AFC ≤ -3.0 category, while only 5 were found to have an AFC higher than -3 (Figure 4).




Figure 4 | Differential expression analysis of the gilthead seabream (Sparus aurata) mid-anterior intestine transcriptomic response to MPLE diet. (A) Distribution of the differential expressed genes (DEGs) obtained from the microarray-based transcriptomic analysis. The absolute fold change (AFC) indicates the fold-change magnitude interval of response. (B) Hierarchical clustering of the gilthead seabream mid-anterior intestine transcriptomic response for the control and MPLE diet, based in similitude patterns of the differentially expressed genes (DEGs) detected from three sample pools per dietary group. Data of the six microarrays are depicted, one for each representing the pooled RNA. Genes from each replicate are ordered from lower to higher AFC intensities using the left sample (randomly chosen) as a reference for ordering the other five samples (GeneSpring version 14.5 GX software; Agilent Technologies). Both increased and decreased gene expression pattern is shown in green and red, respectively, according to the color range (bottom). All transcripts represented are statistically significant (P < 0.05). (C) Principal component analysis (PCA) of the DEGs for the gilthead seabream intestine in response to the control (yellow node) and MPLE-supplemented diet (red node). The MPLE included in the basal diet was obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora).



From the whole set of DEGs, a functional network analysis was performed. The transcripteractome showed 244 genes with 552 interactions (edges). The remaining 264 DEGs were classified as unknown genes; thus, they were excluded from the analysis. According to GO results and their respective annotation hierarchy, three main representative groups of genes were identified in the transcripteractome among the totality of biological processes obtained from the enrichment analysis (Supplementary Table 2): (1) immune system processes, (2) cellular development and organization, and (3) cellular catabolism (Supplementary Tables 3–5). Table 3 summarizes the most relevant DEGs in fish fed the MPLE diet in relation to the above-mentioned biological processes.


Table 3 | List of the most relevant DEGs related to three main representative biological processes identified by the transcripteractome (1, immune system processes; 2, cellular development and organization; 3, cellular catabolism) in fish fed the MPLE diet.



Regarding the dietary regulation of biological processes related to gut immunity, 18 genes were up-regulated and 14 genes down-regulated in fish fed the MPLE diet. In particular, several relevant GOs related to immunity were obtained such as “T cell activation” (GO:0042110; 7 up-regulated genes; 7 down-regulated genes), “T cell differentiation” (GO:0030217; 6 up-regulated genes; 5 down-regulated genes), “T cell lineage commitment” (GO:0002360; 3 up-regulated genes; 2 down-regulated genes), “leukocyte differentiation” (GO:0002521; 8 up-regulated genes; 7 down-regulated genes), “lymphocyte activation” (GO:0046649; 7 up-regulated genes; 9 down-regulated genes), “leukocyte activation” (GO:0045321; 15 up-regulated genes; 12 down-regulated genes), “lymphocyte differentiation” (GO:0030098; 6 up-regulated genes; 6 down-regulated genes), “CD4+ or CD8+, α-β T cell lineage commitment” (GO:0043369; 2 up-regulated genes; 2 down-regulated genes), “T cell selection” (GO:0045058; 3 up-regulated genes; 2 down-regulated genes) and “intracellular receptor signaling pathway” (GO:0030522; 7 up-regulated genes; 2 down-regulated genes) (Figure 5 and Supplementary Table 3).




Figure 5 | Immune system process related Protein-Protein Interactions Network (PPI) network of the differentially expressed genes (DEGs) in the mid-anterior intestine of juvenile gilthead seabream (Sparus aurata) fed the mixture of MPLE obtained from sage (S. officinalis) and lemon verbena (L. citriodora) (see also Supplementary Table 3). Nodes colors indicate the biological processes for each DEG represented. Gene Ontology (GO) definitions, count of DEGs within each biological processes and respective false discovery rate are described in the graphical figure legend. ▲ nodes represent up-regulated genes and ▼ nodes represent down-regulated genes. Graphic keys and network stats are indicated in the graphical figure legend. Network Stats: number of nodes: 243; number of edges: 550; average node degree: 4.53; avg. local clustering coefficient: 0.416; expected number of edges: 423; PPI enrichment p-value: 1.98e-09. The MPLE included in the basal diet was obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora).



Furthermore, the MPLE diet promoted the regulation of biological processes associated with cellular development and organization with 19 up-regulated and 14 down-regulated genes. Among them, we found the terms “regulation of adherens junction organization” (GO:1903391; 3 up-regulated genes; 3 down-regulated genes), “regulation of anatomical structure morphogenesis” (GO:0022603; 14 up-regulated genes; 12 down-regulated genes), “negative regulation of cell size” (GO:0045792; 2 up-regulated genes; 1 down-regulated gene), “establishment of endothelial barrier” (GO:0061028; 3 up-regulated genes; 1 down-regulated gene), “regulation of cell junction assembly” (GO:1901888; 4 up-regulated genes; 2 down-regulated genes), “regulation of cell-substrate adhesion” (GO:0010810; 4 up-regulated genes; 5 down-regulated genes), “negative regulation of cell-substrate adhesion” (GO:0010812; 3 up-regulated genes; 2 down-regulated genes), “regulation of focal adhesion assembly” (GO:0051893; 3 up-regulated genes; 2 down-regulated genes), “negative regulation of adherens junction organization” (GO:1903392; 1 up-regulated genes; 1 down-regulated genes), and “cell aging” (GO:0007569; 3 up-regulated genes; 1 down-regulated gene) (Figure 6 and Supplementary Table 4).




Figure 6 | Cellular development and organization related Protein-Protein Interactions Network (PPI) network of the differentially expressed genes (DEGs) in the mid-anterior intestine of juvenile gilthead seabream (Sparus aurata) fed the mixture of MPLE obtained from sage (S. officinalis) and lemon verbena (L. citriodora) (see also Supplementary Table 4). Nodes colors indicate the biological processes for each DEG represented. Gene Ontology (GO) definitions, count of DEGs within each biological processes and respective false discovery rate are described in the graphical figure legend. ▲ nodes represent up-regulated genes and ▼ nodes represent down-regulated genes. Graphic keys and network stats are indicated in the graphical figure legend. Network Stats: number of nodes: 243; number of edges: 550; average node degree: 4.53; avg. local clustering coefficient: 0.416; expected number of edges: 423; PPI enrichment p-value: 1.98e-09. The MPLE included in the basal diet was obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora).



The tested functional feed additive resulted in the positive regulation of biological processes related to cellular proteolytic processes, showing 35 up-regulated and 11 down-regulated genes. In particular, “cellular macromolecule catabolic process” (GO: 0044265; 23 up-regulated genes; 6 down-regulated genes), “proteolysis” (GO:0006508; 27 up-regulated genes; 8 down-regulated genes), “protein catabolic process” (GO:0030163; 20 up-regulated genes; 3 down-regulated genes), “proteolysis involved in cellular protein catabolic process” (GO:0051603; 17 up-regulated genes; 3 down-regulated genes) and “ubiquitin-dependent protein catabolic process” (GO:0006511; 14 up-regulated genes; 3 down-regulated genes) were obtained (Figure 7 and Supplementary Table 5).




Figure 7 | Proteolysis related Protein-Protein Interactions Network (PPI) network of the differentially expressed genes (DEGs) in the mid-anterior intestine of juvenile gilthead seabream (Sparus aurata) fed the mixture of MPLE obtained from sage (S. officinalis) and lemon verbena (L. citriodora) (see also Supplementary Table 5). Nodes colors indicate the biological processes for each DEG represented. Gene Ontology (GO) definitions, count of DEGs within each biological processes and respective false discovery rate are described in the graphical figure legend. ▲ nodes represent up-regulated genes and ▼ nodes represent down-regulated genes. Graphic keys and network stats are indicated in the graphical figure legend. Network Stats: number of nodes: 243; number of edges: 550; average node degree: 4.53; avg. local clustering coefficient: 0.416; expected number of edges: 423; PPI enrichment p-value: 1.98e-09. The MPLE included in the basal diet was obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora).






Discussion

Considering the close relationship between diet and gut condition and the consequences on the organism and overall health, evaluating the interactions between dietary ingredients and the intestine is of special relevance due to the wide array of functions that have been associated to the gastrointestinal tract (34, 43). This is of special relevance when evaluating functional feed additives that are supposed to promote health and nutrition in farmed animals (9, 44). In this context, the present study aimed to evaluate the effects of a MPLE from sage and lemon verbena on the transcriptomic profiling, histological organization and lectin histochemistry of the intestine. Extracts from these medicinal plants are reputed for their beneficial pharmacological activities, including antiseptic, antioxidant, and anti-inflammatory properties among others (45–47). Moreover, in gilthead seabream we demonstrated that in addition to act as growth promoters, they modulated systemic immunity when splenocytes were incubated with a bacterial-type pathogen-associated molecular pattern (PAMP) like LPS (14).


MPLE From Sage and Lemon Verbena Exert Controlled Immune and Pro-Inflammatory Responses in GALT

Fish possess innate and adaptive immune defense systems. The innate parameters are at the forefront of immune defense and are a crucial factor in disease resistance. The adaptive response of fish is essential for long-lasting immunity and is considered as a key factor in improving prophylactic strategies, and the use of functional feeds with immunomodulatory properties (20, 48). T cells are one of the main players of the adaptive immune response, being the intestine of teleosts an important site of T cells production among mucosal tissues (49, 50). In particular, T cells represent the major leucocyte population within the teleost gut (51) with relevant cytotoxic activity (52), as well as playing an important role in foreign antigen recognition and gut homeostasis (53, 54). Under the current experimental conditions, MPLE from sage and lemon verbena promoted T cell activation, differentiation and selection in gilthead seabream gut. Thus, the MPLE-supplemented diet induced up-regulation of the mammalian target of rapamycin (mtor) gene in the gut of gilthead seabream. The mTOR signaling pathway has been reported to promote the production of anti-inflammatory cytokines by myeloid immune cells with an important ability to limit the pro-inflammatory mediators (55) thus, playing a crucial role in intestine inflammation, epithelial morphogenesis (56, 57), as well as being an important central regulator of immune responses (58, 59). The increase in mtor expression may be associated to the down-regulation of nlrc3, which is a negative regulator of the PI3K/AKT/mTOR pathway (60), thus suggesting a balanced inflammatory dietary-induced response in the gut of fish fed the MPLE diet.

The NF-kB pathway is involved in the transcriptional regulation of several cytokines, chemokines, transcription factors, antimicrobial peptides, and interferon-stimulated genes, playing a critical role in regulating the survival, activation and differentiation of innate and adaptive immune cells (61); thus, playing a key role in regulating gut inflammation (62). In this way, several genes associated with the NF-κB pathway (cyld, clec4e, nlrc3, chi3l1, bcl2) were differentially regulated by the dietary supplementation of MPLE. Although scarce information is available for teleost fish, CYLD identified in rainbow trout (Oncorhynchus mykiss) would have a similar function as in mammals (63). In our study, cyld was up-regulated, which may indicate that in fish fed the MPLE diet this gene acted as an inhibitor of the NF-κB signaling pathway, thus acting as a negative regulator of gut inflammation (63, 64). Accordingly, the up-regulation of ubiquitin specific peptidase 4 (usp4) and down-regulation of Ubiquitin specific peptidase 7 (usp7) may be also associated to the inhibition of the activation of NF-κB and mitogen-activated protein kinases stimulated by innate immune receptor (65–67). Additionally, chi3l1 was also up-regulated in fish fed the MPLE diet, promoting cell survival and proliferation, but not acting as a first inflammation-responsive factor. Thus, the differential regulation of the above-mentioned genes provide evidence that MPLE might induced inflammatory mechanisms related to the NF-κB signaling pathway (68, 69), which involved the production of pro-inflammatory cytokines (70). In this sense, histological data allow discarding the hypothesis that the administration of the MPLE caused an exacerbated gut inflammation, which would have been potentially detrimental for the health and condition of the intestinal mucosa of the gilthead seabream.

The Caspase‐8 is a crucial executor for apoptotic initiation in fish (71). In our study, casp8 was significantly up-regulated in the intestine of fish fed the MPLE-supplemented diet. Several studies have reported the advantageous outcomes of having the casp8 expressed in a controlled way, demonstrating the essential role of this gene in maintaining the gut barrier in response to mucosal pathogens by permitting inflammatory shedding and preventing necroptosis of infected cells (72, 73). In addition, stat3 (Signal transducer and activator of transcription 3) was down-regulated, which suggests a healthy intestinal mucosa as this gene is positively regulated by pro-inflammatory cytokines under mucosal damage (74). Furthermore, our enrichment analysis showed regulation of biological processes associated with cellular proteolysis, in particular several genes coding for de- and ubiquitination (cyld, uba1, ube2a, ube2g1, ube2d2, usp4, usp7) and proteasome (cops4, psmb2, psmd1, psmb5, psmd5, sqstm1) that may be indirectly involved in NF-kB pathway. In addition, degradation of a protein via the ubiquitin-proteasome pathway and subsequent proteolysis are important mechanisms in the regulation of cell cycle, cell growth, tissue regeneration, signal transduction, and gene transcription (75).

A successful immune response involves the tight control of a wide repertoire of processes including activators and regulators at cellular and molecular level. In this context, another up-regulated gene that deserves attention is the Chitinase 3 like 1 (chi3l1). This gene is reputed for regulating the AKT1 signaling pathway (76), which controls innate immune cell development and function (77). Additionally, we found down-regulation of the NOD-like family CARD domain containing 3 (nlrc3), which plays an important role in modulating T cell responsiveness and inhibition of the pro-inflammatory mechanism (78). Besides, galectin 1 (lgals1) was also down-regulated in the intestine of fish fed the MPLE diet. LGALS1 is considered a master regulator of homeostatic signals to shut off T-cell effector functions (79), acting as an immunoregulator and in turn modulating the pro-inflammatory cytokines secretion (80). At receptor level, the C-type lectin domain family 4 member e (clec4e, also known as mincle) was down-regulated in the intestine of fish from the MPLE group. Mincle is a transmembrane germline-encoded pattern recognition receptors (PRRs) with a pivotal role in the activation of the immune response (81, 82). Thus, when considering the overall expression patterns of DEGs, the dietary-induced activation of the immune function by the tested MPLE seems to be a well-controlled process, according to the observed balance between the up- and down-regulated DEGs (18 and 14 genes, respectively) and also the functional role of the DEGs related to T cells. As mentioned above, these results are in agreement with those recently published by Salomón et al. (14) where the same feed additive showed a tightly controlled systemic immune response in an ex vivo assay using splenocytes stimulated by LPS.

It is also of interest to illustrate that fish fed the supplemented-MPLE diet resulted in an increase of goblet cell population in the intestinal epithelium. These secretory cells are responsible for producing a thick layer of mucus that forms the front line of innate host defense, among other functions (83). The increase in intestinal goblet cell number in fish fed MPLE-supplemented diet would benefit fish by providing an effective immune barrier against potentially pathogenic gut bacteria. In addition to changes in their number, goblet cells also changed their histochemical composition. Particularly, we observed an increment in staining intensity of neutral and acid carboxylated and sulphated glycoproteins, results that are of special relevance since O-glycosylation pattern of mucin glycoproteins and their polypeptide backbone structure in combination with the depth and viscosity of the mucus layer, are important factors that regulate gut health and condition (84). In this sense, the increase in acid carboxylated (AB pH = 2.5) and sulphated (weak and strongly ionized; AB pH = 1.0 and pH 0.5, respectively) mucin glycoproteins produced by goblet cells from fish fed the MPLE-supplemented diet would be associated to an increment in the viscous properties of the mucus (85, 86). Our results are in agreement with those reported in poultry where the administration of phytogenics from sage promoted the secretion of neutral and acidic mucins in gut as well as mucus layer thickness in the ileum (87). Regarding lectin histochemistry, mucins from fish fed the MPLE-supplemented diet showed an increase in affinity for the WGA and SBA lectins, while for SNA lectin affinity was diminished. These results indicated that the tested feed additive changed the glycosylation patterns of intestinal mucins, being of special relevance the increase in WGA lectin affinity, as they indicate an increase in the presence of sialic acid residues. Sialic acids are involved in recognition processes, and they participate in defense mechanisms against microorganisms (88). These results from lectin histochemistry reinforce the hypothesis that the MPLE-supplementation varied the composition of mucus produced by goblet cells; thus, modulating an effective immune barrier against potentially pathogenic gut bacteria.



MPLE From Sage and Lemon Verbena Promote Gut Integrity and Cell Proliferation

The homeostatic balance between epithelial cell proliferation and apoptosis is essential for the maintenance of the epithelial function, including regulation of epithelial permeability, the inflammatory response and the absorption of nutrients (89). An imbalance in the intestinal barrier structure can trigger an uncontrollable immune reaction in the intestinal microenvironment, increasing the translocation of bacterial antigens and stimulating inflammation in the intestine (90). Thus, the maintenance of the integrity of the gut barrier is essential to counteract such imbalances and guarantee fish growth, health and welfare (91). Dietary MPLE from sage and lemon verbena modulated the expression of genes involved in biological processes related to cellular development and organization. In particular, Ras homolog family member A (rhoa) was up-regulated in the intestine of fish fed the MPLE-diet. RhoA belongs the small GTPase protein family, thus having a functional role in regulating many cellular events, including cell migration, organization of the cytoskeleton, cell cycle progression and cell adhesion (92). In this sense, rhoa expression has been associated to the assembly, regulation and maintenance of adherens (AJs) and tight (TJs) junctions (93, 94). Adherens junctions are cadherin/catenin-containing adhesive structures located below the tight junctions on the bilateral membrane (95). In particular, the Erythrocyte membrane protein band 4.1 (epb41) was another up-regulated gene in the intestine of fish fed the MPLE-diet. EPB41 regulates cell proliferation and adhesion (96), as well as the integrity of the AJ (95) and plays an important role in the organization and function of the TJs and AJs by establishing a link between the TJ and actin in the cytoskeleton (97). Furthermore, other DEGs related to the formation and stabilization of AJs and TJs (f11r, actn4, rap1b) were also up-regulated in the gut of fish fed the MPLE-supplemented diet. The F11 receptor (F11R) also known as the Junctional adhesion molecule (JAM)-A is a cell-cell adhesion molecule of the immunoglobulin superfamily, which is expressed by a variety of tissues, regulating diverse processes such as epithelial and endothelial barrier formation, among others (98). Our results are in agreement with those found in gilthead seabream fed a phytogenic feed additive derived from olive oil (89). Alpha-actinin-4 (ACTN4) is a member of the superfamily of actin-binding, which is localized at AJs and more specifically as a component of the zonula occludens of the TJ (99) and/or belt desmosomes in the zonula adherens (100) in connection with α-catenin, regulating the actin cytoskeleton and increasing cellular motility (101, 102). Another gene that was up-regulated by the dietary administration of MPLE from sage and lemon verbena was the rap1b. This gene is a member of RAS oncogene family being necessary for normal human endothelial cell function (103), as well as having a crucial role for T cell homeostasis in the intestine (104). Regarding the gut integrity barrier, rap1b controls epithelial permeability probably by regulation of PI3K/Akt and correct nectin localization (94).

The homoeostasis of the constantly renewing intestinal epithelium relies on an integrated control of proliferation, differentiation and apoptosis, as well as on the functional architecture of the epithelial cells. In this sense, different DEGs indicated that the MPLE-supplemented diet regulated mostly processes involved cell proliferation (fgf18, pgk1, ldb1, znrf3, mtor, lgals1, stat3) and de- and ubiquitination (cyld, uba1, ube2a, ube2g1, ube2d2, usp4, usp7) and proteasome (cops4, psmb2, psmd1, psmb5, psmd5, sqstm1) pathways. The Fibroblast growth factor 18 (FGF18) is a pleiotropic growth factor which stimulates the proliferation of mesenchymal and epithelial cells and tissues (105); thus, its up-regulation in the tissue of gilthead seabream fed the MPLE-supplemented diet suggests that the tested phytogenic feed additive might promote cell proliferation. Similar conclusions may be drawn when considering the up-regulation ldb1 (LIM domain binding 1) and znrf3 (Zinc and ring finger 3), since these genes regulate cell proliferation in intestinal crypts by means of the regulation of the Wnt/ß-catenin signaling (106, 107). In addition, the up-regulation of mtor (mammalian Target of Rapamycin) and pgk1 (Phosphoglycerate kinase 1) indicate the regulation of intestinal cell proliferation by means of controlling cell metabolism (108, 109). These results are supported by the down-regulation of lgals1 (galectin 1), since this gene product may act as a negative growth factor that regulates cell proliferation (110). Differential expression of genes involved in de- and ubiquitination and proteasome pathways supports the above-mentioned idea that the tested MPLE-supplemented diet promotes and regulates cell cycle associated to intestinal cell proliferation (75) as well in cell junctions (111). All these results together suggested that the MPLE from sage and lemon verbena might promote a positive effect on intestinal cell proliferation, a process that is essential for the maintenance of the integrity and health of the gastrointestinal tract (112). In line with this idea, no signs of tissue damage were observed at histological level either pathways involved in cell apoptosis were found in these animals.




Conclusions

The present study shows that phytogenics obtained from sage and lemon verbena included at 0.1% in diets with a low FM content (7%), promoted transcriptional innate and adaptive immune responses in gut, especially through the modulation of those processes involved in T cell activation, differentiation and selection. Furthermore, the evaluated feed additive increased the number of intestinal goblet cells and modified the glycosylation properties of lectins from mucins. These changes resulted in a moderate increase in sialic acid residues, which also supports the idea that phytogenics from sage and common verbena might enhance gut immunity. Overall, this study shows that the evaluated phytogenic can be used as a safe feed additive for gilthead seabream, since its immunomodulatory properties were observed without compromising gut homeostasis and integrity of the intestinal epithelium.
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Marine farmed Atlantic salmon (Salmo salar) are susceptible to recurrent amoebic gill disease (AGD) caused by the ectoparasite Neoparamoeba perurans over the growout production cycle. The parasite elicits a highly localized response within the gill epithelium resulting in multifocal mucoid patches at the site of parasite attachment. This host-parasite response drives a complex immune reaction, which remains poorly understood. To generate a model for host-parasite interaction during pathogenesis of AGD in Atlantic salmon the local (gill) and systemic transcriptomic response in the host, and the parasite during AGD pathogenesis was explored. A dual RNA-seq approach together with differential gene expression and system-wide statistical analyses of gene and transcription factor networks was employed. A multi-tissue transcriptomic data set was generated from the gill (including both lesioned and non-lesioned tissue), head kidney and spleen tissues naïve and AGD-affected Atlantic salmon sourced from an in vivo AGD challenge trial. Differential gene expression of the salmon host indicates local and systemic upregulation of defense and immune responses. Two transcription factors, znfOZF-like and znf70-like, and their associated gene networks significantly altered with disease state. The majority of genes in these networks are candidates for mediators of the immune response, cellular proliferation and invasion. These include Aurora kinase B-like, rho guanine nucleotide exchange factor 25-like and protein NDNF-like inhibited. Analysis of the N. perurans transcriptome during AGD pathology compared to in vitro cultured N. perurans trophozoites, as a proxy for wild type trophozoites, identified multiple gene candidates for virulence and indicates a potential master regulatory gene system analogous to the two-component PhoP/Q system. Candidate genes identified are associated with invasion of host tissue, evasion of host defense mechanisms and formation of the mucoid lesion. We generated a novel model for host-parasite interaction during AGD pathogenesis through integration of host and parasite functional profiles. Collectively, this dual transcriptomic study provides novel molecular insights into the pathology of AGD and provides alternative theories for future research in a step towards improved management of AGD.
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Introduction

Amoebic gill disease (AGD) remains a serious parasitic infection of farmed salmonids globally (1) and has been estimated to increase the cost of production by 20% in Tasmania (2–4). The disease is caused by the marine protozoan parasite Neoparamoeba perurans, which, upon attachment to the mucosal surface of the gill, causes a highly localized host response. The site of amoeba attachment is characterized by epithelial desquamation and edema, epithelial hyperplasia, fusion of secondary lamellae, and interlamellar vesicle formation (5). A reduction in chloride cells is also associated with clinical AGD and is closely linked to epithelial hyperplasia (6). An infiltration of inflammatory immune cells, such as neutrophils and macrophages, can be observed within the central venous sinus adjacent to AGD lesions (5, 7). This cellular response is grossly characterized by raised multifocal lesions on the gill surface (2) leading to inappetence, respiratory stress, and often fatal inflammatory branchialitis.

Previous studies have examined the transcriptomic response of the gill and other immunological organs to AGD using various approaches. While these studies have revealed important insights into the AGD host response, the exact nature of the inflammatory response within AGD-affected tissue has not been fully resolved. Certain studies have identified upregulation of key inflammatory and immune related genes, including TNFα, CD8, CD4, MHCI and MHCIIα (8) within AGD-affected tissue, while other studies have shown either downregulation or no differential expression of these genes (9–11). A number of studies have shown a mRNA upregulation of the pro-inflammatory cytokine interleukin-1 beta (IL-1β) at the site of AGD infection in both rainbow trout (9) and Atlantic salmon (12). Furthermore, in Atlantic salmon the expression of IL-1β mRNA was localized to filament and lamellar epithelium pavement cells within gills (12), and the upregulation of IL-1β appears to largely be restricted to within AGD lesions (11). The highly localized nature of the host response to AGD has also been demonstrated through microarray based-transcriptome profiling where downregulation of the p53 tumor suppressor protein, and associated transcripts were localized to the AGD lesion (13). Downregulation of immune pathways within AGD lesions has also been observed for antigen processing pathways. Indeed, Young et al. (10) identified a coordinated downregulation of the MHCI antigen presentation pathway and interferon-regulatory factor 1 within the lesioned area of the gill. Similarly, a downregulation of transcripts related to apoptosis were also identified within AGD-affected gill (14). More recently, the importance of T helper cells in the immune response to AGD has been described. Indeed, interleukin (IL)-4, a key cytokine involved in the Th2 pathways was significantly upregulated primarily within the interbranchial lymphoid tissue of AGD-affected gill (15) and within AGD lesions (16). In contrast, genes involved in the Th1 pathway, which are primarily responsible for activation of macrophages, were downregulated. The authors go on to postulate that induction of the Th2 response may be associated with an allergic reaction caused by the parasite (15).

While significant effort and progress has been made to understand the host response to AGD, considerably less attention has been paid to understanding the behavior of the parasite. It was not until 2012 when virulent N. perurans was isolated, cultured and shown to generate AGD in a laboratory challenge model (17) that significant effort has been invested into understanding the biology of the parasite (18–23). Perhaps the most striking feature of N. perurans, along with all other Neoparamoeba spp. is that they harbor a eukaryotic endosymbiont phylogenetically related to Perkinsela sp (24). Genome sequencing of the related species Neoparamoeba pemaquidensis and its Perkinsela endosymbiont has demonstrated mosaic biochemical pathways between the two genomes, suggesting an interdependence between host and endosymbiont (25). Furthermore, bacteria and viruses may contribute to the pathogenicity and virulence of N. perurans which has been reported to harbor the pathogenic bacteria, Vibrio within its microenvironment (26). Increased pathogenicity and virulence on passage through amoeba hosts has been reported previously for the amoeba species, Acanthamoeba castellanii and Acanthamoeba astronyxis and the bacteria Legionella pneumophilia (27, 28). Viruses may also contribute to virulence in N. perurans, as amoeba have also been reported to host several giant viruses, including adenoviruses and enteroviruses (28). Despite our increasing knowledge of Neoparamoeba biology, many knowledge gaps exist particularly regarding how the amoeba reacts and behaves when interacting with the host. In many respects, this is due to a lack of specific tools and reagents to investigate amoeba biology during infection. One recent advance was the development of an in vitro model of AGD based on a rainbow trout gill derived cell line which can be stimulated with N. perurans and the host-parasite response profiled (29). While this model successfully generates host responses similar to those observed in vivo, the response of the parasite is yet to be fully integrated.

Transcripts derived from N. perurans as a single-celled eukaryotic organism are polyadenylated like the host mRNA. This means that the gene expression profile of the amoeba during infection can be profiled in parallel to the host using mRNA-based transcriptome sequencing. This approach, commonly referred to as dual RNA-Seq, facilitates gene expression changes to be profiled simultaneously in both the parasite and host (30), and can provide valuable information concerning the expression of virulence factors and immune evasion pathways. With this in mind, the present study applied a dual RNA-Seq approach to characterize the molecular events that occur within an AGD lesion, both from the host and parasite perspective. Compared to in vitro cultured N. perurans trophozoites, wild-type AGD associated N. perurans upregulated multiple gene candidates for virulence factors and a master regulator. Genes associated with invasion of host tissue, evasion of host defense mechanisms and formation of the mucoid lesion were also upregulated. In parallel, localized immune responses were observed in AGD lesions in gill tissue and other immunologically important organs. Finally, drawing both host and parasite transcriptomic responses together we propose a model for host-parasite interaction for AGD in Atlantic salmon.



Materials and Methods


AGD Inoculation and Sample Collection

All animal procedures were approved by the CSIRO Queensland Animal Ethics Committee (project 2017-35, 2018‐09 and 2017-36) under the guidelines of the Australian Code for the Care and Use of Animals for Scientific Purposes (31). Seawater was sourced via offshore spear pumps, filtered (~40 µm), ozonated (100 g O3/h) and ultraviolet treated (80 mJ/cm2) before entering the laboratory. Tasmanian Atlantic salmon were originally imported from the River Philip, Canada in the 1960’s. The all-female Atlantic salmon fry for this project were transported from a commercial Tasmanian hatchery to the Bribie Island Research Centre, Woorim, Australia. Fish were reared in a single cohort in freshwater recirculating systems prior to adaptation to the marine environment. Smolting was achieved by increasing the photoperiod to a 24 h light regime. After 4 weeks, the photoperiod was changed to 12:12 h light/dark and the salinity gradually increased from 3 ppt to 35 ppt overnight. Atlantic salmon smolt (naïve to AGD) with a mean weight of 218 g were habituated in a 5000 L seawater (35 ppt) tank at 16°C, dissolved oxygen (96-100% saturation), pH 7.8, and flow rate of 45 L/min. Fish were fed daily to satiation on a commercial diet (Nutra, Skretting P/L, Cambridge, Australia).

At seven days a subset of 50 animals were transferred to a 1000 L tank to remain naïve to AGD. The other 507 fish in the cohort were subject to an AGD challenge trial (32, 33) by exposure to wild-type gill associated trophozoites of N. perurans. Wild-type (as opposed to laboratory cultured) N. perurans were obtained by the natural exposure of 40 marine adapted Atlantic salmon to wild-type N. perurans through co-habitation with AGD-affected fish maintained in an independent re-circulated marine biosecure experimental tank system dedicated to this purpose. Wild-type N. perurans were originally introduced into the system from AGD-affected gills collected from a commercial farm in Tasmania under animal ethics approval. The day before induction of AGD in experimental fish, 1 L of seawater was collected and subject to centrifugation in 50 mL falcon tubes at 15°C for 20 min at 4500 x g in an Eppendorf5804R (Eppendorf, Germany) to recover N. perurans. The seawater was poured off between subsequent centrifugation rounds until N. perurans were resuspended in a final volume of 10 mL of sterile seawater. The total amoeba in 1 L of seawater was enumerated by averaging repeated trophozoite counts (n = 10) on a hemocytometer (33). To induce AGD in experimental fish for this study, the water flow was stopped, and the water volume halved, before introducing a volume of water from the recirculated system containing a final concentration of 100 N. perurans/L for 2 h before restarting the water flow.

The average gill score for the AGD challenge population was assessed in 36 of the 507 AGD-affected fish using the ordinal ranking methodology on a scale of 0 to 5 of gross AGD pathology across all 16 gill surfaces outlined in Taylor et al. (34). At 21 days post-infection four animals at an average gill score of 3.3 (cohort average 3.1) were sampled from the AGD-affected cohort. AGD was confirmed by presumptive gill scoring and further confirmed by gill histopathology in fish from the same cohort as described by Wynne et al. (32). Gill biopsies were collected using a sterile single-use 2 mm biopsy punch (33), directly from the lesion and a second biopsy approximately 10 mm distal to the lesion from AGD-affected fish. Gill biopsies were also collected from four naïve fish to serve as an AGD-unaffected control. For all fish, primary immune tissues including head kidney and spleen were excised using sterile micro-scissors. A list of all samples collected in this study is provided in Table 1. Approximately 100 mg of tissue was collected and placed in 1.5 mL tubes containing 1 mL of RNAlater (Sigma-Aldrich) before storage at -80°C. For comparison with the lesion biopsy samples, N. perurans wild-type gill associated trophozoites were isolated from the gills of AGD-affected Atlantic salmon and cultured according to the method by English et al. (35) in a 1% malt yeast broth (MYB; 0.01% (w/v) malt extract (Oxoid) and 0.01% (w/v) yeast extract (Oxoid) in filtered, sterile seawater). The floating trophozoite form of N. perurans was isolated from in vitro cultures by centrifugation at 12 000 × g for 8 min at 16°C and the pellet stored at -80°C. The culture acts as a proxy for the wild type N. perurans trophozoites as insufficient N. perurans from the challenge are able to be sourced from the water column. We note that all N. perurans used in this study originated from the same source. However, by contrasting the lesion with the culture condition where there are no host signals, this improves the reliability of identification of N. perurans genes in the host-parasite interaction. The same method was employed by Mohamed et al. (36) in their dual RNA‐seq study of a coral (Acropora tenuis) and its symbiont (Cladocopium goreaui) during the establishment of symbiosis.


Table 1 | Attributes of samples collected in this study.





Sample Preparation and Sequencing

Total RNA was isolated using RNeasy mini kit (Qiagen). Tissues and the amoeba pellet were lysed in 450 µL of lysis solution on a Precellys 24 homogenizer (Thermo Fisher Scientific) for 2 x 30s at 4.0/ms. RNA was bound to a column and washed twice before elution with 40 µL RNase-free water at room temperature. RNA samples were treated with DNase to remove contaminating DNA using Turbo-DNase (Ambion). RNA quantity and quality were assessed using a NanoDrop ND-1000 spectrometer (Thermo Fisher Scientific) and Agilent 2100 bioanalyzer (Thermo Fisher Scientific). One of the gill lesion samples failed DNA quality analysis and was excluded from RNA-Seq library preparation. This resulted in preparation of a total of 30 RNA-Seq libraries from 11 gill biopsy samples (4 x naïve; 3 x lesion and 4 x distal to the lesion samples from 4 AGD-affected fish), eight head kidney, eight spleen (4 x naïve, 4 x AGD-affected fish) and three in vitro cultured floating N. perurans trophozoites samples. All libraries were prepared using the TruSeq RNA Sample Preparation Kit (Illumina). Host libraries were subject to 150 base pair, paired ended (PE) sequencing on the Illumina Novaseq 4000 sequencing platform at the Australian Genome Research Facility (AGRF) in Melbourne, Australia. In vitro cultured floating N. perurans trophozoites libraries were subject to 150 base pair PE sequencing on the Illumina HiSeq 4000 together with a second independent study (unpublished) undertaken concurrently with this project to conserve resources. Extensive data curation to remove microbial and host contamination from the N. perurans datasets reduces the impact of the different sequencing technologies as described in the section Systemic Host Response. A schematic of the datasets and analyses in this study is reported in Figure 1.




Figure 1 | Schematic showing datasets and analytical approach to infer host-parasite interaction in amoebic gill disease (AGD). HOST, Atlantic salmon (Salmo salar); PARASITE, Neoparamoeba perurans; SP, spleen; A, AGD-affected; HK, head kidney; G, gill; D, distal to the lesion; L, lesion; C, cultured floating N. perurans trophozoites.





Dual RNA-Seq Data Analysis

Illumina reads were checked for quality using FastQC version 0.11.8 (37) for all datasets. High quality reads (Q>30) were mapped to the Atlantic salmon genome ICSASG_v2 (38) using HISAT2 version 2.1.0 (39) with default parameters. Alignment files in BAM format were sorted by read name and converted into SAM format using SAMtools version 1.4 (40). Reads uniquely mapped to the salmon genome were extracted from BAM files based on MAPQ > 10 using SAMtools. The Python package HTSeq version 0.7.2 (41) was applied to count unique reads mapped to exons using the reverse parameter for strandedness. The gill lesion samples contained RNA from both the host and the parasite, therefore we used a stepwise in silico mapping approach to separate the reads belonging to each species. Reads were first mapped to the salmon genome to sort unmapped reads into three groups including 1) unmapped read whose mate is mapped; 2) mapped read whose mate is unmapped; and 3) both paired reads are unmapped. Reads were extracted using SAMtools and Bam2fastq options in BEDTools version 2.29.2 (42).

These unmapped reads were subject to a de novo transcriptome assembly with Trinity v 2.8.4 (43) to identify amoeba-related genes associated with the lesion. A second de novo transcriptome Trinity assembly was carried out with unmapped gill lesion and in vitro cultured N. perurans trophozoites reads to undertake differential analyses. Both assemblies followed the assembly method recommended by Hass et al. (43) for strand specific RNA-Seq libraries, minimum contig length of 500 base pairs and read normalization set to a depth of 30. Each de novo transcriptome assembly was further curated by annotating all contigs using Diamond version 0.9.31 (44) and blastx to search the NCBI non-redundant database (12/2019) for the top hit with an expected value (e-value) threshold of <1 x 10-5. Contigs were manually curated further based on the taxonomic classification of the annotated sequences using the NCBI taxonomy database (45). The broad categories for curation of each of these transcriptomes were defined as fish, amoeba/kinetoplastid endosymbionts and protozoans, bacteria and other, which were retained for further downstream analyses and interpretation of the host-parasite response. Raw reads were mapped to the de novo unmapped gill lesion transcriptome using RSEM version 1.3.0 (46) to validate transcripts due to the low quantity of amoeba data generated during sequencing.

The mRNA enrichment step prior to library preparation for sequencing should exclude bacterial genes as they are poorly polyadenylated, although this is not always the case (47). In this instance, the ‘contaminants’ are more likely to be endogenous in origin from the microbiome of the host, or N. perurans, or the culture media. Therefore, opportunistic assessment of the microbiome community present in the lesion samples is possible in the context of published data on AGD. Initially the bacterial species associated with gill lesion were identified in the in vitro cultured and gill lesion de novo transcriptome assembly as described above (Figure 1). Following the successful identification of species known to be associated with the gill microbiome of AGD-affected fish, a second de novo transcriptome assembly was generated using Trinity, applying the same parameters as the N. perurans transcriptome to contrast with naïve fish and the gill microbiome distal to the lesion of AGD-affected fish. Unlike the previous N. perurans transcriptome, this assembly included all unmapped raw reads from the gill including those generated from the naïve fish, biopsies distal to AGD lesions, and the AGD lesion data. While the N. perurans transcriptome had the advantage of in vitro cultured N. perurans to increase the depth of coverage for the amoeba, the unmapped (or bacterial microbiome only) transcriptome was limited in its input data to less than 10% of gill sequenced reads. However, the intent of this component of our study was to identify the major bacterial species that presented in conjunction with AGD at significant quantities to bypass the mRNA enrichment step prior to library enrichment, not the complete diversity of the microbiome which is more aptly assessed through microbial 16S sequencing. The de novo transcriptome assembly was curated for bacterial sequences by annotating all contigs using Diamond version 0.9.31 (44) and blastx to search the NCBI non-redundant database (12/2019) for the top hit with an expected value (e-value) threshold of < 1 x 10-5. Contigs were manually curated based on the NCBI taxonomic classification of the bacteria super kingdom. The relative proportions of each gene based on the transcript frequency (TPM) in the overall dataset were mapped for each bacterial candidate in the microbiome of the naïve and AGD-affected fish, including distal to AGD lesions and AGD lesion material.



Differential Gene Expression, Clustering, and Functional Analyses

Differential gene expression among host tissues and curated N. perurans transcriptomes was inferred by analyzing the raw counts using edgeR version 3.20.9 (48) in R version 4.0.2 (49). To understand the local response to AGD pathology three comparisons for the gill biopsy samples were conducted. These were AGD lesion against naïve, distal to the AGD lesion against naïve, and lesion against distal to the AGD lesion. The systemic immune response was evaluated using the head kidney and spleen tissues, where comparisons were between AGD-affected samples and their respective naïve controls. For the parasite, the curated unmapped gill lesion, and the in vitro cultured N. perurans trophozoites transcriptomes were compared. P‐values were corrected using the Benjamini and Hochberg algorithm (50) for multiple testing. Differential gene expression (fold change > 2; P < 0.05) was compared between naïve and disease states. DEGs were hierarchically clustered using the normalized expression (CPM) values that were log2‐transformed and median‐centered by gene (43). Host data was further analyzed to infer function by gene ontology (GO) enrichment analyses. These were performed using the R package clusterProfiler version 3.9 (51) to identify enriched GO terms that belong to the three key GO categories [biological process (BP), cellular component (CC) or molecular functions (MF)] among the DEGs compared to a background set of expressed genes per tissue. GO terms with a corrected P‐value of < 0.05 were considered significant.



Host Master Regulators, Gene Co-expression Networks, and Differential Connectivity Analyses

Key regulatory transcription factors (TF) contributing to differential expression in the AGD host response were assessed using regulatory impact factor (RIF) metrics (52). Data for putative TF genes in Atlantic salmon were obtained as described by Mohamed et al. (53). The normalized counts (CPM) of these TFs were retrieved for all host tissue samples from prior DEG analyses. Genes with a mean expression FPKM < 0.2 were excluded. These TFs were contrasted against the unique list of DEGs previously obtained for each tissue. The RIF approach comprises a set of two metrics designed to assign scores to regulatory genes consistently differentially co-expressed with target genes, and to those able to predict the abundance of target genes. Scores deviating ± 2.57 standard deviation (SD) from the mean were considered significant (corresponding to P < 0.01). Genes from differential expression and RIF analyses were selected based on overlap and mean normalized expression (at least 0.2 FPKM) to construct the networks. For gene network inference, genes were used as nodes and significant connections (edges) between them were identified using the Partial Correlation and Information Theory (PCIT) algorithm (54) to calculate the significance of the correlation between two nodes after accounting for all the other nodes in the network. An initial network was constructed using all samples and gene node connections (2SD; P < 0.05). To explore differential connectivity during AGD, two additional networks were constructed for naïve and AGD-affected samples. The number of connections per gene in relation to the naïve or AGD-affected network was computed enabling identification of differentially connected genes (DCGs), and subsequent review of subnetworks related to host-parasite interaction. Networks were visualized using Cytoscape Version 3.7.2 (55).



Host-Parasite Interaction Pathway Analysis

To explore the host-parasite interaction further, gene pathways for the host and the parasite were independently visualized by submitting genes from differential expression analyses to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway maps module (56–58). A specific parasitic response pathway from host data was not identified and led to further investigation of the KEGG database. This revealed that when selecting Salmo salar (sasa) as the organism potential human host-pathogen pathways are not automatically searched. Therefore, host and N. perurans genes were converted to KEGG pathway orthologues to enable exploration of the human amoebiasis pathway (hsa05146) associated with the amoeba parasite Entamoeba histolytica to infer a model for host-parasite interaction in AGD.




Results


Dual Transcriptome Sequencing and Assembly

Sequencing produced a total of 3.1 billion PE reads with approximately 81 million PE reads per Atlantic salmon library (Supplementary Table 1). The three lesion samples were sequenced to a higher depth producing approximately 362 M PE reads per library to recover transcriptomic data for N. perurans and the associated bacterial community in the presence of host tissue (Supplementary Table 1). Sequencing of the N. perurans in vitro cultured floating trophozoite samples produced approximately 35 M PE reads per library (Supplementary Table 1). An average mapping rate of 87% (70 M; gill lesion data 313 M) was achieved for all salmon samples to the Atlantic salmon reference genome ICSASG_v2 (38). The remaining 13% (47 M) of PE reads from lesion samples that did not map to the salmon genome were segregated for further analysis.

A de novo transcriptome assembly completed with only the gill lesion data produced 186,310 contigs with a re-mapping rate of 90%. NCBI taxonomy together with a blastx search against the non-redundant NCBI database was then used to classify the longest isoform for each gene (n = 56,657) into categories. A total of 35,306 contigs remained after classification, of which 77%, 2.4%, 0.6% and 20% of contigs contributed to host, N. perurans (and its endosymbiont), bacterial and ‘other’ species respectively. The ‘other’ category consisted of species matches that were considered to be taxonomically too diverse in origin, and of biological significance to provide insight into host-parasite interaction. This is a common issue encountered when working with non-model organisms. The low coverage of N. perurans and endosymbiont genes (n = 833) suggests that the 10% of N. perurans data recovered from the gill lesion was insufficient for a complete transcriptome to be assembled. Therefore, a second de novo transcriptome assembly was completed together with xenic in vitro cultured N. perurans trophozoites (106 M PE reads) and the unmapped gill lesion data (Supplementary Table 1). The initial assembly was 214,381 contigs before taxonomic classification annotated 144,214 contigs. Of these 84%, 6.5%, 1.5% and 8% of contigs contributed to host, N. perurans (and its endosymbiont), bacterial, and other species, respectively. The resultant amoeba and endosymbiont transcriptome contigs were extracted for downstream analyses.



Local Host Response

Differential gene expression analysis was undertaken to compare the local host response in gill tissues of an AGD-affected fish compared to a naïve fish. This included the local response at the lesion and an area distal to the lesion. Hierarchical clustering of the biological replicates using Spearman correlations from a comparison of the normalized gene expression for all gill samples against each other showed that the biological replicates from the AGD lesion were most similar (Supplementary Figure 1A). In contrast, two of the biological replicates for the region distal to the lesion were similar to the lesion samples, while the third sample was similar to the naïve samples (Supplementary Figure 1A), suggesting the stage of disease progression may not have been as advanced for this fish. A total of 1,741 DEGs (fold change > 2; P < 0.01) were identified in the gill samples (Figure 2A). Of these, 644 DEGs were associated with the lesion compared to the control and 25 DEGs had a -log(10)FDR > 20 (Supplementary Figure 1B, Supplementary Table 2). In contrast, the region distal to the lesion exhibited 60 (Supplementary Figure 1C) and 49 DEGs (Supplementary Figure 1D) compared to the lesion and the naïve samples respectively (Figure 2A, Supplementary Table 2).




Figure 2 | Summary of the host transcriptomic response during amoebic gill disease (AGD) progression. Differential gene expression and significantly enriched gene ontology (GO) terms are shown for the local (A–C) and systemic (D–I) response to AGD in Atlantic salmon. Heat maps show hierarchical clustering of differentially expressed genes (rows) with differential expression among replicates from a naïve (C) and AGD-affected (A) Atlantic salmon. Expression values are log2-transformed and median-centered by gene. (A) The local response is characterized by differential gene expression (fold change > 2; corrected P-value < 0.01) and includes a gill (G) biopsy distal (D) to the lesion (L) of an AGD-affected fish. The systemic response among head kidney (HK) (D) and spleen (SP) (G) replicates is characterized by differential gene expression (fold change > 2; corrected P-value < 0.05). Enriched gene ontology (GO) terms (hypergeometric test, Bonferroni-adjusted P < 0.05) among the differentially expressed genes for the gills (B, C), head kidney (E, F) and spleen (G, H) along with the gene ratio for the genes that map to each term. The majority of the enriched terms are related to host defense and immune response.



GO enrichment analysis was undertaken to identify the function of genes implicated in the local response to N. perurans invasion and subsequent AGD pathology. The top functional enrichment GO categories (BP, MF, CC) are shown in Figures 2B, C and Supplementary Figure 3. The significant GO terms and their corresponding genes are listed in Supplementary Table 3. In brief, enriched GO terms characterized by upregulated DEGs were consistent with activation and mobilization of innate immune system factors, inflammation, host defense and wound healing. While prospective pathogen invasion pathways were connected to the downregulation of genes associated with wnt and integrin-mediated signaling as well as cell adhesion (59–61). GO categories were heavily enriched for downregulated genes in developmental process categories indicative of diverting metabolic resources away from growth.



Systemic Host Response

Differential gene expression analysis was undertaken in key immune organs in four biological replicates to assess the systemic host response of an AGD-affected fish compared to a naïve fish. For the head kidney, hierarchical clustering of the biological replicates based on normalized gene expression indicated that all naïve samples were closely correlated based on Spearman correlation. However, two of the AGD-affected head kidney samples clustered more closely with the naïve samples than their counterparts (Supplementary Figure 2A). In contrast, clustering of the spleen biological replicates clearly resolved AGD-affected from naïve samples (Supplementary Figure 2B). The transcriptomic response in the head kidney involved 1,463 DEGs (fold change >2; P < 0.05) (Figure 2D) of which 21 DEGs had a -log(10)FDR > 5 compared to the naïve samples (Supplementary Figure 2C; Supplementary Table 4). In the spleen, only 155 DEGs (fold change > 2; P < 0.05) were identified (Figure 2G) of which 20 had a -log(10)FDR > 5 compared to the naïve samples (Supplementary Figure 2D; Supplementary Table 5).

GO enrichment analysis was undertaken to identify the function of genes expressed in key immune organs (head kidney and spleen) implicated in the systemic response. The top functional enrichment GO categories (BP, MF, CC) are shown in Figures 2E, F, H, I. The significant GO terms and their corresponding genes are listed in Supplementary Tables 6 and  7. Enriched GO categories in the head kidney were similar to the local gill response with the downregulation of genes that modulate the inflammatory response, as well as signaling receptors and their pathways, that may assist pathogen invasion. A mucin-13-like gene associated with mucosal immunity was also identified in the head kidney (62). In contrast to the gill, GO term categories related to developmental processes were upregulated in the head kidney together with regulatory genes and transcription factors. In the spleen GO enrichment of upregulated genes corresponded to pathogen recognition with subsequent innate immune activation and acute inflammation. While GO enrichment for categories characterized by downregulated genes supported pathogen invasion, prevention of inflammation resolution, moderation of the innate immune response, and lesion suppression.



Gene Co-expression Networks and Key Regulators of the Host Response to AGD

Transcription factors (TFs) are key regulators of gene expression in normal and disease states, however the detection and differential expression of TFs is often obscured by more highly expressed genes (52). Gene co-expression networks were used to characterize the transition between naïve and AGD disease states across all tissues of interest (63–67). Gene co-expression networks essentially seek the points of intersection between a single set of TFs and DEGs from all tissues in the study (e.g. gills, kidney, spleen). In this case, two gene networks are created, one for the naïve and a second for the AGD disease state. The transcription factors are not limited in the number of connections within or across tissues types. RIF metrics assign two scores to TFs (1) a score for TFs that are consistently differentially co-expressed with highly abundant and differentially expressed genes, and (2) TFs that have the ability to predict abundance of differentially expressed genes (52). This study contrasts differential gene expression data against predicted TFs to identify regulators of the local and systemic host response to AGD. A total of 403 TFs consisting of 174, 111 and 118 key TFs were identified in the gill, head kidney and spleen, respectively (Supplementary Table 8). Of these, 30 TFs were also differentially expressed in response to AGD (Supplementary Table 9). The top four included Krueppel-like factor 15 in the head kidney (438 connections), filamin-interacting protein FAM101A-like (435 connections) and peroxisome proliferator-activated receptor alpha (336 connections) in the spleen and early growth response protein 3 (261 connections) from the gill.

The partial correlation and information theory (PCIT) algorithm is a statistical test used to identify significant correlations between genes and TFs (54). The PCIT algorithm was used to co-analyze key TFs and DEGs to infer gene networks in naïve and AGD disease states. Initially every gene was applied to each disease state to create a network comprising 1,864 genes with 883,408 connections. Visualization of the connections between the gene networks in Cytoscape enabled tissues types to be identified by color, and genes and TFs to be identified by shape and size depending on the number of connections. In the AGD disease state, the genes with the most connections (networks) were identified in the gill (n = 978; 53%) with networks from the head kidney (n = 406; 22%) and spleen (n=450; 25%) contributing equally to the overall host response to AGD. The top four genes based on the number of connections in the gene network in AGD-affected fish were from the gill (n = 3) and head kidney (n = 1) and included aurora kinase B-like, zinc finger protein OZF-like, zinc finger protein 70-like and protein NDNF-like, respectively. Key regulators undergo a substantial change in their number of connections during changes in disease state. Therefore, separate networks were constructed using 12 naïve samples and 15 AGD-affected samples, before identifying genes that underwent the largest change in connectivity (68) (Figure 3). The top 20 differentially connected genes (DCGs) and their putative roles are reported in Table 2. These include eight TFs, of which three belong to the zinc finger (znf) family and were more expressed in the gill (compared to other tissues) indicating a putative role in AGD progression. The most highly connected regulators based on increase (+) or decrease (–) in size of their connected gene networks were znfOZF-like (+537 connections) and znf70-like (+507 connections), while the least connected was znf135-like (-789 connections) in AGD.




Figure 3 | Sub-networks for the top differentially connected genes (DCGs) likely to regulate the transcriptomic response during amoebic gill disease (AGD) in Atlantic salmon. (A) AGD network of 8 transcription factors (TFs) among the top 20 DCGs using the PCIT algorithm. All nodes are represented by ellipses except for genes coding key regulators (TFs) which are diamond shaped. Nodes are orange for gill, green for head kidney and purple for spleen. The size of the nodes is relative to the normalized mean expression values in all samples. (B) Subnetworks of top differentially connected TFs. The networks created with the most differentially connected genes between naïve and AGD-affected networks with zinc finger protein OZF-like (OZF) as the key regulator with the greatest number of connections in the AGD-affected network, while zinc finger 135 (znf135) lost the majority of its connections in the AGD-affected network. (C) Heat map shows hierarchical clustering of differential expression of connected genes (rows) in the OZF network among replicates from a naïve (C) and AGD-affected (A) Atlantic salmon in the head kidney (HK), spleen (SP) and gill (G). The AGD-affected gill data is represented by the lesion (L), a biopsy distal to the lesion (D) and naïve gill (C). Expression values (CPM) are log2-transformed and median-centered by gene.



The sub-network associated with znfOZF-like TF consisted of a total of 558 genes of which 386, 55 and 117 regulatory genes were identified in the gills, head kidney and spleen, respectively. This included a total of 142 TFs with 101 identified in the gill (Supplementary Table 10). Interestingly five (106573105, 106578124, 106586175, 100136550, 106608858) of the top 10 upregulated DCGs were in the znfOZF-like gene network (Tables 2 and 3). Further investigation of the 386 genes expressed in the gill identified 12 genes with potential roles in host-parasite interaction (Table 3). These included hemagglutinin and amebocyte aggregation factor-like isoform X1 (90), macrophage mannose receptor 1-like (91), T-cell immunoreceptor with Ig and ITIM domains, the Ap-1 complex and TFs (jun, fos) (75, 95), cytolysin RTX-A-like (94), mucin-2-like isoform X2 (93), coxsackievirus and adenovirus receptor homolog (92), secreted frizzled-related protein 2-like (85) and T-lymphoma invasion and metastasis-inducing protein 2 (96).


Table 2 | Top 20 differentially connected genes associated with amoebic gill disease (AGD) pathology in Atlantic salmon. Data for tissue of maximum expression, differential connectivity between naïve and AGD disease states, and mean expression are shown.




Table 3 | Selected genes expressed (fold change > 2; P < 0.05) in the gills from the zinc finger OZF-like gene regulatory network with potential activity in the host-parasite response to amoebic gill disease (AGD).





Neoparamoeba perurans Gene Candidates for Host-Parasite Interaction

To infer candidate genes for host-parasite interaction an initial de novo assembly was generated based on the non-host gill lesion data to produce a total of 833 N. perurans and endosymbiont candidate genes after curation using blastx (e-value <1 x 10-5) to annotate the genes, and species classification to remove host and commensal bacteria genes. The majority of annotated genes from amoeba species matches were represented by Acanthamoeba castellani, Dictyostelium discoideum, Neoparamoeba pemaquidensis, Naegleria gruberi and Tieghemostelium lacteum, while the kinetoplastid endosymbiont was represented by Perkinsela sp. CCAP 1560/4. Pathogenic protozoans were also retained as candidates for virulence and pathogenicity as knowledge of these factors in AGD pathogenesis is highly sought. The low number of transcripts generated by the de novo assembly suggests a low number of raw reads specific to N. perurans were generated during sequencing and may have hindered the assembly of a larger number of transcripts. Assembling gill lesion sequence data together with the in vitro cultured N. perurans floating data increased the number of amoeba species and kinetoplastid transcripts to 9,399 available for differential gene expression. Hierarchical clustering of the biological replicates using Spearman correlation from a comparison of the normalized gene expression for all samples against each other showed that the biological replicates associated with each condition were most similar (Supplementary Figure 4A).

Differential expression of N. perurans in the gill lesion biopsy compared to the in vitro cultured floating trophozoites was undertaken in three biological replicates (Supplementary Figure 4). A total of 375 annotated transcripts were significantly expressed DEG’s (fold change > 2; P < 0.05) and their genes are listed in Supplementary Table 11. Of these DEGs, 28 were expressed by the endosymbiont including two immune suppression genes, Yop effector YopM and cyclophilin. Two stress response genes were also identified chaperone protein DNAj and heat shock protein 70. The remainder were related to cellular processes. A short list of candidate N. perurans genes and their putative roles in host-parasite interaction are provided in Table 4. In brief, candidates for tissue invasion, host immune evasion, pathogenicity, virulence factors and their regulatory systems were identified. The de novo N. perurans transcriptome assembly revealed a further five gene candidates for host-parasite interaction and pathogenicity (Supplementary Table 12). These were extracellular Cu/Zn-superoxide dismutase for defense against the host response and environment (110). AprA, from a master regulatory pathway for virulence that also suppresses host defense (111). Two virulence factors, prokumamolisin activation domain containing protein and prohibitin (112, 113) and lastly a candidate gene export of virulence proteins, vacuolar sorting protein SNF7 (114).


Table 4 | Selected genes differentially expressed (fold change > 2; P < 0.05) in Neoparamoeba perurans in the pathogenesis of amoebic gill disease in Atlantic salmon.





Microbial Community Associated With AGD

Although the Illumina libraries used in this study were enriched for polyadenylated transcripts, a considerable number of bacterial reads were obtained and assembled, with functional annotations and taxonomic classifications from the NCBI database as described in the methods (Supplementary Table 13). An opportunistic assessment of bacterial species from these revealed a diverse abundance of many known marine-derived species in both the original N. perurans transcriptome and unmapped gill transcriptome. The relative proportions of each gene based on the transcript frequency (TPM) in the overall dataset were mapped for each bacterial candidate, overall demonstrating a high diversity of species. The most prevalent taxa based on standardized reads in this data are shown in Figure 4. Proportionally the taxa with higher read matrices in the original N. perurans transcriptome included Pseudomonas stutzeri, Halomonas halocynthiae, Rhodopseudomonas palustris and Adhaeribacter aquaticus, which are known marine bacterium (Figure 4A). The remaining top 10 most prevalent identifiable taxa have been identified in a number of aquatic environments, four are known to conform as a commensal species, while Legionella feeleii is a known pathogenic taxon. Interestingly, the Epulopiscium sp. has previously been identified as an intestinal endosymbiont taxon to surgeonfish Naso tonganus (115). The unmapped gill transcriptome data provided a similar story with the addition of naïve fish and AGD-affected data from gill biopsies, from distal to the lesion and the lesion (Supplementary Table 13). The majority of bacteria were detected in all sample types; however, the relative proportions were similar in the bacterial communities of the lesion and distal to the lesion transcripts of the AGD-affected fish compared to the naïve fish (Figure 4B). This is not surprising due to tank/environment effects that may have contributed to different microbial communities after 21 days in the flow through marine system. Known marine pathogenic bacteria were identified in the unmapped data set including Nocardia jejuensis and the Order Flavobacteriales, in addition to those previously mentioned. Interestingly, Nocardia was only identified in AGD-affected fish raising the question of whether it was present before, or after AGD appeared on the gill.




Figure 4 | Bar plot of the bacterial taxa identified from sequence reads. (A) Bacterial taxa identified in the unmapped Neoparamoeba perurans transcriptome. While the community diversity of 142 species was plotted to show visual diversity, only the top 12 candidates based on proportional reads (>1% TPM) are denoted in the legend. (B) Bacterial taxa identified in the unmapped Atlantic salmon gill transcriptome from naïve fish, biopsies distal to AGD lesions, and the AGD lesion data. The top 15 candidates based on proportional reads (>1% TPM) are denoted in the legend.





Model for Host-Parasite Interaction

A theoretical model for the host-parasite interaction in Atlantic salmon in response to AGD was inferred based on the data generated in this study and visualization in the KEGG pathways module for salmon, Salmon salar (sasa). The model generated from our data is shown in Figure 5 and a list of the genes and their isoforms in the model is provided in Supplementary Table 14. In the local host response to AGD, visualization of KEGG pathways revealed downregulated genes involved in antigen processing and presentation through MHCI/MHCII complexes, the phosphatidylinositol 3’-kinase (PI3K)-Akt signaling pathway and the NF-κβ signaling pathway. In contrast, upregulated genes mapped to the C-type lectin and Toll-like receptor pathways, and the wnt and NOD signaling pathways. KEGG pathway mapping of the systemic response in the head kidney and spleen revealed that the majority of upregulated genes (3,151 and 335, respectively) were involved in pathways for metabolism, focal adhesion, C-type lectins, calcium and toll-like receptor signaling and cellular integrity. However, to a lesser extent wnt signaling, bacterial and viral infection, and immune pathways were also well represented. Downregulated genes in the head kidney and spleen (597 and 221, respectively) mapped predominately to metabolism pathways, followed by a multitude of signaling pathways including calcium, foxO, insulin, MAPK, apelin, Erb8 and p53. Interestingly, the cytokine-cytokine receptor interaction pathway was equally represented by upregulated and downregulated genes in the spleen.




Figure 5 | A theoretical model for the host-parasite interaction between Neoparaomoeba perurans candidate genes and Atlantic salmon during the pathogenesis of amoebic gill disease (AGD). The pathway was generated from the differential gene expression and network analyses together with the key KEGG pathways mapped and visualized (sasa04310, sasa05168, sasa05132, hsa04151, hsa05146) for the host and the parasite. Pathogen invasion is facilitated by degradation of host mucus and epithelia. To maintain a pathogen friendly environment on the gill N. perurans releases factors to decrease ammonia and reactive oxygen species released by the host. Actin rearrangement of the pathogen and the host facilitates attachment. Virulence factors are modulated by the pathogen master two component PhoPQ virulence regulatory system. Downregulation of the host wnt, Ap-1 and PI3K/Akt signaling pathways supports pathogen immune evasion, proliferation, and survival. The Th1/17 cell differentiation pathway is upregulated inducing innate and adaptive immune responses in the host. NP signifies N. perurans genes, upregulated genes are green, downregulated brown, not differentially expressed are white, italicized genes were not identified in our dataset. CASP3, caspase-3; COL, collagen (various); cox2, cyclooxygenase 2; ctnnb1, β-catenin; FN, fibronectin; FOS, fos; FZD, frizzled; HAAF, hemagglutinin/amebocyte aggregation factor-like; HSPB1, heat shock protein beta-1-like; HVEM, tumor necrosis factor receptor superfamily; IFNGR1, interferon gamma receptor 1; il10, interleukin 10; IL10RB, interleukin-10 receptor subunit beta-like; IL12, interleukin-12; IL1R1, interleukin-1 receptor type 1-like; IL1β, interleukin-1 beta; IL6, interleukin-6; IL8, interleukin 8; ITGAM, integrin alpha-X-like; ITGB2, integrin beta-2; JUNB, junb; LAM, laminin; LIGHT, tumor necrosis factor ligand superfamily; mhci, major histocompatibility complex class I; MHCII, major histocompatibility complex class II; MUC2, mucin-2-like; NFκB1, nuclear factor NF-κ-β p105 subunit-like; NOS2, nitric oxide synthase 2; NpACA1, prokumamolisin activation domain containing protein; NpAPRA, AprA protease; NpCBP, cathepsin-B; NpHCP, hybrid cluster protein; NpMADS, MADS-box transcription factor; NpPHB, prohibitin; NpPhoPQ, PhoPQ-activated pathogenicity-related protein; NpSNF7, vacuolar sorting protein SNF7; NpSPP, signal peptide peptidase; NpV-ATPase, vacuolar proton ATPase; NpPAK, p-21 activated kinase; Nppka, protein kinase A; NpPKC, protein kinase C; pge2, prostaglandin E2; PI3K, phosphatidylinositol 3’-kinase; RELA, putative transcription factor p65 homolog; SFRP, secreted frizzled-related protein; TGFβ, transforming growth factor beta; TIGIT, T-cell immunoreceptor with Ig and ITIM domains; TLR2/4, toll-like receptor 2 and 4; tnfa, tumor necrosis factor alpha; WNT, protein Wnt; ZAP, zinc finger antiviral protein.



Visualization and mapping of the top 20 DCGs (Table 2) against the KEGG pathways revealed that the top two gill TFs (znfOZF-like, znf70-like) were antiviral proteins in the Herpes simplex virus 1 infection pathway (sasa05168). Further exploration of the znfOZF-like gene network (Figure 3) revealed 26 genes in the Herpes simplex virus 1 infection pathway suggesting a viral-like response may be initiated in response to parasite invasion in AGD. Lastly, a review of genes mapping to components of bacterial and parasite pathways including the Ap-1 and PI3K-Akt signaling pathway (hsa04151) in Salmonella infection (sasa05132), and the human Entamoeba histolytica amoebiasis pathway (hsa05146), provided insight to the proposed host-parasite model for AGD. The model identifies a theoretical pathway for the regulation of virulence in N. perurans, plausible methods for modulating the host environment to support parasite proliferation and evasion of the host immune response.




Discussion

In this study, a dual RNA-Seq approach together with differential gene expression, and system-wide analyses of TF networks was employed to present a theoretical model for the host-parasite interaction during pathogenesis of AGD in Atlantic salmon. A recent review by Marcos-Lopez and Rodger (116) discusses the host response to AGD in detail, therefore we will focus on key findings from our study that provide new insights into the host-parasite interaction, with a particular focus on the factors responsible for virulence, and evasion of the host immune response.


Candidate Pathways for Parasite Propagation and Attachment

Differential gene expression, gene networks and regulatory transcription factors in this study suggest a possible mechanism for N. perurans to evade detection and facilitate propagation on attachment to the gill of AGD-affected Atlantic salmon. The BP GO term ‘Wnt signaling pathway’ was enriched in the gill and the head kidney with downregulated genes including protein wnt-4a-, 5b- and 10a-like, and secreted frizzled related proteins 1-, 2- and 5-like. There are three wnt signaling pathways including the canonical or β-catenin-dependent pathway, and the non-canonical pathways, planar cell polarity and wnt/Ca2+ (calcium) each of which interact with a frizzled transmembrane receptor to promote paracrine or autocrine signaling (117, 118). This pathway is involved in cell cycle control, cytoskeleton reorganization during phagocytosis and cell migration, autophagy, apoptosis, and inflammation (85). The canonical and wnt/Ca2+ signaling pathways were enriched in all host differential expression and network analyses in this study. Both intracellular and extracellular bacteria have evolved to modulate and evade the host innate immune response through subversion of these wnt pathways. This may occur through activation or inhibition of the wnt pathway that results in immune suppression, induction of inflammation, disruption to epithelia and promotion or suppression of cellular proliferation depending on the pathogens intra- or extra-cellular location to the host (85).

In our study, the PhoP/Q system was identified as a candidate for the master regulator of virulence factors in N. perurans through blast similarity with the amoebozoa cellular slime mold, Cavenderia fasciculata (syn. Dictyostelium fasciculatum). This system has been reported to induce pathogenic factors implicated in Salmonella enterica invasion of intestinal epithelium through suppression of the wnt-signaling canonical pathway (119). N. perurans exhibits downregulation of PhoP/Q factors in the lesion, however this may be due to the late stage of the AGD lesion in our study of gill index 3.4. In contrast to the canonical pathway that is activated through multiple wnt proteins, the wnt/Ca2+ pathway is activated only through the binding of wnt5 to frizzled (sasa04310). We propose that the candidate genes for N. perurans virulence factors which are secreted effector proteins, secreted frizzled protein (NpSFRP) and the signal peptide peptidase (NpSPP), may bind to wnt5 subverting the pathway to promote proliferation and survival of N. perurans during invasion. The wnt signaling pathway also interacts with the Ap-1 signaling pathway to induce innate and adaptive immune responses. Likewise, viruses reported to hijack this pathway induce overexpression of the c-Jun and c-Fos proteins. These proteins make up the dimeric Ap-1 TF whose dysregulation promotes carcinogenesis and tumor progression in cancer (75). A multitude of genes identified in this study have been reported to be involved in carcinogenesis or tumorigenesis in cancer, suggesting that dysregulation and overexpression of genes is a common point of intersection with AGD in Atlantic salmon.



Gene Candidates for Host Pathogen Recognition and Sequestration in AGD

Investigation of the genes expressed in the gill identified several candidates for roles in host-parasite interaction (Table 3). Expression of hemagglutinin and amebocyte aggregation factor-like isoform X1 is a candidate gene for sequestration and aggregation of N. perurans into a lesion and agglutination of host blood (90). Pathogens released by the parasite may be recognized by the lectin-C pattern recognition receptor, macrophage mannose receptor 1-like which also stimulates interleukin-1β and the Th1/Th17 pro-inflammatory cytokine response (91). Interestingly, the Th1, Th2 and Th17 cell differentiation pathways reported to be associated with AGD through quantitative trait locus (QTL) and quantitative PCR analyses, were not markedly enriched pathways in our analysis (15, 120). Furthermore, the data were contradictory with previous studies, exhibiting upregulation of Th17 genes and downregulation of several other genes in the Th1, Th2 and Th17 cell differentiation pathways leading to their expression. The genes of the Th1/Th17 pathway identified however suggest that the pathogen may be recognized by a lectin-C pattern recognition receptor, macrophage mannose receptor 1-like or β-glucan receptor which stimulates the Th1/Th17 pro-inflammatory cytokine response (91). The contradictory Th1/Th17 data provides support for using system wide analyses to unravel the mechanisms behind complex disease states. In future studies, the concurrent use of multiple datasets (tissues, timepoints, backgrounds, pathogen strains) and types (transcriptome, methylation) in system wide analyses may prove to be invaluable in progressing our understanding of AGD.



Gene Candidates and Gene Networks in Host Defense Against AGD

The fish in this study had not been exposed to N. perurans, or commensal bacteria or viruses associated with AGD prior to participating in this study. Therefore, the adaptive immune system was not primed to recognize and respond to the specific pathogen/s associated with AGD, in the same manner that the immune system may respond on its second interaction with the disease following successful treatment. Valdenegro-Vega et al. (121) have previously reported that consecutive challenges with N. perurans resulted in elevated IgM gene expression at gill lesions occurring 31 days after infection. While the primary infection does not induce an IgM or IgT transcriptome response. This is suggestive of an inefficient adaptive immune response on first introduction to the N. perurans unrecognized pathogen. With this consideration, the transcriptome differential expression and regulatory transcription factor networks in our study indicate that the host induces the primary defense pathways for bacteria and virus defense at the first interaction with N. perurans (and any viruses or bacteria it may harbor) in AGD in naïve Atlantic salmon.

Gene network analysis is a system wide approach that is able to connect differential gene expression data from all tissues with their regulatory TFs. The gene co-expression network analyses in this study indicate that the TF znfOZF-like regulatory network is the most active in AGD, with five of the top 10 (106573105, 106578124, 106586175, 100136550, 106608858) upregulated DCGs contributing to this gene network (Tables 2 and 3). The znfOZF protein is a Kruppel type of nuclear zinc finger protein whose dysregulation has been implicated in tumor genesis in cancer (71, 122) suggesting its role in AGD is to prevent invasion and proliferation of N. perurans. We identified 26 genes in the Herpes simplex virus 1 pathway from the znfOZF-like regulatory network with a total of 18 genes coding for the anti-viral proteins (ZAP). Furthermore, all of the key regulatory TFs identified in the top 20 DCGs were also ZAP proteins. Each of the ZAP proteins is a zinc finger transcription factor (Supplementary Table 14). The Herpes simplex virus 1 pathway was also consistently identified in our local and systemic KEGG visualizations for the host differential expression data, suggesting a viral-like response may be initiated in response to parasite invasion in AGD. In contrast bacterial defense mechanisms are indicated by genes mapping to the KEGG Ap-1 and PI3K-Akt signaling pathways (hsa04151) in Salmonella infection (sasa05132). These pathways are also closely connected to the wnt signaling pathway, which we propose is a candidate host pathway for manipulation by N. perurans during AGD pathogenesis in our model for host-parasite interaction.

Other host defense mechanisms identified in the znfOZF-like regulatory network are cytolysin RTX-A-like and mucin-2-like isoform X2, which may protect the host cells against bacterial pore-forming toxins and production of an insoluble gel mucus barrier to protect cells against invasion, respectively (93, 94). Of the remaining TFs identified through the network analysis, one was upregulated in the spleen and two were downregulated in the head kidney. TOX high mobility group box family member 3-like (TOX3) in the spleen has been shown to inhibit the proliferation and migration of cancer cells by transcriptional regulation of SNAI1 and SNAI2 to prevent disruption of the epithelial cell layer (72). However, in the spleen TOX3 is a regulator of innate lymphoid cells in particular the pathogen primed CD8+ cytotoxic T lymphocytes suggesting its role in AGD is activation of the immune system (73). In contrast, the HMG box-containing protein 1-like is a regulator of key pathways including the PI3K/Akt and wnt pathways which are downregulated in cancer and hijacked by parasites in the host-parasite interaction during invasion as previously discussed (85, 86). The final key regulatory TF identified in the head kidney is protein disulfide isomerase family A, member 4 (PDIA4). According to KEGG pathway visualization PDIA4 is responsible for the loading of antigenic peptides into MHCI molecules in the endoplasmic reticulum for release at the site of the infection (Sasa04141).

The majority of DCGs associated with AGD exhibited similar activities to those induced by the TFs, acting as mediators of the immune response, or roles in cellular proliferation and invasion. Eight of the 12 gene networks were more expressed in gill tissue with two upregulated and three downregulated in response to AGD. Three have been implicated in invasion of tissue in cancer including Aurora kinase B-like, rho guanine nucleotide exchange factor 25-like, protein NDNF-like inhibited, however, their differential expression suggests a preventative role in this instance (69, 70, 88). Two other genes, svep1 sushi, von Willebrand factor type A EGF and pentraxin domain containing 1, and ceramide synthase 2-like are reported to suppress tumors (78, 83, 123). While muscle specific ring finger protein 1-like, an E3 ubiquitin-protein ligase has been reported to be involved in proteasome-mediated degradation (74) which may be involved in degrading proteins originating from N. perurans in host defense. The inflammatory response to AGD is potentially dampened by the downregulated inflammatory mediated gene networks connected to the gene CKLF-like MARVEL transmembrane domain-containing protein 4 which exhibits similar expression in lung cancer, and matrix Gla protein which has been implicated in chronic inflammatory diseases as well as lung cancer (80–82). Two of the identified regulatory gene networks are associated with tissue repair including insulin-like growth factor 2b and catalase-like (77). The latter is involved in the oxidative stress response and also regulates hydrogen peroxide metabolism (76). Interestingly, Trypanosoma cruzi has been reported to modulate the oxidative stress (FoxO signaling pathway) response to aid invasion of the host (79). Sustained production of reactive oxygen species (ROS) due to the T. cruzi infection coupled with an insufficient antioxidant response leads to long-term oxidative stress in the host. Furthermore, the integrin signaling-associated gene, T. cruzi cyr61, which is a homologue of cef10 in S. salar, is downregulated in the late stages of T. cruzi infection after infiltration of host tissue (79).



Gene Candidates in the Systemic Host Response to Late Stage AGD

The head kidney and spleen, while both lymphoid organs, have different roles in immunity (124). The approximate 9-fold increase in DEGs in the head kidney and spleen is consistent with the head kidneys dual roles in detoxification and the immune response (125). The head kidney responds indirectly to the external parasite through alteration of osmoregulation and excretion at the gill (125) in response to compromised gill physiology from the AGD lesion (5). It also has a direct immune response through the differentiation of leucocytes for general immunity (124). This reduced number of DEGs in the spleen compared to the head kidney reflects the spleens primary role to filter and maintain the red blood cell population in circulation (125), as there is not profuse bleeding at lesions on the gill.

The local host defense at the gill is supported by upregulation of genes coding for cathelicidin antimicrobial peptides and lysozyme C II in the spleen. These gene candidates have previously been identified in Atlantic salmon in response to AGD (14, 126, 127), as well as to the bacterial infection Yersinia ruckerii and the sea louse, Lepeophtheirus salmonis (14, 128, 129). In Atlantic salmon the C-type lectins have been reported to be upregulated during the first five days post infection in AGD (13, 29). While more recently, a glycan and lectin microarray study identified mannobiose and N-acetylgalactosamine as candidates for gill epithelium binding of N. perurans (130). Recombinant mannose-binding proteins have previously been reported to bind N. perurans and produce antibodies in the host (131). While N-acetylgalactosamine has also been reported to be involved in mucosal adherence for the pathogenic amoeba, Entamoeba histolytica (132). Gene candidates for the downregulation of immune BPs with GTPase activity, include the ras-GEF domain-containing family member 1B-B-like and T-cell lymphoma invasion and metastasis 2 which are induced in macrophages in response to Toll-like receptor agonists (133) and participate in proliferation and invasion of tumors (96), respectively. In the spleen the MAPK pathway molecular functions were downregulated suggesting the potential for prevention of resolution of inflammation and lesion suppression in response to N. perurans invasion (134).

The systemic innate immune response in the head kidney was down-regulated through the sphingosine 1-phosphate receptor 4-like receptor (135) and GPCR C3a anaphylatoxin chemotactic receptor-like which causes migration of eosinophils, mast cells and macrophages to the site of injury as part of the complement cascade (136). Several genes coding for GPCRs were downregulated in the systemic response in both the head kidney and spleen including probable CD97 antigen-like GPCR, G-protein coupled receptor 132, 2-oxoglutarate receptor 1-like, G-protein coupled receptor 124-like (wnt pathway), chemokine-like receptor 1, C-C chemokine receptor type 9 and C-X-C chemokine receptor type 4. The P2Y purinoceptor 13-like gene was also downregulated, which has been reported to regulate lung endothelial barrier integrity in humans (137). Multiple MF GO terms associated with DNA binding including binding for transcription and receptor activity in the spleen indicate an active innate inflammatory immune response through modulation of macrophages and hence cytokine activity and histamine release. While increased epithelial proliferation ostensibly at the gill surface is characterized by negative regulation of the delta-like protein 4 and protein jagged-2-like in the Notch signaling pathway in the spleen (138).

Interestingly while the systemic innate immune response shows activation through increased gene expression, the inflammatory response is decreased distal to the AGD lesion at the gill in an inflammatory gradient progressing away from the site of the lesion as indicated by the downregulation of a 5-hydroxytryptamine receptor 7-like, a serotonin receptor on the membranes of immune cells including dendrites, monocytes, macrophages, microglia and lymphocytes (139). Four extracellular and plasma membrane GO terms were enriched among downregulated genes associated with toxin sequestration, humoral immunity through B-cell homeostasis, and tumor invasion. These genes were saxiphilin-like, TNF receptor superfamily member 13B and matrix metalloproteinase-28-like respectively (140–142). Matrix metalloproteinases are also responsible for extracellular matrix degradation involved in tumor invasion and progression (143). A total of 18 metalloproteinases were identified in the enriched GO term ‘metallopeptidase activity’ which included stromelysin-3-like (144). Mucus production and wound healing metabolic processes are also upregulated in the gill, particularly transferases associated with glycoprotein production, a key component of mucus (145). Differential gene expression of mucins in AGD has previously been reported in proximity to gill lesions in AGD in Atlantic salmon (16). Active suppression of parasite invasion is also indicated through upregulation of G-protein coupled receptors including integrin-β-3 (146), and regulatory genes such as G-protein signaling 21-like (147) in the GPCR signaling pathway. Integrins mediate cellular adhesion processes and active immune cells and upregulation of these genes has been reported in AGD-affected Atlantic salmon (148). Collectively, the differential gene expression, KEGG pathway and network analyses show significant gene expression impacts on the host immune response and identified prospective key genes/regulators and pathways that may be modulated by N. perurans to promote AGD pathogenesis.



Parasite Invasion and Contact Dependent Cysteine Proteases

Pathogen tissue invasion may be facilitated through the secretion of proteins including toxins, adhesion molecules, effector proteins and enzymes (149) with pathogenicity inferred by both contact and non-contact mechanisms (150). Figure 5 suggests a model for host parasite interaction based on the differential expression and network analyses in this study where only contact mechanisms appear to be in effect. This includes proteins to facilitate the destruction of the mucus barrier, apoptosis of epithelial cells and re-arrangement of the host actin cytoskeleton to gain access to host tissue. In protozoan and sporozoite parasites cysteine proteases, such as cathepsin B identified in our study are critical for contact dependent host invasion through proteolysis of host extracellular matrix proteins and degradation of host immune proteins, including the amoeba genus Naegleria and E. histolytica (98, 150, 151). Cathepsin B expression in the parasite Giardia duodenalis, is induced by soluble host factors that deter attachment (105). However instead of deterring attachment the interaction results in upregulation of expression of Giardia duodenalis virulence factors, ultimately enabling parasite attachment in human gastroenteritis (105). The interaction between the host and N. perurans cathepsin B needs to be explored further, as it may provide an opportunity to develop alternative treatments for AGD. For example, in Trypanosoma and Toxoplasma sp., cathepsin B has been reported to be essential for survival due to cathepsins role in digesting tissue to provide essential nutrients from the host such as iron (152). Cathepsin B protease inhibition through RNAi, vaccination and chemotherapeutics are widely studied for the prevention of cathepsin B-mediated trematode tissue invasion (fluke) in livestock (153) and may provide a starting point for exploring novel AGD therapeutics. Likewise, tumor invasion in many human cancers is facilitated through over expression of cathepsin (154). A wide variety of cathepsin inhibitors have been developed and investigated in human cancers, however evidence suggests their action may be to potentiate other therapeutics in cancer treatment by facilitating membrane passage to induce apoptosis and necrosis of invading cells (154). Targeted therapeutic strategies that facilitate passage into N. perurans such as cathepsin mediated cell entry may assist in reducing the toxicity of alternative novel treatments to the host by reducing dosage.



Parasite Gene Candidates for Remodeling of Gill Epithelia During Attachment

Histopathology of gill tissue affected by AGD has been reported to show re-modeling of host tissue (5, 7, 155). This is characterized by hyperplasia of the lamellar epithelium, fusion of adjacent lamellae and formation of interlamellar lacunae or vesicles, hyperplasia, and hypertrophy of mucus cells. This results in increased production of gill mucus and proliferation of the lamellar epithelium (5). In the proposed host-parasite interaction model for AGD in Atlantic salmon, we suggest that re-modeling of the gill tissue may be similar to that observed for E. histolytica in amoebiasis in humans (hsa05146). In amoebiasis, E. histolytica facilitates actin rearrangement of the cytoskeleton through binding with host fibronectin (FN) which stimulates protein kinase C (PKC) or protein kinase A (PKA) pathways for rearrangement of actin in the amoebae cytoskeleton in preparation for attachment (156, 157). PKC and several actin and regulatory component genes were isolated in N. perurans (Supplementary Tables 12 and 14), however none were differentially expressed. Similarly, only some of the components necessary for lesion formation (vinculin, α-actinin, tropomyosin, and myosin I) in E. histolytica are present in our dataset (157).

Prokumamolisin was identified in our de novo assembly of unmapped reads through the transcript annotated as prokumamolisin activation domain containing protein which is an orthologue from Acanthamoeba castellanii (112). It is a sedolisin or serine-carboxyl peptidase, which is a proteolytic enzyme that has been reported to be secreted into extracellular space by the pathogenic amoebae Acanthamoeba castellanii, but not by non-pathogenic amoebae (112). Interestingly, prokumamolisin is the inactive form of kumamolisin that acts as a collagenase (158). This suggests prokumamolisin may function in re-modeling of the host epithelia during attachment in N. perurans. Entamoeba histolytica adhesion, migration and phagocytosis is controlled through engagement with a p-21 activated kinase (159) which was also upregulated in our dataset (NpPAK). Interestingly the host gene co-expression network may provide the answer to lesion formation through Atlantic salmon expression of a C-reactive protein, hemagglutinin/amebocyte aggregation factor-like (HAAF). In Limulus polyphemus HAAF induces aggregation of amoebae and binding through interaction with limunectin and an endotoxin binding protein (90). These then induce blood coagulation, complement and adhesion processes by the host to repair the tissue at the affected site.



Gene Candidates for Modulation of the Parasites Local Environment

In our study, we identified candidate genes that suggest the amoeba may defend itself against ROS production thereby circumventing this host defense mechanism. On attachment ubiquitination pathways and ROS detoxification are upregulated in Giardia duodenalis (105). Similar expression patterns are also observed in our study with downregulation of cathepsin B in the lesion and the upregulation of hybrid cluster protein (NpHCP). This host evasion mechanism has also been observed in Entamoeba histolytica during invasion of tissue in amoebiasis in humans (160). In parasites, proteosomes have roles in virulence, toxin production, differentiation, cell cycle, proliferation, and encystation during the invasion of host tissue (104, 161). The ubiquitin proteasome system is represented by the upregulated gene candidate Fbox domain containing protein. Other mechanisms by which amoeba may control their environment include altering the local pH by acidification of the gill tissue creating a safe niche for proliferation. This occurs through the release of protons by expression of a vacuolar H+-ATPase (NpV-ATPase) which has been observed in Leishmania promastigotes and Plasmodium falciparum parasites (102, 103). In AGD, acidification resulting from proton release is likely to benefit N. perurans by reducing ammonium toxicity as it is released from the gills (162) and may also assist in mucus degradation.



Parasite Pathogenicity Gene Candidates

Another form of contact-dependent invasion is observed in Naegleria sp., Acanthamoeba sp. and Entamoeba sp. where cytoplasmic extensions form a phagocytic amoebastome or food cup which enables pathogen actin genes to interact with host heat shock proteins in a pathogenic manner (150, 163). In N. perurans, an alternative theory to the amoebastome for interacting with the host heat shock protein (HPSB1) is the surface protein expressed in this study, prohibitin (NpPHB). This protein has been shown to bind to heat shock protein 70 (Hsp70) in the host-pathogen interaction between Leishmania donovani and macrophages in the human disease leishmaniasis (113). Prohibitin has been reported to increase infectivity by increasing protein surface density and binding to Hsp70 (134, 135). In parasites (and other protozoans) a switch in morphology is also reported to increase pathogenicity (164). To date, N. perurans has been reported to revert to pseudocyst morphology under stress, otherwise it maintains normal trophozoite morphology in in vitro cultured conditions (23). However, conformational changes in morphology may remain a plausible component of virulence for N. perurans in AGD but this theory needs to be explored further.



Gene Candidates for Virulence and Pathogenicity

AprA is a metalloprotease gene known to be a virulence factor in Pseudomonas entomophila however it is also able to suppress induction of host antimicrobial peptides (111, 165). The closest species blast match for NpAprA was Capsaspora owczarzaki, a unicellular amoeba protist rather than a bacterial species suggesting this is a candidate for N. perurans protection against the host immune response, and not a contaminant from the commensal bacteria. AprA expression is regulated by the GacS/GacA two component virulence system of P. entomophila and other species (111). This system is responsible for the production of multiple virulence factors including pore-forming toxins. In N. perurans, NpAprA expression may be regulated by the analogous two component PhoP/Q system (PhoPQ) which was detected in our dataset and is a master regulator of virulence in Salmonella enterica and Pectobacterium versatile (106). In Salmonella enterica, PhoPQ was acquired through lateral gene transfer (106). Both lateral and horizontal gene transfer have been reported between bacteria and eukaryotes including the amoeba, Acanthamoeba castellanii, as well as endosymbionts and their hosts (166–168). In N. perurans, the closest species blast match for NpPhoPQ was the amoebozoan cellular slime mold Cavenderia fasciculata (syn. Dictyostelium fasciculatum) providing support for the hypothesis that the PhoP/Q system is a candidate for master regulator of virulence in N. perurans. Several other gene candidates were identified with potential roles as pathogenic factors including the MADS-box transcription factor (NpMADS) with similarity to the amoebozoan cellular slime mold Tieghemostelium lacteum (syn. Dictyostelium lacteum). These TFs are highly conserved in eukaryotes and have a diversity of functional roles including pathogenicity (107, 108). The downregulation of NpMADS late in AGD in our study is consistent with this proposed gene candidate roles in AGD when virulent protein secretion may not be required. An endosomal sorting complex gene candidate, vacuolar sorting protein SNF7 (NpSNF7) was identified in the de novo lesion with blast match similarity to Acanthamoeba castellanii (114). This gene candidate is reported to export O-polysaccharides without secretion tags from the cytosol (114). The final virulence factor candidate is from the Rab family of GTPases, GTPase activator protein for Ras-like GTPase, which has been reported to regulate amoebapore virulence factors (160). These form pores in host cells to trigger cell death and degradation of the extracellular matrix. This facilitates host invasion whilst evading the subsequent immune response (160).



Do Commensal Bacteria Have a Role in AGD Pathogenicity?

The commensal bacteria associated with the lesion add another layer of complexity to the host-pathogen interaction in AGD (33). Bacterial taxa are ubiquitous throughout the marine aquaculture environment, including on the gill surface of salmon where the assemblage present plays a key role in health and physiological functions (169). As both the gill surface and N. perurans contain a rich community of microbiota, it is pertinent to examine the bacterial species, which may be implicated in AGD progression at the host-pathogen interface. Bacterial reads in the current study were opportunistically assessed for descriptive purposes, as bacterial mRNA is not polyadenylated at the 3’ end of the transcript, a typically necessary feature for successful reverse transcription for sequencing (47). Some consideration should be made to any possible bias of this sequencing chemistry, including potential for increased incidences of species with lower GC content.

A parallel in vivo investigation of the bacterial community present on AGD-affected gill tissue of salmon from the same cohort as the current study determined that a known pathogenic bacterium Tenacibaculum dicentrarchi was heavily abundant within the AGD lesioned tissue (33). Other field and lab-based AGD studies have demonstrated the significant presence of specific taxa, including the genus Psychroserpens (170), Winogradskyella and Staphylococcus (171) implicated in AGD development or linked to the presence of AGD. The Genus Legionella is a known pathogenic clade in mammalian systems. Most prominently the species Legionella feeleii has been shown to harbor intracellularly within amoebae cells (172). It is possible this species may have been present in concert with the AGD causing N. perurans trophozoites, but this requires further substantiation. Pseudomonas stutzeri is a functional denitrifying taxon present in both aquatic and terrestrial soils and sediments (173), and was a dominant taxon taken from the bacterial read data. The functional purpose of denitrifying taxa suits colonization on the surface of teleost fish gills due to the constant secretion of nitrogenous waste products over the gill epithelium (174). The higher proportion of annotated genes based on TPM for P. stutzeri may alternatively reflect microbial dysbiosis at the gill lesion (Supplementary Table 13).

A proportion of identified bacterium were of marine origin, meaning that there is relevance in assessing the species sequenced and their function. The majority of bacterial taxa identified in the gill lesion N. perurans transcriptome were also in the unmapped gill transcriptome. However, several new taxa were identified after addition of naïve and distal to the lesion biopsy raw reads to the lesion transcriptome assembly. Most notably, Nocardia jejuensis only found in AGD-affected fish which is a novel Nocardia species from South Korea with 97.4% similarity to Nocardia salmonicida (175). Nocardia infections are generally thought to be opportunistic, however other species from the Genus including Nocardia seriolae, the causal agent of nocardiosis is known to cause gill nodules together with other clinical disease symptoms in yellowtail and amberjack aquaculture (176). In Atlantic salmon Nocardia asteroides has been isolated from skin lesions in tank reared animals (177). The Flavobacteriales Order contains multiple marine pathogenic bacteria including Fleixbacter and Tenacibaculum (178). The relatively even proportion of this bacterium identified across AGD-affected and naïve fish suggests that these species are part of the normal microbiota and not related specifically to the occurrence of AGD in this study. It is important to note that Genus level identifications may be more relevant than species in the unmapped transcriptome due to the low coverage of contigs greater than 500 bp.

The detection of Halomonas halocynthiae is also pertinent as an exclusive marine inhabiting species, which has been isolated from the gill surface of other marine organisms (179). This genus has also been identified in concert with in vitro cultured N. perurans in amplicon sequencing studies (26). Similarly, Adhaeribacter aquaticus is another species typically associated with aquatic biofilm environments and is likely present in this dataset as a commensal taxon. Another species commonly associated with aquatic bioreactor communities is Leptospirillum ferriphilum, which was identified on the gill (180). This iron-oxidizing species may be a functional commensal taxon utilizing available resources within the cellular respiration and oxygen transfer mechanisms of the gill. The assessment of bacterial reads in the current study has identified several taxa which may play functional roles either on the gill surface, or during AGD pathogenesis. Whether the severity of N. perurans as the primary pathogen responsible for AGD is altered by specific commensal bacteria remains to be determined as future studies examine the interaction between the host, the bacteria and N. perurans in AGD.

In our study we characterized the molecular events 21 days post-AGD induction in the host and parasite to identify gene candidates to propose a model for host-parasite interaction during pathogenesis of AGD in Atlantic salmon. In N. perurans multiple gene candidates are upregulated that are indicators for virulence and regulation of virulence in other species. A comparison of the gene networks between diseases states (AGD v non-AGD) in host tissue indicates that genes expressed in the wnt-pathway are negatively impacted during AGD as observed in disease states in other species where tissue invasion is a factor. Genes candidates associated with evasion of host defense mechanisms and formation of the mucoid lesion were upregulated. This study also presents the first transcriptomic study of the causative agent for AGD, N. perurans providing a new resource to contribute to better understanding of the parasite. These gene candidates, networks and pathways may be explored further to develop new hypotheses for future AGD research, and may lead to new therapeutics for AGD in the future.
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Supplementary Table 1 | Illumina sequencing statistics. Data yield, number of obtained raw paired-end reads, number of mapped fragments for each RNA-Seq library [Excel table].


Supplementary Table 2 | Top differentially expressed genes (-log10FDR > 5) in the gill. (A) Gill lesion (L) of an AGD-affected fish compared to a gill biopsy in a naïve (C) Atlantic salmon. (B) Gill lesion biopsy compared to a biopsy distal (D) to the lesion of an AGDaffected fish. (C) Gill biopsy distal to the lesion of an AGD-affected fish compared to a gill biopsy in a naïve Atlantic salmon. [Excel table]


Supplementary Table 3 | Enriched gene ontology (GO) terms for the local response to AGD at the gills of Atlantic salmon at the lesion, distal to the lesion and in naïve fish. [Excel table]


Supplementary Table 4 | Top differentially expressed genes (-log10FDR > 5) in the head kidney of an AGD-affected fish (A) compared to a naïve (C) Atlantic salmon. [Excel table].


Supplementary Table 5 | Top differentially expressed genes (-log10FDR > 5) in the spleen of an AGD-affected fish (A) compared to a naïve (C) Atlantic salmon. [Excel table].


Supplementary Table 6 | Enriched gene ontology (fold change > 2; P < 0.05) for the systemic response to amoebic gill disease in the head kidney of Atlantic salmon affected by AGD in contrast to naïve fish. [Excel table].


Supplementary Table 7 | Enriched gene ontology (fold change > 2; P < 0.05) for the systemic response to amoebic gill disease in the spleen of Atlantic salmon affected by AGD in contrast to naïve fish. [Excel table].


Supplementary Table 8 | Key transcription factors (TFs) and their regulatory impact factor (RIF) score in amoebic gill disease in Atlantic salmon. [Excel table].


Supplementary Table 9 | Differential expression of host transcription factors (TFs) (fold change > 2; P < 0.05) in response to amoebic gill disease pathology in Atlantic salmon. [Excel table].


Supplementary Table 10 | Differential expression of genes and transcription factors (TFs) (fold change > 2; P < 0.05) in the zinc finger OZF-like gene network. [Excel table].


Supplementary Table 11 | Differential expression of Neoparamoeba perurans genes (fold change < 2; P < 0.05) in the lesion of an amoebic gill disease affected fish in comparison to cultured trophozoites. [Excel table].


Supplementary Table 12 | Neoparamoeba perurans genes identified in the de novo assembly of the unmapped Atlantic salmon amoebic gill disease lesion data. [Excel table].


Supplementary Table 13 | Bacterial species and their genes identified in the unmapped Atlantic salmon amoebic gill disease data. [Excel table].


Supplementary Table 14 | Genes identified in the host-parasite response to amoebic gill disease in Atlantic salmon (host) and Neoparamoeba perurans (pathogen). The model is shown in Figure 4. [Excel table].

Supplementary Figure S1 | Differential gene expression in the gills in response to amoebic gill disease. (A) Level of agreement among the biological replicates of a naïve (n=4; red, CG), AGD-affected tissue distal to the AGD lesion (n=4; green, DG), and a lesion on a gill affected by AGD (n=3; blue, LG). The heat map shows the hierarchically clustered Spearmancorrelations resulting from comparing normalized expression for all gill samples against each other. Sample clustering indicates the consistency between the biological replicates. (B–D) Volcano plots of differentially expressed genes in the gill, highlighting genes with a minimum 2-fold change in expression and false discovery rate greater than five comparing AGD lesion to a naïve fish (B); the lesion compared to the region distal to the lesion of an AGD-affected fish (C); and the region distal to the lesion of an AGD-affected fish compared to a naïve fish (D). [word doc]


Supplementary Figure S2 | Differential gene expression in the head kidney and spleen in response to amoebic gill disease. Level of agreement among the head kidney (HK) (A) and spleen (SP) (B) biological replicates of a naïve (n=4; C; red) and an AGD-affected Atlantic salmon (n=4; A; blue). The heat map shows the hierarchically clustered Spearman correlations resulting from comparing normalized expression for HK or SP samples against each other. Sample clustering indicates consistency between biological replicates. Volcano plots of differentially expressed genes in the HK (C) and SP (D), highlighting genes with a minimum 2-fold change in expression and false discovery rate greater than five comparing AGD lesion to a naïve fish. [word doc]


Supplementary Figure S3 | Enriched gene ontology (GO) terms (hypergeometric test, Bonferroni-adjusted P < 0.05) among the upregulated (A) and downregulated (B) differentially expressed genes in the biopsy distal to the lesion. The majority of the upregulated enriched terms are related to host and immune response and downregulated to organism developmental processes. [word doc]

Supplementary Figure S4 | Differential gene expression in Neoparamoeba perurans in the lesion of amoebic gill disease in Atlantic salmon compared to cultured N. perurans trophozoites. (A) Heat map shows hierarchical clustering of differentially expressed genes (rows) with differential expression among replicates from a gill biopsy of the lesion (LES) and cultured trophozoites (CUL) from N. perurans. Expression values are log2-transformed and median-centered by gene. (B) Volcano plot of differentially expressed genes in the gill biopsy lesion, highlighting genes with a minimum 2-fold change in expression (P < 0.05) compared to in vitro cultured N. perurans trophozoites. [word doc]
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Salmon Gill Poxvirus Disease (SGPVD) has emerged as a cause of acute mortality in Atlantic salmon (Salmo salar L.) presmolts in Norwegian aquaculture. The clinical phase of the disease is associated with apoptotic cell death in the gill epithelium causing acute respiratory distress, followed by proliferative changes in the regenerating gill in the period after the disease outbreak. In an experimental SGPV challenge trial published in 2020, acute disease was only seen in fish injected with hydrocortisone 24 h prior to infection. SGPV-mediated mortality in the hydrocortisone-injected group was associated with more extensive gill pathology and higher SGPV levels compared to the group infected with SGPV only. In this study based on the same trial, SGPV gene expression and the innate and adaptive antiviral immune response was monitored in gills and spleen in the presence and absence of hydrocortisone. Whereas most SGPV genes were induced from day 3 along with the interferon-regulated innate immune response in gills, the putative SGPV virulence genes of the B22R family were expressed already one day after SGPV exposure, indicating a potential role as early markers of SGPV infection. In gills of the hydrocortisone-injected fish infected with SGPV, MX expression was delayed until day 10, and then expression skyrocketed along with the viral peak, gill pathology and mortality occurring from day 14. A similar expression pattern was observed for Interferon gamma (IFNγ) and granzyme A (GzmA) in the gills, indicating a role of acute cytotoxic cell activity in SGPVD. Duplex in situ hybridization demonstrated effects of hydrocortisone on the number and localization of GzmA-containing cells, and colocalization with SGPV infected cells in the gill. SGPV was generally not detected in spleen, and gill infection did not induce any corresponding systemic immune activity in the absence of stress hormone injection. However, in fish injected with hydrocortisone, IFNγ and GzmA gene expression was induced in spleen in the days prior to acute mortality. These data indicate that suppressed mucosal immune response in the gills and the late triggered systemic immune response in the spleen following hormonal stress induction may be the key to the onset of clinical SGPVD.
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Introduction

The Salmon gill poxvirus (SGPV) can cause salmon gill poxvirus disease (SGPVD), often associated with acute, high mortalities in Atlantic salmon (Salmo salar L.) presmolts. This disease was first observed in 1995 at a Norwegian salmon hatchery (1), but was not shown to be associated with a virus until 2008, when viral particles were detected using transmission electron microscopy by Nylund et al. (2). In 2015 the full SGPV genome sequence was published by Gjessing et al. (1). SGPV has since then been detected in several salmon producing countries in Northern Europe, including Norway, Scotland and the Faroe Islands (3–5). SGPV have been associated with gill disease in farmed Atlantic salmon both at the freshwater presmolt stage and at the grow-out stage in the sea, although often in combination with multiple coinfecting agents in the sea (2). The most important clinical feature of SGPVD is its impact on the A. salmon respiratory system. Apoptotic gill epithelial cells detach during the acute phase of the infection, destroying large parts of the respiratory surface of the gills (1, 6). In the regenerating phase, epithelial cell hyperplasia leads to a thickened and less functional respiratory surface. Salmon infected with SGPV usually have no obvious pathology in other organs based on autopsy and histology (6), apart from accumulation of red blood cells in the spleen, a finding not yet clearly associated with SGPVD (6, 7).

Poxviruses represent a family of large enveloped DNA viruses with a double stranded linear genome, and can cause disease in several animal species, including mammals, birds, reptiles and fish (1). The virus family divides into two subfamilies; chordopoxvirus (ChPV) and entomopoxvirus (EnPV) which have vertebrates and insects as hosts, respectively (8). Phylogenetic analyses show that SGPV belongs to the family ChPV (1). SPGV is measured to a size of 360 x 270 x 250 nm (6) with a genome of more than 240 kb, putatively encoding 210 proteins (1). Many of the SGPV genes are homologous to other Chordopoxviruses, such as the genes that enable the virus to replicate and form viral envelopes. On the other hand, SGPV has several novel genes not found in other Chordopoxviruses, and as of today the function of these proteins are unknown (1).

One of the most severe human diseases, Smallpox, was caused by an orthopoxvirus named variola virus (VARV) (9). Smallpox disease is now eradicated through vaccination, and the initial “live” vaccine against VARV was the low pathogenic Vaccinia virus (VACV) (10), now a widely researched and often used model for other poxviruses. In 2011, Yang et al. published a genome-wide transcription map of early-, intermediate-, and late VACV genes (11), where many of the genes show high similarity to the SGPV genome (12). In SGPV, three genes (SGPV154, SPGV159 and SGPV162) are homologous to a putative virulence protein from the Variola virus, called B22R (1), and are here renamed to SGPV B22R1, B22R2 and B22R3, respectively. The B22R genes are of particular interest when it comes to viral pathogenesis and interactions between the virus and the host immune system (1). Alzhanova et al. have shown that poxviruses with B22R encoding genes are associated with suppressed T-cell responses, and this ability to suppress T-cell activity might be directly related to virulence (13). SGPV B22R1 has about the same length as the homologues in other poxviruses, while B22R2 and B22R3 are shorter, suggesting that these two genes have been truncated during the evolution of SGPV, and may have evolved by duplication events (1).

The mucosal immune system in the gills is characterized by several humoral and cellular immune mechanisms that interplay to protect the tissue from infection (14). Upon infection, both local populations of immune cells, including mucosal “innate” T-cells and IgT + B cells, as well as immune cells recruited through blood from specialized immune organs can help eradicate the infection (15). The host response to SGPV infection is only vaguely understood, and due to the many virus encoded genes, there are many putative host interaction mechanisms (1, 16). Like in mammals, viral infection in Atlantic salmon trigger the interferon system, leading to the secondary expression of a range of interferon response genes including myxovirus resistance gene (MX1) and interferon stimulated gene (ISG15), which are involved in inhibiting virus replication (17–19). Interferon regulated genes are previously shown to be strongly induced in gills from salmon in a natural SGPVD outbreak (7). Type 2 interferons like IFNγ are among others responsible for activating the cellular cytotoxic response in innate natural killer cells (NK cells) and adaptive CD8 + T cells (20), and are shown to be induced in SGPV-infected gills (7).

SGPV infection can turn out differently with regards to clinical manifestation and mortality. In the field, SGPV infection can vary from subclinical cases with low virus load to acute infection causing outbreaks with mortality up to 70% in severe cases (6). In the aquaculture industry, stress is one of the main factors that makes farmed fish more prone to disease (21). Chronic stress associated with high cortisol can be harmful to the fish, as it can have suppressive effects on immune responses to infection (22). Cortisol is a chronic stress hormone that can inhibit the immune system by preventing leukocyte migration to the local infection site and lead to a general reduction in the circulation of leukocytes and lymphocytes (23).

In a previously published experimental infection trial (24), we reported that fish exposed to SGPV developed mild gill pathology, but no mortality, whereas gross SGPVD with mortality was only seen when fish were injected with hydrocortisone prior to infection. Stress-induced suppression of the immune system was in that publication suggested as a potential reason for SGPVD development (24). Here, we explored the expression of SGPV genes and antiviral response genes in Atlantic salmon gills along the experimental infection course from the same trial (24), using RT-qPCR and RNAscope in situ hybridization. We identified putative SGPV virulence genes expressed early after infection, and compared immune responses in gills and spleen from infected fish groups with or without hydrocortisone injection.



Materials and Methods


Experimental SGPV Challenge Trial and Sampling

The samples used for analyses in this study originated from a previously published infection trial of SGPV in Atlantic salmon (24). Briefly, Atlantic salmon (n=220; average body weight 50 g) were divided into 4 groups and were allocated into 4 different tanks (55/each). Fish in two groups were exposed (E) to SGPV by cohabitating 55 naive fish (average weight 50g) with 10 fresh killed SGPV-infected fish (average weight 150g, average gill SGPV Ct level of 21,3) for 24 hours. The SGPV infected dead fish used for challenge originated from an ongoing hatchery outbreak in Northern Norway). Fish in the other two groups were left as uninfected negative controls (C). To study effects of cortisol stress on salmon susceptibility to SGPV, one exposed group and one control group had been injected intraperitoneally with hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA) (H) in a depot matrix 24 hours prior to virus exposure. Fish in the other exposed and control groups had received a sham injection (S) of the depot matrix without hydrocortisone. The experiment lasted for 28 days, and gills and spleen samples (n=5) were collected from fish in all experimental groups at 1, 3, 7, 10, 14, 15, 21 and 28 days post exposure (dpe). The same tissue was divided and stored in RNAlater (Qiagen Inc., Valencia, CA, USA) for qPCR and RT-qPCR analysis, and in formalin for in situ hybridization. More detailed information on the trial is given in Table 1 and Thoen et al., 2020 (24).


Table 1 | A summary of trial information derived from (24). The trial lasted for 28 days after SGPV infection. Hydrocortisone injection was given 24 hours earlier (day -1). Dpe; Days post exposure.





RNA Extraction and cDNA Synthesis

Total RNA was extracted from spleen and gills using RNeasy Mini kit (Qiagen) according to the manufacturer’s protocol, with minor modifications in the case of gills. Gill tissue (10-20 mg) was lysed in 500 μl of QIAzol (Qiagen) and homogenized using 5 mm steal beads with TissueLyser II (Qiagen) at 24.7 Hz for 2 x 5 minutes. After homogenization 100 μl of chloroform (VWR, Radnor, PA, USA) was added to each sample followed by centrifugation at 4°C and 11 300 rpm for 15 minutes. The upper aqueous phase was transferred to a new tube and mixed with one volume of 70% ethanol. The rest of the isolation procedure was performed according to the manufacturer’s protocol. After RNA extraction, RNase Out (Life technologies, Carlsbad, CA, USA) was added each sample. Finally, NanoDrop™ 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA.) was used to estimate purity and yield of RNA, and samples were stored at -80°C. Reverse transcription to synthesize cDNA was performed using 1 µg RNA input in a 20 μL reaction volume, using the QuantiTect Reverse Transcription kit (Qiagen) with gDNA elimination following the manufacturer’s instructions. After synthesis, the cDNA was diluted (1:20) to prepare working stock, using Nuclease-free free water. The diluted and the original samples were stored at -20°C until further use.



Gene Expression Analysis

We used RT-qPCR to analyze the expression of SGPV genes in gills (B22R1, B22R2, B22R3, D12L, A1L, A2L, A7L, A28L, F9L, G1L), and the Atlantic salmon genes MX1, ISG15 (gills), CD8α, CD4, IFNγ and GzmA (in gills and spleen) in fish collected from the four experimental groups (C.S, C.H, E.S, and E.H), at 1, 3, 7, 10, 14, 15, 21 and 28 dpe. The A. salmon elongation factor 1α (EF1α) gene was used as a housekeeping gene. Primer information is given in Supplementary Table 1. The amplicon length for each RT-qPCR product was controlled using 2100 Bioanalyzer with DNA 1000 kit (Agilent Technologies, Santa Clara, CA.USA), shown in Supplementary Image 1.

The RT-qPCR was performed using CFX384 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Germany). Each sample was analyzed in duplicate, using a total reaction volume of 10 µL per well (5 ng cDNA, primers at 10 µM, 2 µL nuclease-free water and 5 µL of 2 x SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad Laboratories)master mix). No-template control (H2O) and no reverse transcriptase control (NRT) were included on each plate as negative controls.

The following thermocycling conditions were used: initial denaturation (30 s at 95°C) followed by 40 cycles of denaturation (15 s at 95°C) and annealing/extension (30 s at 60°C). A melting curve was made by measuring the fluorescence during a temperature range of (55-95°C) to confirm the specificity of the final amplicon in each reaction. Quantification cycles (Cq) for every reaction was measured and RT-qPCR data were analyzed using the CFX Manager software version 3.1.1621.0826 (Bio-Rad Laboratories). All gene expression values were then normalized to Ef1α values, resulting in -ΔCt values (Ct target genes – Ct EF1α). Raw data for all RT-qPCR runs are given in Supplementary Table 2 (SGPV genes), Supplementary Table 3 (Salmon genes gill) and Supplementary Table 4 (Salmon genes spleen). Variation in Ef1α levels in gill and spleen samples is shown in Supplementary Image 2. Samples with EF1a Ct values > 1,5 Ct difference from sample set mean) were removed from the data set.



DNA Extraction and qPCR for SGVP

DNA was extracted from gills using QIAcube and QIAamp DNA mini kit (Qiagen) as described Thoen et al., 2020 (24). DNA from gills was analyzed using qPCR (probe assay) from both E.S and E.H group at 1, 3, 7, 10, 14, 15, 21 and 28 dpe, and the same assay was used to analyze cDNA from spleen from both E.S and E.H group at 14 dpe. Each sample was analyzed in duplicate, using a total reaction volume of 10 µl per well (50 ng DNA, primers and probe at 10 µM, MgCl2 at 50 mM, 1,6 µl nuclease-free water and 5 µl UDG platinum supermix (Thermo Scientific)). The following thermocycling conditions were used: UDG incubation (2 min at 50°C), UDG inactivation (15 min at 95°C) followed by 94 °C/15 s, 55 °C/30 s and 72 °C/15 s.



In Situ Hybridization

In the current study, both the single-plex and duplex variants of RNAscope protocol was used. RNAscope® 2.5 HD Singleplex Red Chromogenic Reagent Kit (Advanced Cell Diagnostics Inc. Newark, CA, USA) was used for the detection of SGPV-B22R1 and D13L transcripts in Atlantic salmon gills at early time points after virus exposure. For this purpose, serial sections from fish gills in the E.S group at 1 dpe (n=3), positive control at 3 dpe, plus uninfected negative control were prepared for probe hybridization as previously described by Thoen et al. (24). Briefly, the slides were deparaffinized, rehydrated, and endogenous peroxidase was blocked using hydrogen peroxide. The sections were then boiled in target retrieval buffer for 15 min and incubated with protease at 40°C for 15 min. The sections were hybridized with probes (Supplementary Table 1) targeting B22R1 and D13L genes of SGPV with the same amount of probe used for each section. Fast Red chromogenic substrate was used to visualize the signal.

RNAscope® 2.5 HD Duplex Detection Chromogenic kit (Advanced Cell Diagnostics) was used for simultaneous detection of SGPV-D13L and salmon GzmA in Atlantic salmon gills from all groups at 7 dpe (n(E.S)= 3, n(E.H)= 3, n(C.S)= 1, n(C.H)= 1) along with one section from the E.S group and the E.H group at 14 dpe. Spleen sections included were from 14 dpe (n(E.S)= 3, n(E.H)= 3, n(C.S)= 1, n(C.H)= 1). Slides were prepared for probe hybridization as in the single-plex assay. After that, probes targeting SGPV-D13L, and Atlantic salmon GzmA (Supplementary Table 1) were combined and hybridized to the prepared sections. Amplification (Amp1 - Amp10), and washing steps were completed according to the manufacturers’ protocol. Signals were developed using red substrate for GzmA and green substrate for SGPV (D13L). All slides were counterstained for 30 seconds using Mayer’s hematoxylin (Chemi Teknik, Oslo, Norway) diluted 1:1 in distilled water, and mounted with VectaMount (Vector Labs, Burlingame, CA). An overview of all sections used for both single-plex and duplex-assays are listed in Supplementary Table 5.



Statistics

The RT-qPCR data were analyzed in Graphpad Prism 8.0.2. Ct values from A salmon gene expression were normalized to Ct levels of EF1α, and relative gene expression was calculated using the 2-ΔΔCt method. Statistically significant differences between groups at the time points of focus for our analyses, were calculated using a two-tailed non-parametric Mann-Whitney test. P-values are given in the figures in question, and between additional groups in Supplementary Table 6.

Spearman’s rank correlation (Spearman r) was used to calculate correlation between expression of MX1 and amount of virus (DNA) in gill tissue.




Results

This study is based on a previously published experimental SGPV infection trial (24). Table 1 summarizes the background data for the study groups. We here focus on the factors underlying the mortality difference associated with SGPV- infected groups with or without hydrocortisone injection (E.S and E.H groups)


Gene Expression of SGPV B22R Represents an Early Marker for SGPV Infection

In the previous report on this infection trial (24), replication of SGPV was analyzed in gills using a qPCR assay targeting the D13L gene sequence in the SGPV DNA genome (1). The gene expression pattern of individual SGPV genes had not been studied previously, and RT-qPCR was performed to investigate the expression of SGPV genes that were predicted to belong to early poxviral genes (B22R1, B22R2, B22R3, D12L), intermediate genes (A1L, A2L), and late genes (A7L, A28L, F9L, G1L), based on previous reports from research on the Vaccinia poxvirus (11). Gills from salmon in both infected groups, E.S, and E.H, were investigated (Figure 1, Supplementary Table 2). The expression of the selected SGPV genes ​​followed a similar trend throughout the experimental trial in both the E.S and E.H groups, although with higher expression in the E.H. group (e.g. at 14 dpe for the B22R1 gene: Median in the E.H group: Ct 20,2 +/- 1,4, Median in the E.S group: Ct 26,9 +/- 14,4) (Figures 1A-C). These group differences are in line with differences in SGPV levels based on qPCR targeting the genome (24). All three B22R genes, predicted for early expression, showed higher expression/lower Ct values at day 1 compared to all other SGPV genes (Figures 1B-D), with somewhat higher median expression levels in the E.H. group (Median: B22R1; Ct 31,7 [+/- 8,8], B22R2; Ct 32,1 [+/- 8,7], B22R3; Ct 30,8 [+/- 10,5]), compared to the E.S. group (Median: B22R1; Ct 33,4 [+/- 9,7], B22R2; 33,9 [+/- 7,8, B22R3; Ct - 32,2 [+/- 11,1]).




Figure 1 | Expression of SGPV genes predicted as early-, intermediate- and late based on the Vaccinia virus (11). Each dot represents data from one individual salmon and the solid line represents the median value for each group. Predicted early genes are marked in blue, predicted intermediate genes in green and predicted late genes in red. (A) Expression of SGPV genes for the E.S group from day 1 to day 28 in the experimental trial. (B) Highlight from day 1 post-exposure for the E.S group. (C) Expression of SGPV genes for the E.H group from day 1 to day 14 in the experimental trial. (D) Highlight from day 1 post-exposure for the E.H group. E.S, SGPV-exposed sham injected group; E.H, SGPV-exposed hydrocortisone-injected group.



In situ hybridization using probes targeting SGPV B22R1 and D13L was performed on selected paraffin-embedded gills from the E.S group at 1dpe (N=3 in each group). As controls, two selected paraffin-embedded gills from E.S. group at 3 dpe were also analyzed. Parallel sections from each gill were stained with the B22R1 probe and the D13L probe, respectively. Images of all sections analyzed are included in Supplementary Image 3. Positive staining were counted in the whole gill sections from 1 dpe (Figures 2A, B), and quantified for comparison between B22R1 and D13L staining (Figure 2C). At 1 day post exposure, epithelial cells appeared with normal morphology, and significantly more epithelial cells stained for B22R1 RNA compared to D13L RNA at this time point (Figures 2D, E and Supplementary Image 3). At 3 dpe, however, staining for both B22R1 and D13L transcripts were revealed in the same location (Figures 2F, G and Supplementary Image 3).




Figure 2 | Singleplex in situ hybridization (RNAscope) showing detection of SGPV B22R1 and D13L transcripts in gills from Atlantic salmon at 1 and 3 days after exposure to SGPV (dpe). Whole gill serial sections from 1 dpe (n=3) were scanned for staining of B22R1 and D13L RNA, as marked (A, B), revealing significant differences in detection of SGPV-positive cells (C). Images of the SGPV-exposed sham injected (E.S) group from 1 dpe stained with B22R1 probe (D) and D13L probe (E). Serial section from the E.S group from 3 dpe stained with B22R1 probe (F) and D13L probe (G).





Antiviral Immune Genes Are Upregulated in Gills Infected With SGPV

Expression of the IFN regulated innate antiviral genes MX1 and ISG15 were analyzed by RT-qPCR in gills from fish in all experimental groups (Figure 3, Supplementary Tables 3 and 6). The innate antiviral immune response was monitored in gills only since SGPV were not detected in blood, and only detected at low levels in spleen and head kidney in some individuals (24).




Figure 3 | Gene expression of Mx1 and ISG15 in gills from Atlantic salmon from the experimental trial. Each dot represents data from one individual salmon and the solid line represents the median value for each group. The significant differences are calculated between the two infected groups. (A) Gene expression of MX1 for all groups from day 1 to day 28 in the experimental trial. (A-insert) Significant differences between gene expression of MX1 in the two infected groups at 3 dpe. (B) Gene expression of ISG15 for all groups from day 1 to day 28 in the experimental trial. (C) Ct correlation of MX1 and SGPV DNA (D13L) in the E.S group. (D) Ct correlation of MX1 and SGPV DNA (D13L) in the E.H group. *P < 0.05, **P < 0.01, *** P < 0.001. C.S, Uninfected control sham injected group; C.H, Uninfected control hydrocortisone-injected group; E.S, SGPV-exposed sham injected group; E.H, SGPV-exposed hydrocortisone-injected group.



MX1 expression was induced from 3 dpe in response to SGPV infection and stayed elevated throughout the experimental period (Figure 3A). The MX1 transcript level in the E.H group was significantly lower at day 3 (p = 0.0079) (Figure 3A insert) compared to the E.S. group, and was not induced until day 10 post exposure, and then strongly upregulated along with the viral peak. For both E.H and E.S groups, there is a statistically significant correlation between the expression of MX1 and load of SGPV based on SGPV genome detection with qPCR (Figures 3C, D).

Gene expression of ISG15 follow the same trend as MX1 with a gradual upregulation of the gene for the E.H and E.S groups, up to the viral peak at 14 dpe (Figure 3B). However, there were no significant differences in ISG15 levels between the exposed groups prior to day 14. The gene expression in the two control groups remained stably low throughout the course for both MX1 and ISG15.



Effect of Hydrocortisone on CD4 and CD8 Gene Expression in Gill and Spleen

The T cell marker transcripts CD4 and CD8α were analyzed in gills and spleen from the entire challenge experiment to assess the local and systemic regulation of T cells in the two different organs during the course of SGPV infection (Figure 4, Supplementary Tables 3, 4 and 6). There was a significantly lower CD8α transcript level in the E.H group in both gills and spleen at 14 dpe (Figures 4A, B). The gene expression of CD4 in gills also appeared suppressed in the hydrocortisone injected group (Figure 4C). In the spleen, CD4 gene expression was significantly lower in the E.H group than the E.S group at 1 dpe, and higher in the E.H group when this group suffered from disease mortality (24).




Figure 4 | Gene expression of CD8α in gills (A) and spleen (B) and gene expression of CD4 in gills (C) and spleen (D) from the entire SGPV infection trial. Both median (line) and individual data (dots) are shown from the SGPV-exposed groups. Control groups are only shown with median value. Significant differences are calculated between the two infected groups, E.S and E.H. *P< 0.05, **P< 0.01. C.S, Uninfected control sham injected group; C.H, Uninfected control hydrocortisone-injected group; E.S, SGPV-exposed sham injected group; E.H, SGPV-exposed hydrocortisone-injected group.





Expression of Cytotoxic Immune Effector Genes

To monitor cytotoxic immune activity, IFNγ and GzmA were analyzed in gills and spleen from all fish in the challenge experiment (Figure 5, Supplementary Table 6). In the gills, there was a significantly higher expression of IFNγ from 3 dpe onwards in the E.S group, peaking at 14 dpe (Figure 5A, Supplementary Table 2). In contrast, IFNγ gene expression was not induced in spleen in the E.S group, but strongly in the E.H group from day 10 onwards (Figures 5B, Supplementary Table 3). Gene expression of GzmA shows the same trend as IFNγ for all groups in both gill (Figure 5C) and spleen (Figure 5D).




Figure 5 | Gene expression of IFNγ in gills (A) and spleen (B) and GzmA in gills (C) and spleen (D) from the experimental trial. Each dot represents data from one individual salmon and the solid line represents the median value for each group. The significant differences for all figures are measured between the two infected groups. *P<0.05, **P< 0.01. C.S, Uninfected control sham injected group; C.H, Uninfected control hydrocortisone-injected group; E.S, SGPV-exposed sham injected group; E.H, SGPV-exposed hydrocortisone-injected group.



To explore the relation between GzmA expression and SGPV infected cells in the gills, duplex in situ hybridization was performed on selected paraffin-embedded gill sections from all groups at 7 dpe, in addition to 1 section from the E.S and E.H group at 14 dpe. GzmA positive cells dominated over SGPV infected cells in the E.S group for both 7 and 14 dpe (Figures 6A, E, Supplementary Image 4). In the E.H group, however, the number of gill epithelial cells staining positive for SGPV were dominant compared to the few cells staining positive for GzmA (Figures 6B, F). In the control groups, no staining for SGPV were observed, but moderate staining for GzmA was seen in the C.S group (Figure 6C). In the C.H group, only a few GzmA positive cells were observed in the entire gill section (Figure 6D). In some areas, it was possible to visualize GzmA positive cells next to with SGPV infected cells (Figure 6F).




Figure 6 | Duplex in situ hybridization (RNAscope) demonstrating the distribution of SGPV (D13L, blue staining) and salmon GzmA (red staining) in gills from Atlantic salmon. (A) E.S group at 7 dpe. (B) E.H group at 7 dpe. (C) C.S group at 7 dpe. (D) C.H group at 7 dpe. (E) E.S group from 14 dpe. (F) E.H group at 14 dpe. Arrow show interaction between GzmA expressing cell and SGPV-infected cell.



In the spleen at 14 dpe, only one individual showed trace staining of SGPV, whereas a moderate number of cells were stained for GzmA in the E.H group (Figure 7A, Supplementary Image 5). In comparison, only a few cells showed positive staining for GzmA in the E.S group (Figure 7B). In the C.H group, some cells with positive staining for GzmA were found, whereas no staining for GzmA were observed in the C.S group (Supplementary Image 5).




Figure 7 | In situ hybridization (RNAscope) targeting GzmA (stained in red) in spleen from Atlantic salmon at 14 dpe. (A) SGPV-exposed hydrocortisone-injected (E.H) group. (B) SGPV-exposed sham-injected (E.S) group.






Discussion

We aimed in this study to explore SGPV gene expression and the host immune response to infection, to understand the mechanisms behind the previously reported hydrocortisone-mediated triggering of SGPV replication, SGPVD onset and mortality observed in experimental trials [(24), Table 1].

Large DNA viruses like SGPV contain a wide range of genes involved in host interaction and can be in a complex interplay with the host immune system (14, 25). We still know next to nothing about how SGPV interacts with the mucosal immune system in Atlantic salmon gills, and have to extrapolate from research on other poxviruses.

Poxvirus replication is cytoplasmatic, and the transcriptional machinery is encoded by the virus. In vaccinia, the replication is determined as a three phase cycle of early, intermediate and late gene expression, controlled by stage specific transcription factors (26). The early genes are regulated by transcription factors carried by the infecting virus and expressed prior to genome replication, encoding proteins essential for replication and host interaction (26). Intermediate and late genes are generally expressed during and post-replication, respectively, and encode most of the structural proteins to form new viral particles. When exploring gene expression data from a range of SGPV genes predicted as early, intermediate and late based on previous studies on the Vaccinia virus (11), we found no obvious differences in expression throughout the experiment for the infected groups, with the exception of the B22R gene family. The lack of variation is most likely due to the limited set of pre-replication samples available from the study. We had previously based on qPCR data determined the onset of SGPV genome replication to day 3 in this infection trial (24), and had only one sampling point prior to this (day 1).

However, we found that the predicted early genes encoding three paralogues of B22R (1–3) were higher expressed at day 1 compared to other SGPV genes, and this points to B22R transcripts as markers of early SGPV subclinical infection. SGPV replication is shown earlier to be boosted by hydrocortisone (24), and we also found a trend towards B22R1 being higher expressed in the E.H group than in the E.S. group, and a steeper increase in expression of all SGPV genes towards the onset of mortality 14 dpe in the E.H group. The in situ hybridization of B22R1 probes compared to D13L probes also demonstrated that B22R was expressed in significantly more gill epithelial cells from day 1, whereas D13L expression were much lower expressed until day 3. Surprisingly, SGPV genes predicted to be expressed as late genes (A28L and F9L), appeared to be expressed at low levels day one, in contrast to genes predicted as intermediate (A1L and A2L). This could indicate that the SGPV replication cycle is somewhat divergent from VACV replication.

Although we identified the B22R genes as early markers of subclinical SGPV infection, the limited set of available samples from this study were not suited to identify other SGPV genes as early, intermediate or late. Further work to explore the SGPV replication cycle is needed, and more excessive early sampling should be considered in future trials. A cell line susceptible for SGPV infection would make an excellent tool for future study of the SGPV infection cycle and the function of SGPV encoded host interacting proteins. Much is unknown about the SGPV replication cycle, and effects of stress along with other external factors like temperature, salinity and the gill mucus microbiome would be valuable to explore. The in situ hybridization of B22R1 compared to D13L transcripts also demonstrates that B22R1 is expressed in epithelial cells with normal morphology at day 1 after exposure, whereas D13L expression is predominantly detected in apoptotic, detaching cells from day 3.

The B22R gene encodes a large transmembrane protein, and its role have been associated with virulence in other poxviruses (9). Knocking out the B22R homologue in the monkey poxvirus (MXPV) led to lower viremia and less mortality, and the viruses lacking the B22R homologue were associated with higher T-cell activation after infection, suggesting a role of B22R in suppression of T cell activity (9). B22R was in that study reported to interfere after the T-cell receptor (TCR) has bound the antigen presenting MHC, and suggested to inhibit the signaling pathway downstream of TCR binding. Since B22R is a transmembrane protein, the T-cells are thought to be inhibited through cell-cell contact (13). Given this putative immune suppressive role of B22R paralogues, or at least the full length B22R1 in SGPV, the expression of this gene may prove to predict the putative outcome of infection at an early stage.

In an earlier study of the gill transcriptome of salmon presmolts infected with SGPV during a natural outbreak of SGPVD (7), we could not observe any obvious recruitment of T-cells to gills after infection, and observed an early suppression of transcript markers of innate T-cell recruitment and activity, including interleukin (IL)-22, the chemokine CCL20 and T-cell receptor (TCR) Fcγ (7, 13). This effect may be due to chronic stress or to SGPV virulence factors like B22R acting on T cell recruitment and/or activation (13). In contrast, strong innate interferon-regulated gene expression was observed in salmon gills after SGPV infection, including upregulation of Mx1 and ISG15 (7). This study showed a correlated increase in MX1 expression and SGPV replication for both infected groups, of which the E.H group showed a steeper increase from 10 dpe, few days prior to SGPVD mortality. Previous studies have shown that high cortisol levels can inhibit the innate immune response, causing a delay in MX1 expression (27), also shown using cortisol implants in salmonids (27). At 3dpe, MX1 expression was significantly higher in the E.S group, supporting previous studies showing cortisol-mediated suppression of MX1 expression. Whether the reduced MX1 expression early in the E.H. group determines the more dramatic infection and disease course in this group is unknown. It is also unclear if this is a direct effect of cortisol, or regulated by SGPV host interacting factors with higher expression in this group. Interferon inhibitory factors have been reported for other poxviruses (28), and also predicted for SGPV (7). It should be noted that direct inhibitory effects on poxvirus replication have been reported for ISG15 (29), but so far not for Mx.

Previous studies in fish have shown that cortisol can inhibit the immune system by down-regulating the number of circulating leukocytes and lymphocytes, as well as by preventing leukocytes from migrating to the area of ​​inflammation (23, 30). The results of this study indicated a similar effect based on gene expression of GzmA and IFNγ in gills and spleen. In the SGPV infected E.S group, results indicated a recruitment of cytotoxic cells to gills, based on a significant increase in the cytotoxic T-cell activity markers IFNγ  and GzmA. In contrast, hydrocortisone-injected fish from the E.H group appear to lack the mobilization of cytotoxic cells to the gills in the early disease phase, and just immediately prior to SGPVD mortality, immune activity was induced in both gills and spleen, most likely due to a systemic immune response in the fish. The lower immune activity at the local site of infection was also seen in the intestine of A. salmon treated with hydrocortisone prior to infection with IPNV (30).

Notably, a significant difference in cytotoxic gene expression in gills was seen already 3 days post exposure. Since this is early for an adaptive T-cell response, it is a possibility that IFNγ and GzmA production are associated with innate cytotoxic cells, like NK cells or NKT-cells. NK cells form part of the first-line defense against virus-infected cells, and have previously been reported to be inhibited under chronic stress (31). Furthermore, IFNγ has been shown to enhance respiratory activity and nitric oxide production (32, 33), which suggests that inhibited IFNγ production in the E.H. group may be one of the contributing factors to the onset of clinical disease.

In spleen, GzmA and IFNγ were strongly upregulated after 10 days in the E.H group. No clear upregulation of CD8α was detected, but the spleen contains many T cells in the normal state and it cannot be ruled out that the CD8 T cells are involved in the production of GzmA and IFNγ. The upregulation of GzmA and IFNγ in the spleen few days prior to acute SGPV indicate that the disease is associated with a systemic immune response in contrast to the controlled local response in the E.S. group. A direct regulation of granzyme A expression by cortisol have been reported, with a putative role in immune cell apoptosis in response to stress (34). However, this would be expected seen in the early phase after hydrocortisone injection, and is not a likely mechanism here. This systemic response does not appear to be triggered by a systemic infection by SGPV, as no virus was detected in blood or spleen, as seen in the duplex ISH in fig 7 and reported in Thoen et al., 2020 (24). From previous field outbreaks, signs of hemophagocytosis in the spleen have been observed during histopathological examinations (1, 12), which could be a sign of a systemic response. Taken together, this study has revealed that gene expression of the putative virulence gene B22R is a potential early marker of SGPV infection, detectable already after one day, and that hydrocortisone injection suppresses antiviral immune responses to SGPV during early infection. The immune suppression involves local innate and cytotoxic T-cell associated antiviral immune activity in gills, leading to induced SGPV replication. Instead, a boost in innate and cytotoxic immune response occurs both locally in gills and systemically in the uninfected spleen a few days prior to the onset of acute SGPVD and mortality. This indicates that mortality may be caused by a systemic immune response.
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Aquaculture growth will unavoidably involve the implementation of innovative and sustainable production strategies, being functional feeds among the most promising ones. A wide spectrum of phytogenics, particularly those containing terpenes and organosulfur compounds, are increasingly studied in aquafeeds, due to their growth promoting, antimicrobial, immunostimulant, antioxidant, anti-inflammatory and sedative properties. This trend relies on the importance of the mucosal barrier in the fish defense. Establishing the phytogenics’ mode of action in mucosal tissues is of importance for further use and safe administration. Although the impact of phytogenics upon fish mucosal immunity has been extensively approached, most of the studies fail in addressing the mechanisms underlying their pharmacological effects. Unstandardized testing as an extended practice also questions the reproducibility and safety of such studies, limiting the use of phytogenics at commercial scale. The information presented herein provides insight on the fish mucosal immune responses to phytogenics, suggesting their mode of action, and ultimately encouraging the practice of reliable and reproducible research for novel feed additives for aquafeeds. For proper screening, characterization and optimization of their mode of action, we encourage the evaluation of purified compounds using in vitro systems before moving forward to in vivo trials. The formulation of additives with combinations of compounds previously characterized is recommended to avoid bacterial resistance. To improve the delivery of phytogenics and overcome limitations associated to compounds volatility and susceptibility to degradation, the use of encapsulation is advisable. Besides, newer approaches and dedicated methodologies are needed to elucidate the phytogenics pharmacokinetics and mode of action in depth.
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Introduction

Sustainable food supply to feed the demand of the projected world population by 2050 is a challenge, in which aquaculture is predicted to be the main source of aquatic dietary proteins. Such growth will unavoidably involve the implementation of innovative aquaculture production strategies, targeting issues related to effective health management and animal welfare (1). In this regard, the development and application of functional feeds represent a sound strategy to improve aquaculture systems, since they provide functional health benefits to animals beyond their nutritional value (2). In this scenario, phytogenics, also known as phytobiotics, are defined as environmentally friendly plant-derived bioactive compounds used as functional feed additives that show positive effects on animal growth and health. Phytogenic often comprise aromatic plants extracts, and essential oils characterized by its richness in biologically active compounds (3, 4). In farmed fish, a wide spectrum of phytogenics have been increasingly studied mainly due to their wide repertoire of properties, including growth promotion, and antimicrobial, immunostimulant, antioxidant, anti-inflammatory and sedative activities (5). In particular, phytogenics derived from Lamiaceae family and Allium sp. are among the most commonly studied and administrated plant-based additives (6, 7). Nonetheless, the complexity of the mechanisms of action and the pharmacological effects promoted by the diverse bioactive compounds present in such plants, along with their frequently observed synergistic behavior (8), often limits the full understanding of their biological activity (9).

Since outbreaks of fish diseases are one of the main constrains for the progress of the aquaculture sector (10), the inclusion of phytogenics’ in aquafeeds is achieving significant attention at a global scale. The impact of phytogenics upon fish systemic immunity has been extensively tested in the past (5, 9). However, an increasing trend to evaluate phytogenics’ impact upon the mucosal immunity has been gained importance in recent years, which is mainly attributed to the importance of the mucosal barrier in the fish defense against variated threats and, potential colonization and invasion by pathogenic organisms (11). In contrast, most of the studies evaluating the effect of phytogenics in fish systemic immunity are only supported by a selection of repetitive primary analyses (i.e., lysozyme, bacteriolytic and complement activities, immunoglobulins, oxidative stress enzymes, etc.) serving only as proxies, that only provide a snapshot of the effects of the evaluated feed additive on the organism. These approaches do not allow elucidating their mode of action at cellular and molecular levels. This is of special relevance when dealing with functional feed additives with potential pharmacological properties, as their standardized use mainly depends on the proper understanding of their regulatory properties in the immune system.

Phytogenic administration has the potential to regulate the mucosal barrier function by means of several molecular mechanisms, in which the phytogenic bioactive compounds interact with cellular transcription factors and metabolic cascades. Therefore, the modulation of the expression of genes coding for immune relevant molecules alter the mucosal protective characteristics and their immunological status (12–16). Besides, the immune system influences the regulation and composition of the microbiota and vice versa, an interaction that plays a determinant role in the maintenance of the mucosal integrity and functionality (17, 18). Hence, both the improvement of the mucosal barrier characteristics and the modulation of the microbiota are central targets for the development of new phytogenic additives, while understanding their mode of action at cellular and molecular levels is critical for elucidating their benefits to the host.

Given the extended literature available on plant-based functional additives and the significance of the mucosal immunity described above, our review efforts focus exclusively on the physiological and immunological responses achieved by the most studied fish mucosal tissues, intestine, gills and skin, of organisms fed with phytogenics of the Lamiaceae family and Allium sp. In the first part, we present a thorough description on their main bioactive compounds and relevant biological properties. Then, the immunomodulatory properties and the mechanisms they can trigger on the fish mucosal tissues are explored and further potential mechanisms hypothesized. Finally, research gaps and constrains for the development of applicable phytogenic-based additives are discussed. Overall, the information presented herein aims to provide clear insights on the fish mucosal immune response dietary treated with phytogenics, propose viable mechanisms for exploiting them, and ultimately encourage the practice of reliable and reproducible research for the development of novel feed additives to be used as sustainable and safe prophylactic strategies for aquaculture.



Fish Mucosal Immunity at a Glance

The mucosal barrier constitutes the fish first line of defense against the surrounding environment and potential pathogens. Fish mucosal tissues are particularly characterized by a mucosa-associated lymphoid tissue (MALT), harboring diverse myeloid and lymphoid cells that are responsible for the host protection against pathogens and antigens, while tolerating beneficial symbiont colonization to maintain mucosa homeostasis (19–21). Six different MALTs have been described so far in teleosts. The gut-associated lymphoid tissue (GALT), the gill-associated lymphoid tissue (GIALT), the skin-associated lymphoid tissue (SALT), the nasopharynx-associated lymphoid tissue (NALT) and, the more recently characterized the buccal, and pharyngeal MALTs (22). Other mucosal immune systems have been hypothesized and are currently under study (23). Despite the existence of others, the GALT, GIALT and SALT are the most studied and well characterized MALTs and therefore selected as target in this review.

Among the extensive cell types with immune capacity coexisting in the fish body, upon sensing the presence of pathogenic or commensal microbe-associated molecular pattern (MAMP) a downstream signaling response mediated through pattern recognition receptors (PRRs) immediately takes place. So far, several piscine PRRs have been identified, being the toll-like receptors (TLR), NOD-like receptors (NLR) and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) the best characterized (24, 25). Epithelial and endothelial cells together with the professional phagocytes, represented by macrophages, granulocytes and dendritic cells, are the first responders against MAMPs formerly sensed by PRRs. Phagocytosis contributes to both pathogen clearance and subsequent antigen presentation to other immune cells by the membrane Major Histocompatibility Complex (MHC) class II peptide complex (26). In most, but not all teleost fish, the peptide-MHC II complex activates naive CD4+ T cells expressing antigen-specific T cell receptors (TCR) in their surface. Recognition of this complex stimulates the dedicated CD4+ cells activation and differentiation into T helper cell subsets possessing inflammatory cytokines secreting capacity that further coordinate the adaptive response together with B cells (27, 28). Interestingly, while CD4+ T helper lymphocytes are mainly present in the gut lamina propria, the cytotoxic CD8+ cells are the dominant intraepithelial resident immunocytes (29–31).

In fact, both T and B lymphocytes are abundantly present in fish mucosal tissues (32). Interestingly, the phagocytic and bacterial-killing abilities of B cells in fish have been fairly introduced in the past (33). However, their antigen presentation mechanisms mediated by MHC II and costimulatory molecules (CD80/CD86 and CD83) to prime naïve CD4+ T-cells, produce IgM, IgT, and eventually IgD plasmablasts -a major lymphocyte population in the gut, gill and at some extent the skin-, have just been recently addressed (34, 35). The IgT, the teleost specialized mucosal immunoglobulin analogous to mammalian IgA (36), plays a critical role in the clearance of mucosal pathogens and the preservation of microbiota homeostasis through immune exclusion (11). Although extremely important in mucosal defense, not all teleosts present IgT/IgD, which suggests the existence of alternative mucosal immune systems (23).

For instance, the complete IgM and IgT sequences in their membrane and soluble forms have been reported and characterized for the first time in a perciform, the gilthead sea bream (Sparus aurata) (37). Interestingly, this study demonstrated that virus and bacteria trigger the mucosal immune response by promoting the activation of IgT in seabream. Although, diets with fish oil replacement by ones from plant origin inhibited the IgT up-regulation upon intestinal parasitic challenge, which was related to a worse disease outcome. These results evidenced that mucosal immunoglobulins can be significantly affected by dietary treatments, which highlights the necessity of testing this response case by case.

Although characterized by common cellular components, immune mediators and immune mechanisms, the different composition, organization and functions of MALTs may vary according to each tissue intrinsic and external environmental factors (38), changes that may be associated to the fish species considered. Besides, the microbiota also stands as a relevant component of the mucosal barrier, displaying an antagonistic behavior against invading “hostile” microorganisms and directly participating in the immune responses through the complex host-microbiota crosstalk at the mucosal interface (17, 18). Therefore, the selective manipulation of the microbiota by means of nutritional approaches has been previously proposed as a viable alternative to modulate mucosal responses (39).

The mucosal tissues are intrinsically characterized by mucus secreting cells, such as goblet cells (40). Beside playing important roles in intra- and interspecific ecological interactions (41) and being a key component that ensures host-microbiota homeostasis (42, 43), the secreted semipermeable mucus represents the first challenge that pathogens have to overcome in order to interact with the host. Its complex composition encompasses a matrix of glycoproteins, the mucins that confer the mucus its structure, and a wide variety of humoral immune factors, such as lysozymes, complement, lectins, proteolytic enzymes, antimicrobial peptides, immunoglobulins, among others (41). Moreover, the mucus is continuously secreted and replaced (44); this continuous secretion aims to prevent pathogen attachment and interaction with the host. Therefore, the presence of a mucus layer is fundamentally involved in the regulation of the mucosal immune system, not only as a protective physical and chemical barrier, but also acting as a vehicle for mucins and humoral immune factors from the inside out. Both goblet cells (13, 15) and mucus composition (45) are highly susceptible to be manipulated through dietary strategies, which opens a wide range of possibilities when to design and apply new functional feed additives.



Lamiaceae Family and Allium sp. Among the Most Studied Aromatic Plants Used as Phytogenics in Aquaculture

In nature, plant secondary metabolites have functional roles independent from plant growth and development; thus, protecting plants from herbivore and pests, or acting as chemoattractants for pollinators (46). These bioactive compounds broadly found in aromatic plants are usually present as mixtures, mainly represented by phenolics and terpenes that are chemically characterized by their aromatic rings (3). Therefore, their benefits as dietary supplements are subject to the variability and complexity of the aromatic compounds mixture, apart from their synergistic effect, their origin, the dietary inclusion level and their pharmokinetics (47).

In particular, phytogenics derived from Lamiaceae family and Allium sp. are among the most widespread administrated plant-based additives in aquaculture (48) and livestock (6, 7). These compounds are used for their recognized growth promoting, antimicrobial, immunostimulant, antioxidant, anti-inflammatory and sedative properties. Although they can be found worldwide, some representatives of this group of aromatic plants (i.e., oregano, thyme, basil, menthe, rosemary, sage, marjoram, garlic and onion, among others) are particularly present and traditionally consumed in the Mediterranean area and appreciated in terms of human nutrition and therapy (49, 50). The health-promoting properties of these aromatic plants have been extensively reviewed in different aquaculture species (5, 48, 51–55). However, most of the studies dealing with these functional feed additives were only focused in physiological or biochemical responses, but few of them have elucidated the cellular and molecular mechanisms underlying their immunostimulatory capacity.

While the existent information about the inherent effect of these phytogenics upon immune cells is limited under in vitro conditions, numerous in vivo studies have demonstrated an improvement of the fish mucosal immune responses following their administration. A refined complementary search through Web of Science, PubMed and Google Scholar was performed in this review. Until March 2021, 62 publications reporting the nutritional effects of Lamiaceae family and Allium sp., or related bioactive compounds, upon fish mucosal responses were retrieved and their results summarized in Table 1. Importantly, most of them were published in the last year; thus, evidencing the current increasing interest for research on phytogenics targeting mucosal tissues. From the overall bibliographic search results, few publications felt within the objective of the present review and described the cellular or molecular mechanisms underlying fish mucosal immune responses to phytogenics’ administration. Studies reporting the application of plant extracts or related compounds as bath treatments or evaluating bactericidal or antiparasitic effects in vitro were excluded from the selection as this review is just focused on the mucosal immune mechanisms. Furthermore, Table 1 omits those results out of the mucosal immunity context, including systemic immunity-related results, non-immune digestive parameters or other complementary analysis performed within each study. Although such variables are extensively used as key performance indicators in such studies, their relevance in terms of supporting and/or establishing the mode of action of phytogenics is questionable and out of the scope for this review. Finally, blends with other components besides the selected group of plants –or associated bioactive compounds such as terpenes or organosulfurs– were excluded as well.


Table 1 | Extended summary of the current available literature on nutritional effects of Lamiaceae family and Allium sp. derived phytogenics upon fish mucosal immune response.









Effect of Dietary Terpene Phenolic Compounds Upon Fish Mucosal Immunity

Phenolics and terpenes are a group of volatile plant-derived bioactive compounds with medicinal and biotechnological value that constitute the dominant fraction of the essential oils derived from aromatic plants (3). The monoterpenes carvacrol and its isomer thymol are the most studied phenolic compounds, representing the major components of the essential oils from several aromatic plants of the Lamiaceae family like the oregano (Origanum vulgare) and thyme (Thymus vulgaris) (109, 110). These compounds are particularly studied and recognized for their bactericidal activity, since their lipophilic character act as bacterial membrane permeabilizers with cytotoxic effects upon bacterial structure and function, leading to membrane expansion, fluidity and permeability, disturbance of the membrane-embedded proteins, respiration inhibition and alteration of ion transport. In addition, carvacrol and thymol were demonstrated to act as quorum sensing (QS) inhibitors, reducing bacterial biofilm formation. Carvacrol in particular, is able to inhibit bacteria motility, collapsing the proton-motive force, depleting the ATP pools and preventing the synthesis of flagellin (111). This bactericidal property highlights the ability of these compounds to potentially modulate mucosal tissues associated microbiota.

Together with their well-studied bactericidal potential, these phenolic compounds are described to potentially improve the integrity of the mucosal tissues due to their observed antioxidant, anti-inflammatory and consequent immunomodulatory properties in the gastrointestinal mucosa of several animal models (112). The reported strong antioxidant activity of carvacrol and thymol rely on their ability to scavenge free radicals, inhibiting reactive oxygen species (ROS) and other oxygen radicals generated in cells and tissues (113). By contrast, high concentrations may display antagonistic pro-oxidant effects (113). This dose-dependent antagonistic activity evidences the importance of correctly define their administration doses in order to obtain the desired results with regard to their immunomodulatory properties.

Regarding their anti-inflammatory potential, carvacrol and thymol appear to interfere with the NF-kB and MAPK pathways, modulating the expression of pro-inflammatory and anti-inflammatory cytokines (114, 115). It is commonly speculated that the anti-inflammatory properties of plant-derived bioactive compounds, such as carvacrol and thymol, may be attributed to their capacity to inhibit TLR-mediated NF-kB signaling pathways (116, 117). Furthermore, evidence that both carvacrol and thymol play a role in the chemosensory system through the activation of transient receptor potential (TRP) cation channels exist (118, 119). In higher vertebrates, TRP channels are widely expressed in several cellular types that includes most of the mucosal components. Through the maintenance of the intracellular calcium homeostasis, these channels are known to regulate several cell functions, such as stimuli perception, inflammatory molecules production and secretion, migration and even phagocytosis (120–122). Carvacrol and thymol are known to activate both the receptor TRPA1 (119) and the receptor TRPV3 in mucosal tissues, elevating cytosolic Ca2+ concentration in epithelial cells (118, 123). In fish, together with TLRs, the activation of TRP channels has been demonstrated to modulate the inflammatory processes through the activation of the TRP/Ca2+/TAK1/NF-kB signaling pathway (124). This suggests that a TRP channel mediated cellular activation may underlie the immunomodulatory properties of these bioactive compounds.

The health promoting effects of oregano, thyme and their derivates in fish have been recently reviewed (55, 125). Concerning their impact upon fish mucosal immunity, several nutritional studies have described beneficial effects of phytogenics derived from oregano, thyme and other plants of the Lamiaceae family upon the mucosal tissues in several fish species (Table 1). Most of them have reported an increase in skin mucus immune markers and/or skin mucus bactericidal activity (56–58, 65, 71, 73–79). The repeatedly evaluated markers were lysozyme, alkaline phosphatase, complement and protease activities, total immunoglobulin and protein content in fish skin mucus, as well as its in vitro bactericidal potential against bacterial pathogens. Several of these studies also described an improvement in key performance indicators, such growth, feed efficiency and survival against pathogenic bacterial challenges (56, 58, 65, 71, 73–79). Besides the assessment of key performance indicators and general immune markers in skin mucus, few studies have tried to explain and characterize the immunomodulatory mechanisms underlying such responses neither which specific compounds might be exerting such effects.

Carvacrol, thymol, p-cymene and γ‐terpinene are identified as the predominant bioactive compounds of most of the members of the Lamiaceae family considered in this review, which were mainly found in oregano and thyme. In addition, peppermint, rosemary and basil contain preponderant concentration of other bioactive compounds such menthol, eugenol and 1,8-cineole (Table 1). Interestingly, some studies have reported carvacrol and 1,8-cineole presence in the fish skin mucus (63, 81). This phenomenon of bioactive compounds efflux through skin could be responsible for the immunomodulatory and antimicrobial effects observed in the fish skin mucus. However, most of the reviewed studies did not report the phytogenics composition neither the assessment of their translocation through mucus.

Some studies have also reported a protective effect through the reduction in gills’ histopathological lesions induced by toxic element exposure or pathogenic challenges (62, 66, 85). Contrarily to the studies describing the effects of phytogenics upon skin mucus secretion and their immunomodulatory potential, their impact upon the GIALT is very scarce, being mostly limited to histological observations. Similarly, studies on the impact of phytogenics upon the intestine are commonly focused on evaluating alterations in morphoanatomical parameters such as an increase in villus length, width and goblet cells count, which are usually associated to improvements in fish growth performance (59, 60, 64, 84, 85). Some studies have also reported the modulation in the number of intestinal lymphocytes (70, 72). Other authors have described a positive impact upon the gastrointestinal activity of humoral immune markers, such lysozyme (86), the activity of antioxidant enzymes and oxidative markers (67, 106) or the down-regulation of the expression of pro-inflammatory genes, such tnfα and tnfβ (61). Besides, the beneficial impact of phytogenics administration upon the intestine microbiota composition was also suggested (61, 87). Nonetheless, analysis described were constantly incomplete in terms of mucosal immune response evaluation, since limited classical immune or oxidative markers were assessed in each of the above-mentioned studies. Similarly, microbiota studies were often restricted to a particular group of bacteria, such lactic bacteria, failing to properly characterize microbiota functionality and modulation by the experimental diets; thus, resulting in partial and biased conclusions when assessing the regulatory effects of functional feed additives on mucosal tissues.

In addition, some studies reported no effect of the administrated phytogenics upon mucosal parameters (68, 69, 80, 82, 83). Such discrepancies among studies evaluating a particular plant extracts may be due to the diversity of the referred studies in terms of experimental design, fish species selected, plant origin, supplemented form and inclusion level of phytogenetics, among others. This miscellaneous of studies and the lack of protocols allowing appropriate additive and animal testing, highlights the urgent need to standardize the experimental designs and procedures in order to properly evaluate these compounds under in vivo conditions and acquire relevant data for their further development and general and safe use.

The effect of some single specific bioactive compounds related to aromatic plants of the Lamiaceae family, such thymol or carvacrol, upon mucosal tissues were also reported (Table 1). Although these studies have the advantage to associate a specific mucosal response to the administration of a specific compound, once again it is observed that most of them only reported the analysis of few immune and oxidative markers (97, 98, 101, 103), or a limited microbiological examination (99, 100). In fact, few studies were observed to apply complementary analysis, or achieved to successfully discuss the multifactorial impact exerted by such nutritional strategies upon mucosal tissues (107, 108).

Although the overall data suggest the therapeutic potential of phytogenics derived from Lamiaceae family of plants in aquafeeds, especially of their associated terpene phenolic compounds, unfortunately none of the studies has proposed accurate mechanisms that could be responsible for the broad effects of these metabolites described upon fish mucosal tissues. Despite the lack of reliable information for aquaculture relevant fish species, it is possible that the above-mentioned antimicrobial properties of these compounds, their free radicals’ scavenging ability, along with their aptitude to activate TRP channels that modulate inflammatory processes may underlie the immunomodulatory properties and microbiota modulation described in different mucosal tissues.



Effect of Dietary Organosulfur Compounds Upon Fish Mucosal Immunity

The main constituents of extracts and essential oils from Allium sp., such as garlic (Allium sativum, Alliaceae) and onion (Allium cepa, Alliaceae), are sulfur‐containing compounds. This group of bioactive substances comprises alliin, allicin and its derived bioactive compounds like ajoene, diallyl trisulfide (DATS), diallyl disulfide (DADS), diallyl sulfide (DAS) and allyl methyl disulfide, commonly termed as organosulfur compounds. These organosulfur compounds are the responsible for the recognized antioxidative, antimicrobial, antifungal and antiparasitic properties of garlic (126). Allicin (S-allyl-2-propenyl thiosulfinate) is usually the main biologically active component of garlic and related species; however, it is highly unstable under physiological conditions; thus, quickly being transformed into its organosulfur derivates, which also exhibit therapeutic properties (127–129).

Organosulfur compounds have been particularly studied for their antiparasitic activity. Among them, ajoene was described to interfere with parasite and host cell membrane protein and lipid trafficking, with irreversible detrimental consequences for the parasite (130). This is of special relevance since teleost mucosal tissues are known to have a high constitutive expression of Th2 markers that indicate a skewed immune response targeted against parasites (131). Regarding their bactericidal properties, the organosulfur compounds can penetrate the bacterial cell membranes, cause changes in the structure of thiol (-SH) containing enzymes and proteins, and lower the expression of important genes involved in the QS in bacteria, inhibiting the growth of both Gram-positive and Gram-negative bacteria (132). The higher the number of sulfur atoms present in the compounds, the more is its bactericidal activity (133). Therefore, the administration of organosulfur-containing phytogenics may induce important changes in the fish mucosal-associated microbiota with potential effects upon the mucosal immunity.

The detoxification and chemoprotective benefits from various organosulfur compounds have been associated to their ability to scavenge free radicals and selectively enhance or suppress the levels genes or proteins of several antioxidant enzymes, such as cytochrome P450 enzymes or glutathione S-transferase (GST) (134), exerting a direct effect upon immune cells (135). In this line, their anti-inflammatory activity upon immune and intestinal epithelial cells was associated to the inhibition of ROS production and the modulation of the NF-kB and MAPK signaling pathways (136, 137). Some organosulfur compounds, such allyl sulphides, were also observed to increase the levels of anti‐inflammatory H2S in intestinal epithelial cells, promoting mucosal integrity, tissue repair and stimuli perception (138). In accordance, organosulfur compounds, such as DADS, are also donors of H2S, whose positive effects upon the intestinal health could be also produced through the modulation of the enteric microbiota (139). In addition, organosulfur compounds were observed to promote mucin expression in human airway epithelial cells, being suggested to improve the mucosal epithelial barrier function (140, 141).

Conversely, these organosulfur compounds have been also reported to stimulate inflammatory immune responses, promoting the release of pro-inflammatory cytokines, enhancing the proliferation of lymphocytes, macrophage phagocytosis and modulating the infiltration of immune cells (142). For instance, it was demonstrated that some allyl-containing organosulfur compounds directly activate Ca2+ flux in neutrophils augmenting their phagocytic function and consequent ROS production. In parallel, other compounds are able to inhibit spontaneous ROS production by neutrophils (143). This apparent antagonistic effect evidences the pleiotropic protective effects of garlic extracts and essential oils, being simultaneously capable of inducing immune responses and anti-inflammatory counteractions. Moreover, as previously suggested for the mode of action of terpene phenolic compounds, organosulfur compounds are also able to activate TRP channels, TRPA1 and TRPV1 channels in particular (144–146), suggesting the Ca2+ induced cellular immune activation (143).

Garlic has been for long studied and recognized for its benefits as growth- and flesh quality-promoting effects in cultured fish, as well as for its antibacterial and antiparasitic properties (51). However, there is scarce information regarding the activity of garlic-derived organosulfur bioactive compounds upon fish mucosal tissues. The synthesis of the results from several studies reporting the health promoting properties of phytogenics derived from Allium sp. are shown in Table 1. Similar to studies testing phytogenics from Lamiaceae family origin, the evaluation of the supplementation of phytogenics derived from Allium sp., also focuses on few immune markers in skin mucus (88, 93), histopathological observations or some inflammatory and oxidative markers in gills (89, 96) and intestine (90, 94–96, 102), or incomplete microbiological examination that lacks in-depth the functional interpretation of their mode of action at cellular level (87, 90, 92).

Overall, studies reporting the effect of the administration of phytogenics derived from Allium sp. upon fish mucosal tissue suggest the health-promoting potential of the organosulfur compounds that characterize this group of plants. However, there is currently no robust studies under a pharmacological point of view that intent to demystify the accurate mechanisms responsible for the effects described on fish mucosal tissues, whose lack of reliable information critically restrains their application as potential functional feed additives in aquafeeds. Similar to the terpene phenolic compounds, the organosulfur compounds have also recognized antipathogenic and antioxidant properties, in addition to their common ability to activate TRP channels that modulate inflammatory processes. Since in higher vertebrates dermal emission of organosulfur compounds were demonstrated after garlic ingestion (147). In this sense, the efflux of organosulfur compounds through the integument could be also playing a critical role in the recurrently reported effects of dietary garlic and other aromatic plants in fish mucus, as previously referred for carvacrol and 1,8-cineole.



Effect of Combinations of Phytogenics Derived From Lamiaceae and Allium sp. Upon Fish Mucosal Immunity

Some studies have reported the beneficial effects of the combination of Lamiaceae and Allium sp. phytogenics upon fish mucosal tissues (Table 1). For instance, in European seabass (Dicentrarchus labrax) a combination of garlic and essential oils from plants of the Lamiaceae family promoted skin mucus lysozyme activity and fish survival against V. anguillarum when exposed to a confinement stress (104). In greater amberjack (Seriola dumerili), the same additive induced an up-regulation of a set of immune related genes in the skin in response to a monogenean parasite Neobenedenia girellae infection (16). In accordance, a blend of garlic essential oils, carvacrol and thymol was also reported to positively impact both gilthead seabream (Sparus aurata) skin mucus in terms of bacterial inhibition capacity against fish pathogens and decrease of stress markers, whereas the transcriptional analysis suggested the stimulation of the secretory pathway possibly associated to humoral immune molecules secretion into mucus and activation of phagocytic cells (14). The same blend was reported to regulate the transcription of genes related to immune response in gills, which was mediated by granulocytes, as well as sustaining both anti-inflammatory and antioxidative responses. In addition, the above-mentioned study revealed that the tested phytogenic compounds promoted the presence of sialic-acids containing glycoproteins in both epithelial and mucous cells, which globally resulted in a decrease in the intensity of gills’ infestation by the monogenean ectoparasite Sparicotyle chrysophrii in gilthead seabream (15). Both, referred phytogenics combinations were observed to positively affect the gut health status of those fish species by improving the protective intestine mucus coverage post-challenge (13), regulating the intestine immune transcription (12) and modulating their intestinal microbiota (12, 105).

According to the above-described studies and the acknowledged properties of these phytogenics’ bioactive compounds, we suggest that the mechanisms of cell activation that may be responsible for the mucosal immune-related responses are mediated by the activation of TRP cation channels in both immune and epithelial cells of mucosal tissues. The bioactive compounds may activate TRP channels leading to intracellular Ca2+ increase and the activation of the TAK1/MAPK/NF-kB signaling pathways, modulating the expression of pro-and anti-inflammatory cytokines, and antioxidative enzymes such as cytochrome P450. In parallel, stimulation by pathogen-associated molecular patterns (PAMPs), who might be also modulated by the antimicrobial properties of these compounds, may facilitate the activation of TLR and TRP signaling pathways; thus, amplifying the mucosal immune responses. Moreover, the bioactive compounds are also suggested to passively diffuse across the cell membrane, scavenging ROS that contribute to the inflammatory pathways, and interacting with TRP channels of the endoplasmic reticulum, potentially stimulating the secretory pathway. The above-described mode of action of phytogenics derived from Lamiaceae family and Allium sp. at the level of the main mucosal lymphoid tissues in fish is depicted in Figure 1.




Figure 1 | Suggested mechanisms of cell activation by the transient receptor potential (TRP) cation channels mediated by phytogenics’ bioactive compounds in mucosal-associated lymphoid tissues (MALTs). Bioactive compounds activate TRP channels leading to intracellular Ca2+ increase and non-canonical activation of the TAK complex. In parallel, stimulation by pathogen-associated molecular patterns (PAMPs) may facilitate the activation of TLR and TRP signaling pathways. Modified from Galindo-Villegas, et al. (124). TLR, toll-like receptors; MyD88, myeloid differentiation primary response 88; TAK, transforming growth factor beta (TGFβ) activated kinase; TAB, TGFβ activated kinase binding protein; ROS, reactive oxygen species; NF-kB, nuclear factor kappa-B; IKK, inhibitor of NF-kB kinase; MAPK, mitogen-activated protein kinase; AP1, activator protein 1; CYP, cytochromes P450; P, phosphorylation.



In addition, a summarized representation of the potential mucosal immune responses induced by the dietary administration of terpene and/or organosulfur based phytogenics and their effects against fish pathogenic organisms is suggested in Figure 2. In this representation, the holistic perspective of the compounds’ effects upon the most studied mucosal-associated lymphoid tissues in fish so far – gill, gut, and skin – as targets for oral immunostimulation is highlighted through the stimulation of both humoral and cellular immunity, mucosal secretion, microbiota modulation and other potential physiological and metabolic responses.




Figure 2 | Summary of the proposed mode of response induced by phytogenic bioactive compounds in fish mucosal tissues. The effects against representative types of common pathogens on the most studied mucosal-associated lymphoid tissues in fish so far are represented in the figure. (A) Gills. (B) Gut. (C) Skin. Gilthead seabream (S. aurata) was used in the figure as a representative aquaculture-relevant fish.






Future Perspectives

Feeding the projected world population by 2050 in a sustainable way is a great challenge, in which aquaculture is predicted to supply the majority of aquatic dietary protein. For that, the implementation of novel policies and production system approaches targeting effective health management and animal welfare are mandatory (1). Moreover, indiscriminate prophylactic use of antibiotics associated to intensive aquaculture practices can still be observed among some of the major aquaculture producing countries, as it has been recently reviewed (148, 149). However, in 2022, several countries, including the EU will prohibit all forms of routine antibiotic use in farming, including preventative group treatments which highlights the necessity for the development of more sustainable alternative treatments (150). Under this context, the market for sustainable products and feed additives is increasingly growing and the number of studies on the use of a wide variety phytogenics as sustainable tools to be implemented in aquaculture production has increased dramatically in the last decade (5). The global market of phytogenic feed additives including major tier I and II suppliers was estimated on 753M USD in 2020 and it is projected to reach 1,098M USD by 2025 (151).

Although limitations in testing and reproducing studies using dietary immunostimulants have been pointed out since long ago (152–155), the current knowledge on the pathways and mechanisms followed by these compounds at the cellular level is still neglected. A large selection of experimental designs, fish species, phytogenics tested and diet composition fails in the association of selected bioactive compounds to specific effects. Moreover, it is important to consider the difficulties to carry out comparison among the available studies because of the different assays, testing methods, different extraction procedures of plant essential oils or extracts, and the intrinsic variation in chemical phytoconstituents in plants due to different agroclimatic conditions, harvesting season and plant phenotype. This essential oils or extracts consist of a variable mixture of different bioactive molecules that area generally not characterized, and are administrated through variable periods of time, dietary doses and forms in different fish species that are generally randomly selected. In addition, a considerable number of these studies provide little or partial information regarding the effect of a given immunostimulant, since their definitive efficiency assessment rely on the evaluation of basic biochemical parameters that are to some extent obsolete if compared against the actual state-of-the-art. Based on the former idea, diverse omics tools available play a fundamental role for proper understanding and characterization of their mode of action in mucosal tissues at cellular level. Together, these factors question the reproducibility and safety of a large number of studies available and limits the use of several of those proposed substances in commercial functional feeds.

In this regard, we propose that the study of purified bioactive compounds may represent a viable solution to circumvent variability, and the biological mode of action of isolated compounds should be primarily assessed in vitro under variated settings, before moving forward to in vivo trials. However, it is important to consider that the biological activities of essential oils or extracts cannot be attributed to a single compound or to a unique specific mechanism, since their multi-component properties exert greater biological activity when compared to the major components alone, whose function is probably regulated by the synergy with limiting compounds (8). In this light, essential oils and extracts from different plants have been explored for their potential as resistance modifying agents (156). While their chemical complexity may represent a clear advantage in terms of reducing the risk of inducing bacterial adaptation and resistance to single compounds, or even promoting a wider antibacterial activity, the use of blends of phytogenics makes difficult to proper characterize their mode of action. Therefore, when developing such additives, the formulation of combined purified compounds through the correct and soundly in vitro functional characterization to obtain potential synergies is recommended. Moreover, long-term studies assessing whether the bioactive compounds, single or combined, induce bacterial tolerance, transmissible adapted resistance or any other change on a large scale should be implemented and the effects on both beneficial and pathogenic bacteria determined through in vitro, in silico and finally in vivo approaches (103, 157).

While several phytogenics have been proved remarkably efficient in promoting mucosal fitness (9), little efforts have been made to elucidate the underlying pharmacokinetics and immunostimulatory mechanisms of tested compounds upon the MALTs, with few in vitro studies published to date. It should also be highlighted that occasionally in vitro studies do not accurately translate into predictable responses in vivo (83); thus, both in vitro and in vivo studies should be performed whenever possible. This lack of complementary information supports the demand for additional profound research on the fate and length in which particular phytogenic compounds act, which is crucial for further developing functional additives and their application in an industrial context. Although the specific mechanisms behind the observed fish mucosal physiological responses are still poorly described, it is possible that cellular pathways involving the activation of TRP receptors by the bioactive compounds might be responsible for the reported mucosal immune responses. Besides, this response might be potentiated by the PAMP-induced activation of the TLR cell-signaling cascade, as synthetized in Figure 1, which would explain the fish improved ability to cope with pathogenic challenges. Thus, it is advisable in nutritional dose-response evaluating phytogenics to evaluate changes in expression in TRP receptors as well as gene markers of the TAK1/MAPK/NF-kB signaling pathways in order to provide insight into their mode of action at mucosal level.

Another limitation that should be taken into account when testing phytogenics is that most plant-derived bioactive compounds are either volatile and/or susceptible to rapid degradation in the stomach where acid digestion takes place, with consequent low availability at the intestinal level or uncontrolled changes in the dose of administration. Hence, to overcome this limitation and minimize potential losses, controlled releasing techniques, such as encapsulation or other coating technologies, can be used to improve the proper delivery of phytogenics. This technology allows a prolonged absorption and local availability of the bioactive compounds along the gastrointestinal tract, ultimately increasing their beneficial impact upon the host (158, 159). Moreover, encapsulation protects phytogenics from environmental degradation, such as from light, temperature and/or pH variations, and eventually playing an important role in their palatability, masking the potential pungency associated to some compounds that otherwise can affect feed intake (158). It is important to highlight that most of the studies considered in this review did not take into consideration those aspects, administrating phytogenics as powder forms, hydroethanolic extracts or dissolved solutions without proper assessment of their potential biodegradation during feed storage or along the gastrointestinal tract. The overall limitations identified in most of the currently available studies assessing fish immunity leads to the stigmatization of phytogenics application, in which compounds with high pharmacological value are labeled under the “medicinal plants” or “herbalism” pseudoscience stigma, with disbelieving scientific evidence. This represents a major restriction for the development of effective phytogenics at commercial scale.



Conclusions

Overall, it is fundamental that the efforts made in the research for sustainable prophylactic tools to boost host’s immune condition, stress resistance and pathogenesis prevention will culminate on reliable administration strategies for the aquaculture sector. Among the most studied group of natural bioactive compounds, both terpenes and organosulfur compounds have been suggested to display antimicrobial, antioxidant, anti-inflammatory and immunomodulating activities, with the potential of improving fish mucosal barrier function and integrity. Although they comprise a promising group of phytogenics for aquafeeds, an urgent update in the academical approach and experimental methodologies are needed to elucidate their pharmacokinetics and mode of action in depth. Therefore, in the present review we propose important molecular signaling pathways and hypothesize their involvement on the dietary immunomodulation in fish by the selected phytogenics.
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Mucosal tissue forms the first line of defense against pathogenic microorganisms. Cellular damage in the mucosal epithelium may induce the interleukin (IL)-22-related activation of many immune cells, which are essential for maintaining the mucosal epithelial barrier. A previous study on mucosal immunity elucidated that mammalian IL-22 contributes to mucus and antimicrobial peptides (AMPs) production and anti-apoptotic function. IL-22 has been identified in several teleost species and is also induced in response to bacterial infections. However, the roles of IL-22 in teleost immunity and mucus homeostasis are poorly understood. In this study, Japanese medaka (Oryzias latipes) was used as a model fish. The medaka il22, il22 receptor A1 (il22ra1), and il22 binding protein (il22bp) were cloned and characterized. The expression of medaka il22, il22ra1, and il22bp in various tissues was measured using qPCR. These genes were expressed at high levels in the mucosal tissues of the intestines, gills, and skin. The localization of il22 and il22bp mRNA in the gills and intestines was confirmed by in situ hybridizations. Herein, we established IL-22-knockout (KO) medaka using the CRISPR/Cas9 system. In the IL-22-KO medaka, a 4-bp deletion caused a frameshift in il22. To investigate the genes subject to IL-22-dependent regulation, we compared the transcripts of larval medaka between wild-type (WT) and IL-22-KO medaka using RNA-seq and qPCR analyses. The comparison was performed not only in the naïve state but also in the dextran sulfate sodium (DSS)-exposed state. At the transcriptional level, 368 genes, including immune genes, such as those encoding AMPs and cytokines, were significantly downregulated in IL-22-KO medaka compared that in WT medaka in naïve states. Gene ontology analysis revealed that upon DSS stimulation, genes associated with cell death, acute inflammatory response, cell proliferation, and others were upregulated in WT medaka. Furthermore, in DSS-stimulated IL-22-KO medaka, wound healing was delayed, the number of apoptotic cells increased, and the number of goblet cells in the intestinal epithelium decreased. These results suggested that in medaka, IL-22 is important for maintaining intestinal homeostasis, and the disruption of the IL-22 pathway is associated with the exacerbation of inflammatory pathology, as observed for mammalian IL-22.
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Introduction

Mucosal tissue forms the first line of defense against pathogenic microorganisms. Symbiotic microorganisms colonize the mucus layer, and their mutualistic relationships are vital to host health (1). Mucins secreted by goblet cells form a thick internal mucus layer (2). Antimicrobial peptides (AMPs) synthesized from epithelial Paneth cells and keratinocytes kill microbes or inhibit their growth (3). Physicochemical defenses help maintain mucosal homeostasis, and their dysfunction may induce various autoimmune diseases (4, 5).

In the mammalian mucosa, interleukin (IL)-22 is a key cytokine that maintains the epithelial barrier. It has attracted the attention of researchers as it is associated with skin inflammation and inflammatory bowel disease (IBD) (4, 6). IL-22 was first cloned from IL-9-stimulated murine T cells and characterized as an IL-10-related, T cell-derived inducible factor because it showed high amino acid (aa) sequence homology with IL-10 (7). Mammalian IL-22 belongs to the IL-10 cytokine family, which includes IL-10, IL-19, IL-20, IL-24, and IL-26. IL-22 is primarily produced by type 3 innate lymphoid, natural killer, T helper type (Th)-1, Th-17, and Th-22 cells as well as by neutrophils (8–10). IL-22 is synthesized and secreted in response to proinflammatory cytokines such as IL-1β, IL-6, TNF-α, and IL-23 (11). The activation of the aryl hydrocarbon receptor transcription factor promotes IL-22 synthesis in immunocytes that secrete it (12). The biologically active form of IL-22 is a monomer. However, non-covalent and non-intertwining dimers and high concentrations of IL-22 tetramers have also been detected (13, 14). All IL-10 family members bind to a heterodimeric receptor complex comprising two chains in the class II cytokine receptor family (CRF2) (15). IL-22 binds to IL-22 receptor alpha1 (IL-22RA1) expressed in epithelial cells, keratinocytes, and IL-10RB (16, 17) and transmits cellular signals via the JAK/STAT, AKT, ERK, SAPK/JNK, and MAPK signaling pathways (18). STAT3 is a major transcription factor in these cascades (19). Besides the transmembrane receptor complex, a single-chain secreted (soluble) receptor known as the IL-22 binding protein (IL-22BP; alternatively referred to as IL-22RA2) is also expressed. It is encoded by an IL-22RA1-independent gene (20). IL-22BP is secreted by various non-immune cells and tissues and has a stronger affinity for IL-22 than IL-22RA1 (21). IL-22 binding to IL-22BP prevents IL-22/IL-22RA1 interaction and competitively inhibits its signaling (20).

Multiple aspects of IL-22 physiology have been reported, including epithelial cell proliferation, tight junction formation, and mucus and AMP biosynthesis (19, 22, 23). In a murine model of IBD with dextran sulfate sodium (DSS)-induced bowel inflammation, IL-22 deficiency delayed healing and increased mortality. It downregulated the genes associated with anti-apoptosis regulation (mcl1, survivin, and bcl2), epithelial cell proliferation (myc, pla2g5, and smo), and AMP production (S100A8, S100A9, Reg3β, and Reg3γ) (24, 25). Of these, the IL-22-dependent induction of apoptosis has also been reported in recent years in the context of cell death (26). In contrast, recombinant IL-22 administration restored the production of mucins (muc-1, muc-3, muc-10, and muc-13) and goblet cell numbers that had been decreased owing to DSS-induced inflammation (19).

Teleost IL-22 has been characterized in several bony fish species and is expressed at high levels in mucosal tissues (the gills and intestines of zebrafish (Danio rerio) (27); gills of cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) (28); gills, intestines, and tail fin of rainbow trout (Oncorhynchus mykiss) (29); intestines and gills of turbot (Scophthalmus maximus) (30); gills and intestines of golden pompano (Trachinotus ovatus) (31); gills and skin of yellow catfish (Pelteobagrus fulvidraco) (32); and gills of mandarin fish (Siniperca chuatsi) (33)). IL-22 was detected in rainbow trout leukocytes and epithelial cells (34). IL-22 also induces certain AMPs, such as β-defensin and hepcidin, in response to bacterial infection (29, 35). However, the roles of teleost IL-22 in the immune response and mucus homeostasis have not yet been clarified.

In this study, the il22 and its receptors, il22ra1 and il22bp cDNA sequences in Japanese medaka (Oryzias latipes) were characterized, and the expression in mucosal tissues using qPCR and in situ hybridization (ISH) was elucidated. An IL-22 knockout (KO) medaka line using CRISPR-Cas9 genome editing was newly established, and a DSS-induced inflammation model using the fish was also devised. The comprehensive transcriptomic analyses were performed by the DSS-model using IL-22-KO and wild-type (WT) medaka larvae, and their intestinal histological differences were also elucidated on epithelial repair, barrier protection, and the changes in goblet cell number and mucus layer thickness after inflammatory damage in teleosts.



Materials and Methods


Medaka

Healthy Japanese medaka (Oryzias latipes; an inbred Cab line) were maintained in transparent plastic circulating freshwater tanks at 26°C, under a 14-h light/10-h dark cycle. Both adult and larval medaka were used in this study. In the experiments on adult fish, WT fish weighing 200–300 mg at 3–4 months post-hatching (mph) were used for analyzing gene expression with respect to tissue distribution, and WT and IL-22-KO medaka weighing 100–150 mg at 2 mph were used in the DSS experiment. Larval medaka at 14 days post-hatching (dph) were used in gene expression analyses following whole-body DSS-exposed state, which is widely used in studies on the inflammatory state, similar to that in inflammatory bowel disease in mammals. All medaka were fed twice daily. The inbred Cab strain of Japanese medaka was used for il22, il22ra1, and il22bp cDNA sequence determinations and all subsequent experiments. All animal experiments were conducted in accordance with the relevant national and international guidelines, including those stated in the “Act on Welfare and Management of Animals” of the Ministry of the Environment of Japan. Ethics approval from the local Institutional Animal Care and Use Committees (IACUC) was not sought as the law does not mandate fish protection.



Molecular Cloning of il22, il22ra1, and il22bp cDNAs

The Hd-rR medaka il22, il22ra1, and il22bp cDNA sequences were identified from the medaka genomic database registered in the Ensembl genome browser (https://asia.ensembl.org/index.html). The loci of il22, il22ra1, and il22bp and their adjacent synteny structures were compared among medaka, other teleosts, and mammals. To determine the il22, il22ra1, and il22bp open reading frame (ORF) sequences in Cab medaka, gene-specific primers were designed (Supplementary Table S1). KAPA™ HiFi-HotStart DNA (high-fidelity PCR) polymerase (Kapa Biosystems, Wilmington, MA, USA) was used in PCR amplification. The PCR products were cloned into a pTAC-2 vector (BioDynamics, Kumamoto, Japan). Plasmid DNA from ≥ three independent clones was purified using a Monarch Plasmid Miniprep kit (New England Biolabs, Ipswich, MA, USA). Sequencing was performed in a 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, USA). The aa sequences deduced for each ORF were used to predict the functional domain structures of Cab medaka IL-22, IL-22RA1, and IL-22BP using the Simple Molecular Architecture Research Tool (SMART v.7.0) (http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1). Multiple alignments of the IL-22, IL-22RA1, and IL-22BP aa sequences were performed using the multiple alignment tool ClustalW (http://www.mbio.ncsu.ebu/BioEdit/bioedit.html) in BioEdit. Signal peptide sequences were predicted using the SignalP-5.0 Server (http://www.cbs.dtu.dk/services/SignalP/). Protein structure homology modeling was performed using the SWISS-MODEL program (https://swissmodel.expasy.org). The predicted complete aa sequences of IL-22, IL-22RA1, and IL-22BP were used for constructing phylogenetic trees using the neighbor-joining method in MEGA7.0 (https://www.megasoftware.net), with 1,000 bootstrap replicates.



RNA Extraction and cDNA Synthesis for qPCR Analysis

Total RNA was extracted from adult WT medaka brain, gills, intestines, kidneys, liver, muscles, skin, and spleen for analyzing the tissue distribution of il22, il22ra1, and il22bp expression (n=5). In WT and IL-22-KO medaka, total RNA was extracted from the whole body of larval medaka (n=7) and the mucosal tissues (from the anterior intestine, posterior intestine, gills, and skin) of adult medaka (n=5). The comparisons between WT and IL-22-KO medaka were performed not only in the naïve sate but also in the DSS-stimulated state. For RNA extraction, the RNAiso Plus kit (Takara Bio, Kusatsu, Shiga, Japan) was used according to the manufacturer’s instructions. Total RNA quality was assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA purity was evaluated using the OD260:OD280 ratio, which was confirmed to be > 1.8 for all samples. cDNA was synthesized from 500 ng of extracted total RNA per sample using the ReverTra Ace qPCR RT Master Kit with gDNA remover (Toyobo, Osaka, Japan) according to the manufacturer’s instructions.



Expression Analysis Using qPCR

The cDNA samples were prepared as previously described in Section 2.3. Five and seven adult and larval fish were analyzed, respectively. Seven larval fish per group were used in the DSS experiment. For qPCR, gene-specific primers were designed and used to amplify the conserved il22, il22ra1, and il22bp regions.

The medaka β-actin (actb) gene was used as the internal control to confirm cDNA quality and quantity. The primer sequences are listed in Supplementary Table S1. qPCR was conducted in triplicate in a 15 μL reaction volume comprising 7.5 μL of Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix (Agilent Technologies, Santa Clara, CA, USA), 1.0 μL of cDNA, 1.5 μL of each forward and reverse primer (5 pmol), and 3.5 μL of distilled water. The qPCR cycle was as follows: 95°C for 15 s; 60°C for 30 s; and 40 cycles on a CFX Connect™ (Bio-Rad Laboratories, Hercules, CA, USA). A melting curve analysis was performed on the amplified products at the end of each cycle to confirm amplification specificity. The relative expression ratios were calculated using the comparative threshold cycle (Ct or 2-ΔΔCt) method (36). The Ct values of the target gene and internal control were determined for each sample. The average Ct for triplicate samples was used to calculate the expression levels relative to that of actb. Student’s t-test was used when homoscedasticity between group pairs could be assumed. Welch’s t-test was used when homoscedasticity between group pairs could not be assumed.



ISH

ISH was performed on adult medaka (3 mph) gills and intestines and larval medaka (14 dph) intestines to evaluate the localization of il22 and il22bp mRNA. A gene-specific digoxigenin (DIG)-labeled RNA probe was synthesized with gene-specific primers (to amplify the full-length ORF; Supplementary Table S1) using a DIG RNA labeling kit (SP6/T7; Roche Diagnostics, Basel, Switzerland) according to the manufacturer’s instructions. Briefly, tissue samples were fixed overnight in 4% (v/v) paraformaldehyde (PFA)/0.1 M phosphate buffer (PB) at 4°C. The tissue samples were dehydrated, embedded in paraffin (Fujifilm Wako, Osaka, Japan), and cut into 8 μm-thick sections using a microtome (Leica Biosystems, Wetzlar, Germany). After dewaxing and rehydration, the sections were permeabilized with proteinase K (Fujifilm Wako) in diethyl pyrocarbonate (DEPC)-treated phosphate-buffered saline (PBS) (5 μg/mL) at 37°C for 15 min, fixed in 4% (v/v) PFA/PBS for 10 min, and treated twice with DEPC-treated PBS containing glycine (2 mg/mL) for 10 min. The sections were post-fixed with 4% (v/v) PFA/0.1 M PB for 5 min. Prehybridization was performed for 2 h using a probe diluting solution (50% (v/v) formamide, 5× SSC, 5× Denhardt’s solution (Fujifilm Wako), and 2 mg/mL RNA (Roche Diagnostics) in DEPC-treated water) after 30 min of incubation in 5× SSC/formamide. The DIG-labeled antisense and sense RNA probes were diluted using a probe-diluting solution (0.5 μg/mL), and hybridization was performed at 55°C for 16 h. DIG was detected using horseradish peroxidase-labeled anti-DIG immunoglobulin G (IgG), and color was developed using nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3’-indolyphosphate p-toluidine salt (NBT/BCIP) solution (Roche Diagnostics).



IL-22-Deficient Medaka Strain Establishment

Benchling (https://www.benchling.com/academic/) was used to design a crRNA in exon 1 of medaka il22. The crRNA sequence is shown in Supplementary Figure S5A. The sgRNA was prepared by annealing the crRNA and tractr-RNA (Thermo Fisher Scientific). Approximately 0.5 nL of a solution containing sgRNA (50 ng/μL) and Cas9 protein (400 ng/μL) (Thermo Fisher Scientific) was co-injected with a manipulator (Narishige, Tokyo, Japan) into single-cell-stage medaka embryos. Medaka large eggs facilitates microinjection during genome editing (37). One month later, the gene editing efficiency of the extracted genomic DNA was confirmed in a heteroduplex mobility assay (HMA) using a primer set (Supplementary Figure S1) amplifying the crRNA and other specific regions. F0 medaka with confirmed mutations were interbred with WT medaka (Cab) to produce F1 heterozygotes. The latter were then interbred with WT Cab medaka to produce F2 heterozygotes. F2 medaka males and females with the same mutation were mated to produce F3 homozygous progeny and/or mutant lines. HMA verified the mutant locus in the F3 medaka genome. Briefly, F3 medaka were anesthetized with MS-222 (Sigma-Aldrich, St. Louis, MO, USA), and their genomic DNA was extracted from the epidermal mucosa, dissolved in 20 μL of 0.2 mM EDTA (Fujifilm Wako) and 25 mM NaOH (Fujifilm Wako), and incubated at 95°C for 20 min. The samples were then neutralized with an equal volume of 40 mM Tris/HCl (pH 8.0) (FUJIFILM Wako). The genomic DNA-containing solution was used as a template, and PCR was performed using KOD FX Neo (Toyobo). The PCR conditions were as follows: 95°C for 3 min; 38 cycles of 98°C for 10 s, 66°C for 5 s, and 68°C for 5 s; and 72°C for 5 min. The PCR products were cloned into the pTAC-2 vector (BioDynamics). Polymerase DNA from ≥ three independent clones was purified using a Monarch Gibraltar Miniprep kit (New England Biolabs). Sequencing was performed in a 3730xl DNA Analyzer (Applied Biosystems).



DSS Inflammation Model

Medaka larvae at 14 dph were used for the DSS exposure test. WT and IL-22-KO medaka larvae were obtained by natural spawning and raised until 7 dph at 26°C in freshwater supplemented with methylene blue. The larvae were then transferred to plain freshwater until the experiment commenced.

Inflammation was induced with 0.5% (w/v) DSS (40,000 MW; Sigma-Aldrich) per a previously described method (38). DSS stock solution (10% w/v) was diluted to 0.5% (w/v) in freshwater at 26°C with gentle rocking. Larval medaka (14 dph) were stimulated with 0.5% (w/v) DSS for 24 h and transferred to breeding water. Samples were collected on day 1 for histological and transcriptomic analyses and again on days 2 and 5 for histological analyses.



Next-Generation Sequencing (RNA-Seq)

For RNA-seq analysis, WT and IL-22-KO larval medaka (14 dph) under naïve conditions and 1-day DSS stimulation were compared. Total RNA was extracted from whole larval Cab Japanese medaka using the RNAiso Plus Kit (Takara Bio) according to the manufacturer’s instructions. Total RNA from each medaka larva was extracted separately and not normalized. RNA was quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific) at OD260:OD280. A ratio of 1.8 was set as the minimum RNA purity cut-off. To synthesize the cDNA library, total RNA from ten individuals per group were equally pooled and sequenced in a DNBSEQ-G400 instrument (Mouse Genome Informatics, Bar Harbor, ME, USA) using Danaform (Yokohama, Japan).



Sequence Read Mapping and Differential Expression and Gene Enrichment Analyses

Processed reads were deposited in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive under the Accession No. DRA011594. The collected reads were mapped to the annotated medaka Hd-rR reference genome (release 85; http://www.ensembl.org/index.html) using the STAR program and analyzed using its Feature Counts function. Transcriptional expression was estimated as fragments per kilobase of exon length per million reads. Transcripts with P < 0.05 were considered significantly differentially expressed. Genes that were significantly differentially expressed in each comparison were subjected to gene enrichment analysis using Database for Annotation, Visualization, and Integrated Discovery (DAVID) (39). Gene ontology (GO) terms in the biological process (BP) (GOTERM_BP_FAT), cellular component (CC) (GOTERM_CC_FAT), and molecular function (MF) (GOTERM_MF_FAT) categories as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were selected. Gene interactions and networks were analyzed using the STRING App database of Cytoscape (version 3.8.0) (40).



Histological Staining

Larval medaka were anesthetized by soaking in 0.2 mg/mL MS-222 and fixed overnight with Davidson’s fixative at 4°C. The samples were dehydrated with an alcohol gradient series and Hist-clear and embedded in paraffin (Fujifilm Wako). Transverse or parasagittal sections of 5 μm thickness were cut using a microtome (Leica Biosystems) and mounted on PLATINUM PRO slides (Matsunami, Osaka, Japan). H&E and AB staining were performed to identify the phenotypic differences between WT and IL-22-KO medaka as well as to observe DSS-induced inflammation. For H&E staining, the slides were dewaxed using Clear Plus, hydrated with an ethanol/water gradient, and stained with hematoxylin (Fujifilm Wako) and 1% eosin solution for 5 min. Mucin was stained with 3% (w/v) Alcian blue (Sigma-Aldrich) in 3% (v/v) acetic acid at pH 2.5 for 30 min. Histological observations were performed using BZ-X700 (KEYENCE, Osaka, Japan). In each group, three individual larvae were used for counting goblet cells (n=3), and the area corresponding to the area observed is shown in Figure 8B, which was confirmed to form a part of the anterior intestine in teleosts. Individually, ten consecutively sliced sections of 5 μm (total thickness of 50 μm) were used for counting. The goblet cells in the anterior intestinal epithelia were manually counted in each section, and ImageJ version 1.53a (https://imagej.nih.gov/ij/) was used for calculating the area size. For detecting apoptotic cells, terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining was performed using the In Situ Cell Death Detection Kit, TMR red (Sigma-Aldrich) according to the manufacturer’s instructions. TUNEL staining is often used to assess the progression of inflammation in mammalian DSS-based inflammation models (41, 42). Three consecutively sliced sections, each of thickness 5 μm, from the anterior intestine of larval medaka were used for counting positive signals, and in each group, three larval medaka were used individually for counting. Positive TUNEL staining signals were manually counted in each section, and ImageJ version 1.53a (https://imagej.nih.gov/ij/) was used for calculating the area.




Results


Characterization of the il22, il22ra1, and il22bp cDNA Sequences of Cab Medaka

According to data in the Ensembl database, the full-length il22 cDNA sequence of Hd-rR Japanese medaka (Ensembl ID, ENSORLG00000026810) contains 573 base pairs (bp). It contains a 573 bp ORF encoding a predicted 190 aa protein with an estimated mass of 21.30 kDa. For Cab Japanese medaka, we cloned the 570 bp ORF of il22 cDNA (GenBank accession No. LC528229) encoding a predicted 189 aa protein with a 35 aa signal peptide at the N-terminus (Supplementary Figure S1A). The mature IL-22 peptide contains 154 aa, and its estimated mass is 17.77 kDa.

The full-length il22ra1 cDNA sequence of Hd-rR Japanese medaka (ENSORLG00000027190) is of 4,144 bp and contains a 1,539 bp ORF encoding a predicted 512 aa protein with an estimated mass of 56.72 kDa. For inbred Cab Japanese medaka, a 1,539 bp ORF of il22ra1 cDNA (LC528230) was cloned, which encoded a predicted 512 aa protein with a 22 aa signal peptide at the N-terminus (Supplementary Figure S1B). The mature IL-22RA1 peptide contains 490 aa, and its estimated mass is 54.25 kDa.

The full-length il22bp cDNA sequence of Hd-rR Japanese medaka was of 1,717 bp and comprised a 660 bp ORF encoding a predicted 219 aa protein with an estimated mass of 24.87 kDa (ENSORLG00000019053). For the inbred Cab Japanese medaka, we cloned a 660 bp ORF of the il22bp cDNA (LC528231) encoding a predicted 219 aa protein with a 21 aa signal peptide at the N-terminus (Supplementary Figure S1C). The mature IL-22BP peptide contains 198 aa, and its estimated mass is 22.72 kDa.



Putative Functional Domain and Motif Comparisons

Multiple sequence alignments revealed substantial conservation among the predicted aa sequences and functional domains of medaka IL-22, IL-22RA1, and IL-22BP and those of other organisms (Supplementary Figure S1). Japanese medaka Ol_IL-22 contains four cysteine residues, which are conserved in IL-22 from other fish species. Of the four cysteine residues, three are also conserved in mammals. The Ol_IL-22 sequence showed a high identity (66.8%) and similarity (87.8%) with the Chinese perch Sc_IL-22 sequence in GenBank. The six A–F α-helices present in Human Hs_IL-22 were also identified in Ol_IL-22 (Supplementary Figure S1A). According to PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) and SWISS-MODEL programs, the sequence features and predicted 3D structure locations of Ol_IL-22 resembled those of its human ortholog (Supplementary Figure S2A). The deduced Ol_IL-22 sequence contained three cysteine residues conserved among fish and mammals and one cysteine residue conserved only among fish species.

The Ol_IL-22RA1 protein has a fibronectin type III (FNIII) domain 1 (24–112 aa), a FNIII domain 2 (121–222 aa), and a transmembrane region (227–248 aa). Ol_IL-22RA1 shared similarity (64.6%) with human Hs_IL-22RA1 and showed the highest similarity (72.2%) with Japanese pufferfish Tr_IL-22RA1, among sequences from aligned species. IL-22RA1 3D structure prediction revealed structural similarity with the proteins from medaka, yellow catfish, and humans (Supplementary Figures S1B, S2B).

Ol_IL-22BP contained the FNIII domain 1 (28–122 aa) and the FNIII domain 2 (128–218 aa). Two FNIII domains and four cysteine residues for disulfide bridge formation were conserved in all aligned IL-22BP proteins. Ol_IL-22BP shared similarity (66.7%) with human Hs_IL-22BP and showed the highest similarity (75.36%) with Atlantic salmon Ss_IL-22BP (Supplementary Figure S1C). The predicted 3D structure of Ol_IL-22BP showed similarity with those of yellow catfish and humans (Supplementary Figure S2C).



Phylogenetic Analyses

We aligned the aa sequences of Japanese medaka IL-22 and members of the IL-10 cytokine family with those of other fish and vertebrates. The phylogenetic tree showed that all sequences clustered into three major clades. The first comprised smaller clades for IL-19, IL-20, and IL-24. The second comprised clades for IL-26 and IL-10. The third included a major clade subdivided into a smaller clade for IL-22 that was further divided into clades for fish, mammals, birds, and amphibians. Medaka IL-22 was localized to the fish IL-22 clade, and its nearest relatives were those of mandarin fish and turbot (Figure 1A).




Figure 1 | Phylogenetic tree of IL-10 cytokine family members (A) and cognate receptors (B) in different species. The tree was constructed using the neighbor-joining method. The number indicates the bootstrap confidence values obtained for each node after 1,000 replications, and the red asterisks indicate IL-22, IL-22RA1, and IL-22BP of Japanese medaka. GenBank accession numbers for all sequences are listed in Table S2.



We also aligned the aa sequences of Japanese medaka IL-22RA1, IL-22BP, and CRF2 with those of other fish and vertebrates (Figure 1B). In the phylogenetic tree, all sequences clustered into a clade comprising IL-10R2, IL-20R1, IL-22RA1, and IL-22BP and another comprising IL-10R1 and IL-20R2. Medaka IL-22RA1 was localized to the fish IL-22RA1 clade and was closely related to northern pike and Atlantic salmon IL-22RA1. Medaka IL-22BP was localized to the fish IL-22BP clade and closely related to mandarin fish IL-22BP.



Synteny

We analyzed the gene order and orientation using BLASTn for the contigs harboring il22, il22ra1, and il22bp (Supplementary Figure S3). ifng, mdm1, and cand1 were localized upstream or downstream of il22 on chromosome 23 in Japanese medaka as well as in other fish and vertebrate species (Supplementary Figure S3A). cnr2, pnrc2, and mym3 were localized upstream of il22ra1 on chromosome 16 in Japanese medaka as well as in other fish and vertebrate species (Supplementary Figure S3B). olig3 and ifngr1 were localized upstream of il22bp on chromosome 15 in Japanese medaka as well as in other fish and vertebrate species, except zebrafish (Supplementary Figure S3C).



Tissue Distribution of il22, il22ra1, and il22bp mRNA

We analyzed the il22, il22ra1, and il22bp expression levels in the brain, gills, intestines, kidneys, liver, muscles, skin, and spleen. qPCR analysis showed the expression of these genes in all sampled tissues (Figures 2A–C). The genes were highly expressed in the healthy medaka gills, intestines, and skin mucosae. il22bp was also abundant in the muscle, liver, and brain (Figure 2C). We also investigated temporal changes in larval (1–21 dph) il22 expression and found that il22 was ubiquitously expressed at all developmental stages, with significant increase in expression at 7 dph (Figure 2D). We performed histological staining by ISH on adult medaka (3 mph) gills and intestines and larval medaka (14 dph) intestines. We observed il22 and il22bp expression in the intestinal and gill epithelia of healthy medaka (Figures 3A–D) and the intestinal epithelia of medaka larvae (Figures 3E, F), with no detection in the negative controls using sense-probe (Supplementary Figure S4). Even though we attempted to detect il22ra1 expression, the signal was not observed (data not shown).




Figure 2 | Tissue distributions of il22 (A), il22ra1 (B), and il22bp (C) mRNAs in the inbred adult Japanese medaka Cab strain. il22 expression levels in adult Japanese medaka Cab strain (D). The expression levels were determined using qPCR and normalized against the β-actin (actb) expression levels. (A–C) The expression scale reflects the relative values when the value for the tissue with lowest expression was set to 1, and the expression levels were arranged from the left in ascending order. (D) The expression scale shows relative values when the value for the 1 day post-hatching group was set to 1. Different letters above the bars indicate significant difference at p<0.05, according to the Tukey-Kramer multiple comparisons tests after one-way analysis of variance. Bars represent mean ± standard error (n = 5).






Figure 3 | In situ hybridization (ISH) of medaka il22 and il22bp mRNA localization. il22 (A) and il22bp (B) expression in adult medaka gill; il22 (C) and il22bp (D) expression in adult medaka intestine; il22 (E) and il22bp (F) expression in larval medaka intestine. Scale bar: 100 μm. The white arrowheads indicate positive il22 and il22bp mRNA signals in the gill and intestinal epithelia. After 4% (v/v) paraformaldehyde fixation, the gills and intestines of healthy adult medaka and the whole body of larvae were embedded in paraffin. Digoxigenin (DIG)-labeled anti-sense RNA-probes were used for detection. After hybridization, color development was performed using AP-labeled anti-DIG IgG (sheep) and NBT/BCIP solution.





IL-22-KO Medaka Strain Establishment

The crRNA in exon 1 of il22 was highly mutated (Figure S5D). We injected a mixture of sgRNA and Cas9 protein into the embryo and confirmed a 4 bp deletion in the region containing the crRNA (Supplementary Figures S5B, E). In the mutant strain, the IL-22 aa sequence was terminated in the middle of the full-length sequence because of a codon frameshift (Supplementary Figure S5C). In contrast, the IL-22-KO (–4) larval and adult strains showed no morphological anomalies (Supplementary Figure S6).



il22, il22ra1, and il22bp Expression in Larval WT and IL-22-KO Medaka

Compared with that in WT, in IL-22 (–4)-KO medaka, il22 (i.e., mutated il22 transcripts) and il22bp were markedly downregulated (Supplementary Figures S7A, C). There was no difference in il22ra1 expression between IL-22-KO and WT (Supplementary Figure S7B).



Larval WT and IL-22-KO Medaka Transcriptome Analysis

WT and IL-22-KO medaka (14 dph) were treated with 0.5% (w/v) DSS for 24 h and observed for 5 days to confirm whether DSS caused reproducible inflammation. DSS stimulation drastically lowered the relative survival rates. Nevertheless, there was no significant difference between WT and IL-22-KO medaka in terms of post-DSS treatment survival (Figure 4A).




Figure 4 | RNA-sequencing (RNA-seq) analysis of larval WT and IL-22-KO medaka samples treated with dextran sulfate sodium (DSS). (A) Survival analysis of larvae (14 days post-fertilization) stimulated with DSS (n ≥ 10/group; six biological replicates). Error bars indicate 95% confidence intervals (CIs), black asterisks indicate significant differences in survival rates, and “n.s.” indicates no significant change. WT vs. WT_DSS; WT vs. IL-22-KO; WT_DSS vs. IL-22-KO_DSS: P < 0.05 determined using the log-rank test. (B–D) Overall gene expression patterns for WT, IL-22-KO, WT_DSS, and IL-22-KO_DSS. (B) The Venn diagram shows the number of expressed and overlapping genes per group. (C) Heat map showing the differences in overall gene expression patterns among groups constructed using the TCC-GUI software. (D) Number of differentially expressed genes (DEGs) detected in WT/IL-22-KO, WT/WT_DSS, and WT_DSS/IL-22-KO_DSS; 556 DEGs were identified between WT and IL-22-KO, 547 between WT and WT_DSS, and 340 between WT_DSS and IL-22-KO_DSS.



We performed RNA-seq to investigate the effects of IL-22-KO on IL-22 downstream gene expression in response to DSS-induced inflammation. We obtained averages of 208,381,750 (WT), 218,140,591 (IL-22-KO), 210,655,244 (WT_DSS), and 217,765,749 (IL-22-KO_DSS) reads from the synthesized cDNA library. After annotation, 23,708 (WT), 23,710 (IL-22-KO), 23,759 (WT_DSS), and 23,804 (IL-22-KO_DSS) genes were detected in each library (Figure 4B). The overall gene expression differed between WT and IL-22-KO and between DSS-treated and untreated fish (Figure 4C). There were 179 upregulated and 368 downregulated genes in IL-22-KO compared to that in WT (Figure 4D). Supplementary Table S3 lists the top 50 differentially expressed genes (DEGs) between WT and IL-22-KO. In protein-protein interaction network analyses using the STRING App in Cytoscape, 170 of 368 downregulated genes in IL-22-KO formed a series of cluster with IL-22. Of these, rora, il1b, il17a/f1, il22bp, socs3, ptgdsb.1 (lcn), and prf1 were confirmed as the first interactors with IL-22 (Figure 5). GO analysis was performed on the significantly downregulated genes using DAVID. Figure 6A shows the top 10 terms under BP, CC, and MF with most genes. Under BP, terms related to various types of immunity, cell death (including apoptosis), and cell proliferation/differentiation were annotated (Figure 6B). Immune-related genes, including socs3 and rora, and those encoding AMPs (defb and hamp) and cytokines (il1β, il12ba, il17a/f1, and il22bp) also interacted with mammalian IL-22. qPCR confirmed that the genes were downregulated in IL-22-KO medaka (Figures 6C–I).




Figure 5 | Predicted interactions among downregulated differentially expressed genes in WT and IL-22-KO medaka. Interaction network between genes defined using the STRING App database (Cytoscape). Clusters included IL-22. The gene cluster included rora, il1β, il17a/f1, il22bp, socs3, lcn, and prf1.






Figure 6 | Gene ontology (GO) enrichment classifications of downregulated differentially expressed genes (DEGs) between WT and IL-22-KO medaka. (A) Top 10 terms with the highest number of genes in the biological process (BP), cellular component (CC), and molecular function (MF) categories. (B) Downregulated DEGs related to GO terms describing immunity, cell death including apoptosis, and cell proliferation/differentiation under BP. Among immune-related DEGs, the expression levels of (C) hamp, (D) defb, (E) socs3, (F) rora, (G) il12ba, (H) il17a/f1, and (I) il22bp were confirmed using qPCR. ***P < 0.001, **P < 0.01, *P < 0.05, +;P < 0.1 (two-tailed Student’s t-test). (C-I) The expression scale reflects the relative the values when the expression of the naïve WT group was set to 1. Data shown were obtained from a single experiment (n = 7).





DSS-Induced Injury and Repair in WT and IL-22-KO Medaka

H&E staining was performed for WT and IL-22-KO medaka at 1, 2, and 5 days after DSS stimulation to detect intestinal injury and regeneration. We observed erosion in the anterior intestines of WT and IL-22-KO medaka at 1 and 2 days after DSS stimulation (Figures 7A and Supplementary Figure S8). At 5 days after DSS exposure, the intestinal epithelium was regenerated in the anterior intestine of WT medaka (Figures 7A and Supplementary Figure S8). In contrast, the anterior intestine, particularly the damaged villi (indicated by black arrows), did not recover in IL-22-KO medaka (Figures 7A and Supplementary Figure S8). TUNEL staining was performed for assessing the degree of apoptosis caused by DSS. Under naïve conditions, the number of positive cells between WT and IL-22-KO did not differ significantly, and both groups showed signals derived from the neoplasia of the intestinal epithelium on the top of the villi. Consistent with the H&E-based observation at 5 days after DSS stimulation, TUNEL-positive cells became ubiquitous in the intestinal epithelium, and the number of TUNEL-positive cells per field in IL-22-KO medaka was significantly higher than that in WT medaka (Figure 7B). We then subjected the genes and IBD-sensitive proinflammatory cytokine genes—il1b, il22, il23r, and tnfa—to qPCR to confirm the expression levels. il1b, il22, il23r, and tnfa were significantly upregulated in response to DSS stimulation compared to that in untreated tissues (Figures 7C–F). Of the genes, il22 was significantly downregulated in IL-22-KO medaka compared to that in WT medaka (Figure 7D).




Figure 7 | Dextran sulfate sodium (DSS)-induced inflammation in WT and IL-22-KO medaka. (A) Hematoxylin/eosin (H&E)-stained anterior intestinal tissue section of WT and IL-22-KO medaka larvae at 1 and 5 days after DSS stimulation. Arrows indicate the changes in tissue architecture upon DSS stimulation. (B) TUNEL staining in the anterior intestine corresponding to the area observed in H&E staining. The red/pink signals indicate the fragmented nuclear signals by apoptosis, and the blue signals represent nuclear staining by DAPI. The red/pink signals were counted in three consecutive sections for three individual larvae (n=3) from each group and were also counted manually under a microscope. IL: intestinal lumen. (A, B) Scale bar: 50 μm. (C–I) Inflammatory bowel disease-sensitive inflammatory cytokine and PI3K-Akt and MAPK signaling pathway genes were significantly downregulated to < 50% of that in DSS-stimulated IL-22-KO medaka, as confirmed by qPCR. (C) il1b, (D) il22, (E) il23r, (F) tnfa, (G) dditl4, (H) fgf19, and (I) hspa5. ***P < 0.001, **P < 0.01, *P < 0.05, +; P < 0.1 (two-tailed Student’s t-test). (C–I) The expression scale shows the relative values when the expression of the naïve WT group was set to 1. Data shown were obtained from a single experiment (n = 7).



For RNA-seq, we compared relative changes in the gene expression of WT and IL-22-KO medaka treated with DSS. There were 556 significant DEGs between WT and WT_DSS (P < 0.05). Supplementary Table S4 lists the top 50 DEGs between WT and WT_DSS. Of these, 408 were upregulated and 148 were downregulated (Figure 4D). However, a comparison of WT_DSS and KO_DSS showed 340 significant DEGs (P < 0.05). Supplementary Table S5 lists the top 50 DEGs between WT_DSS and KO_DSS. In all, 132 genes were upregulated, and 208 genes were downregulated (Figure 4D). GO analysis was performed on the DEGs between WT and WT_DSS. The 148 downregulated genes annotated with terms such as lipid metabolism, defense response, and extracellular matrix organization under BP. The 408 upregulated genes annotated with terms such as cell death, acute inflammatory response, cell proliferation, angiogenesis, cell growth, cell migration, cell-junction, and Wnt signaling pathway (Table 1). KEGG pathway enrichment analysis showed that the PI3K-Akt and MAPK signaling pathways were enhanced (Supplementary Figures S9 and S10). GO analysis was performed on the DEGs obtained by comparing WT_DSS and IL-22-KO_DSS. The 208 downregulated genes annotated with terms such as response to chemical stimulus, complement activation, cell growth, and angiogenesis (Table 1). KEGG pathway enrichment analysis showed that the PI3K-Akt and MAPK signaling pathways were inhibited (Supplementary Figures S9 and S10). In contrast, the 132 upregulated genes annotated with terms related to cell death and cytokine secretion (Table 1).


Table 1 | List of the differentially expressed genes (DEGs) in the biological process (BP) category by Gene Ontology (GO) analyses.



Based on the RNA-seq results, we selected the PI3K-Akt and MAPK signaling pathway genes ddit4l, fgf19, and hspa5, which were downregulated in DSS-stimulated IL-22-KO medaka to < 50% of the level in DSS-stimulated WT medaka. Gene expression was also quantified using qPCR analysis (Figures 7G–I). The PI3K-Akt signaling pathway gene ddit4l was significantly upregulated in WT_DSS compared with that in WT, and significantly downregulated in IL-22-KO_DSS compared with that in WT_DSS (Figure 7G). fgf19 was significantly downregulated in IL-22-KO medaka compared with that in WT medaka (Figure 7H). In contrast, qPCR analysis revealed that hspa5 was significantly upregulated in WT_DSS compared with that in WT, but there was no significant difference in hspa5 expression between IL-22-KO_DSS and WT_DSS (Figure 7I). In an additional experiment, DSS stimulation was also performed in adult medaka using immersion strategy, similar to that in larval analysis, and the genes related to inflammatory response and mucus production were selected based on the results of the larval experiment and quantified using qPCR. With respect to the qPCR analysis of il22 and inflammation-related genes, the mucosal tissues, including those from the intestines (anterior and posterior), gills, and skin, were selected as target tissues to assess the effects of DSS. il22 transcripts were significantly downregulated in the anterior and posterior intestines compared to that in WT in both naïve and DSS-stimulated states. The number of il22 transcripts in the IL-22-KO medaka gills only decreased upon DSS stimulation, and no significant change was observed in the transcripts expressed in the skin. Of the investigated genes, ddit4l was downregulated in the IL-22-KO medaka anterior intestine in both naïve and DSS-exposed states, and this result corresponded to that of the larval experiment (Supplementary Figure S11).



Complement Production in DSS-Stimulated WT and IL-22-KO Medaka

RNA-seq data analysis revealed that multiple complement genes in WT were upregulated upon DSS stimulation, and comparison of the FPKM values of WT_DSS and IL-22-KO_DSS also revealed the significantly lower expression of several complement and related genes in IL-22-KO medaka. DSS-treated WT medaka showed the significant upregulation of c1qc, c1ql2, c4b, and c6 genes encoding complement factors. In IL-22-KO_DSS, however, c1ql2, c1r, c4b, c5, c6, and c7 were significantly downregulated compared with that in WT_DSS. KEGG enrichment analysis showed the relative downregulation of the complement cascade in IL-22-KO_DSS (Supplementary Figures S12A, B). Of the abovementioned genes, the expression of c1qc and c6 were also confirmed by qPCR. The expression of c1qc increased significantly in WT upon DSS stimulation, as observed via RNA-seq (Supplementary Figure S12C). Additionally, c6 expression in IL-22-KO was significantly lower than that in WT in naïve states (Supplementary Figures S12D).



Mucus Production in DSS-Stimulated WT and IL-22-KO Medaka

We performed AB staining to detect relative changes in the mucus layer and acidic mucus-producing cells (goblet cells) in response to DSS stimulation. WT and IL-22-KO medaka presented with expanded anterior intestine mucus layers at 1 day after DSS stimulation (Figure 8A). However, there was no significant increase in the number of AB-positive cells in WT medaka (Figure 8C). Meanwhile, IL-22-KO medaka had significantly fewer AB-positive cells than WT medaka, and the numbers increased significantly after DSS stimulation (Figure 8C). In mammalian intestines, FGF-7 (also known as keratinocyte growth factor; KGF) is widely known to contribute to mucus production via goblet cell proliferation (43). Additionally, type 2 cytokine (IL-4, IL-9, and IL-13) responses, particularly those associated with IL-4 and IL-13, are known to contribute to goblet cell development (44). In teleosts, il4/13a2 is a counterpart of two paralogous genes, mammalian IL4 and IL13 (45). In larval medaka subjected to DSS stimulation, qPCR analysis revealed the upregulation of il4/13a2 in WT, but no significant difference was observed in the expression levels between WT and IL-22-KO medaka (Figure 8D). fgf7 showed significantly lower expression in larval IL-22-KO medaka than in WT medaka in naïve states (Figure 8E). Mucin 2 (muc2) is a type of secretory mucin with extremely high expression in the teleost gastrointestinal tract (46). Although the medaka muc2 sequence is submitted as an uncharacterized protein (ENSORLG00000006006) in Ensembl Genome Browser, paralogous muc2 sequences of multiple teleost species, including medaka (Accession. No. XM_023955731), are characterized and registered in the NCBI database (https://www.ncbi.nlm.nih.gov). qPCR analysis showed that muc2 expression in larval IL-22-KO medaka was significantly lower than that in WT in the naïve state (Figure 8F). However, other types of mucins annotated based on the Ensembl reference showed no significant changes in RNA-seq results (Figure 8G). Changes in fgf7 and muc2 expression in the anterior and posterior intestines of adult medaka upon DSS stimulation were also quantified using qPCR. The expression of fgf7 and muc2 in IL-22-KO intestines was significantly downregulated in the naïve state. After DSS stimulation, the expression of muc2 (in both intestines) and fgf7 (only in the posterior intestine) was significantly lower in IL-22-KO than in WT medaka (Supplementary Figure S13).




Figure 8 | Mucin production in response to dextran sulfate sodium (DSS) stimulation in WT and IL-22-KO medaka. (A) Alcian blue-stained anterior intestinal tissue section of WT and IL-22-KO medaka stimulated with DSS. Black arrowheads indicate Alcian blue-positive cells (goblet cells); Scale bar: 100 μm. (B) The area used for counting the number of goblet cell corresponds to the area surrounded by the red box in lateral view. Counting was performed in the anterior intestine section, and the counts in each group were performed using three individual larvae (n=3). (C) The average number of goblet cell per 100 mm2 of the anterior intestine in WT and IL-22-KO medaka stimulated with DSS. Ten consecutively sliced sections 5 μm in thickness (total thickness: 50 μm) were used for counting. In these sections, all regions of the intestinal epithelia were considered for counting, and the area size was calculated using ImageJ 1.53a (https://imagej.nih.gov/ij/). Different letters above the bars indicate significant difference at p <0.05, according to the Tukey-Kramer multiple comparison tests after one-way ANOVA. Th expression levels of (D) il4/13a2, (E) fgf7, and (F) muc2 were confirmed by qPCR. ***P < 0.001, **P < 0.01, *P < 0.05, +; P < 0.1 (two-tailed Student’s t-test). (D–F) The expression scale shows the relative values when the expression in the naïve WT group was set to 1. Data shown were obtained from a single experiment (n = 7). (G) Comparison of the expression levels of various mucin genes between WT and IL-22-KO medaka by RNA-seq analysis.






Discussion

IL-22 has been characterized in several teleost species. However, its functions in teleost immunity and mucus homeostasis have not been clarified. In this study, we characterized il22 and its receptors il22ra1 and il22bp in Japanese medaka. For the first time, we established mutant medaka il22 using the CRISPR-Cas9 genome editing system. We also developed a DSS-induced inflammation model in medaka and elucidated the roles of teleost IL-22 by comprehensive transcriptomic analyses.

The cloned medaka IL-22 comprised six α-helices, which is a typical structure of IL-10 cytokine family members (13). The crystalline structures of human and zebrafish IL-22 showed that both IL-22 proteins have two disulfide bridges. However, two positions of the bridges did not match between the human (Cys40-Cys132 and Cys89-Cys178) (13) and zebrafish (Cys117-Cys163 and Cys118-210) proteins (47), which are conserved in mammals and teleosts, respectively. Medaka IL-22 showed a relatively high percentage of sequence similarity (77.3%) with human IL-22, and the domain structure was predicted to be similar to that of human IL-22. As with mammalian IL-22RA1 and IL-22BP, medaka and other teleost homologs of these receptor genes possess two FNIII repeats, which are commonly conserved in class II cytokine receptors (48). In medaka IL-22RA1, four cysteines form two disulfide bridges, of which one bridge is common to teleosts and mammals, and another bridge is specific to teleost IL-22RA1 (32), and these residues are also conserved. No previous study on the affinity between teleost IL-22 and IL-22RA1 has been reported to date. In medaka IL-22BP, the conservation of two disulfide bridges common to teleosts and mammals was also predicted. Therefore, characteristic cysteine residues that form disulfide bridges and are conserved in teleost genes are also conserved in the two IL-22 receptors of medaka. Additionally, similar 3D structures of IL-22, IL-22RA1, and IL-22BP, with six α-helices in IL-22 and FNIII domains in IL-22RA1 and IL-22BP, were predicted. Furthermore, the results of synteny and phylogenetic analyses strongly suggested that the three IL-22-related genes identified in Japanese medaka are orthologous to the mammalian IL22 gene.

In qPCR analysis, medaka il22, il22ra1, and il22bp were ubiquitously expressed in all tissues, including the brain, gills, intestines, kidney, liver, muscle, skin, and spleen. Of these, mucosal tissues, such as those in the gills, intestines, and skin, showed high expression of il22, il22ra1, and il22bp. The tissue distribution of gene expression was consistent with the results previously reported in other teleost species (27–34). Meanwhile, in mammals, mucosal lymphoid tissues did not show the highest levels of IL22 expression. For example, the highest expression of mice IL22 was detected in the cerebellum, along with a relatively high expression in the colon (49). Meanwhile, the same transcriptome data showed the high expression of IL22RA1 and IL22BP in the small and large intestines of mice (49). In our histological analysis using ISH, the signals of il22 and il22bp were detected in the epithelium of the intestines and gills. The expression patterns and tissue distributions of il22 and il22bp suggested the putative functions of the gene products in mucosal immunity. Meanwhile, even though we attempted to detect il22ra1 expression, the positive signal was not observed (data not shown). il22ra1 expression was not detected via RNA-seq of medaka larvae, although it was detected in qPCR analysis. In teleosts, reports showing the tissue localization of fish il22ra1 have not been published. It is known that in mammals, IL22RA1 is broadly expressed in the epithelial cells of mucosal tissues, with no expression in specific cells, such as hematopoietic cells (50), and the ubiquitous localization of the protein in the intestinal epithelium can be confirmed by immunohistochemistry (51). Taken together, the low expression level and expression in a wide range of tissues may have prevented the detection of medaka il22ra1 via ISH.

Transcriptome analyses were performed for comparing the gene expression between WT and IL-22-KO medaka using RNA-seq, following which several genes were extracted based on the RNA-seq results and their expression was quantified using qPCR. In the protein-protein interaction network analysis performed using the STRING App of Cytoscape, the significantly downregulated genes in IL-22-KO medaka under naïve states formed a cluster with IL22, and among them, rora, il1b, il22bp, il17a/f1, socs3, ptgdsb.1 (lcn), and prf1 were the first neighbor genes of IL-22. Additionally, under comparison in naïve states, GO analysis confirmed the downregulation of the genes particularly classified under GO terms related to immune response, cell death, and cell proliferation in IL-22-KO medaka. The cytokine (il1b, il12ba, il17a/f1, and il22bp), AMP (defb and hamp), and apoptosis-related genes (bcl2115, nupr1, and chac1) corresponded to these GO terms. Mammalian IL-22 is generally known to induce various AMPs, including S100A7, S100A8, S100A9, β-defensin 2, RegIIIc, and RegIIIb, in mammals (25, 52–55). In previous studies on IL-22RA1 KO mice, the induction of Bcl2115, Nupr1, and Chac1 transcripts was suggested to be associated with the IL-22/IL-22RA1 axis via STAT3 activation (52). Furthermore, a recombinant protein-based functional study on teleost IL-22 revealed that recombinant IL-22 can induce defb and hamp expression in rainbow trout (29), il1b expression in grass carp (56), and il22bp and hamp expression in mandarin fish (33). Thus, the phenotypic characteristics of IL-22-KO medaka showed several similarities with those reported in previous studies on the IL-22 induction abilities in mammals and teleosts.

In this study, we treated medaka with DSS to induce IBD-like injury. The DSS-induced inflammation model presented with idiopathic erosions and ulcers, resembling ulcerative colitis symptoms. H&E staining revealed intestinal epithelial erosion in response to DSS treatment. Upon DSS stimulation by immersion, medaka larvae showed intestinal symptoms and expression changes of multiple genes similar to those previously suggested to be associated with human IBD or IBD experimental models. Both RNA-seq and qPCR analyses in whole larval medaka showed significant upregulation of the inflammatory cytokine genes il1b, tnfa, and il22, and the upregulation of these genes was also quantified in the intestines of adult medaka using qPCR. The expression of IL-22 and these inflammatory cytokines also increased during the development of human IBD. Il23r-deficient mice lacks Il22 expression, and IL-23R-mediated IL-22 production is considerably important for improving colitis (57, 58). Furthermore, GO analyses revealed that multiple genes related to specific GO terms, including cell proliferation, regulation of cell death, angiogenesis, and Wnt signaling pathway, among others, are upregulated upon DSS stimulation. Of the genes categorized under these GO terms, the expression of genes such as cd38 and nr4a was reported to be elevated in mammalian intestines upon DSS treatment (59, 60). Additionally, DSS-induced injury promotes Wnt signaling for epithelial renewal and regeneration (61). Generally, in DSS experiments on mice, stimulation is performed by supplying DSS in drinking water (62). Meanwhile, in the immersion technique used by us, inflammatory responses, such as those reported in previous studies on mice, were observed with respect to transcripts response and intestinal histology.

After DSS immersion, IL-22-KO medaka showed different symptoms and related phenotypes compared to WT medaka. In the histological study, the intestinal tissues of WT medaka recovered 5 days after DSS exposure, whereas the intestinal tissue of IL-22-KO medaka did not heal within this period and delayed wound healing in IL-22-KO medaka was observed by H&E staining. The number of positive signals in TUNEL staining at 5 days in IL-22-KO was significantly higher than that in WT. In the mammalian intestinal tract, the IL-22/STAT3 axis is known to induce various apoptosis suppressor genes (23–25). However, contradictory effects of IL-22 as an apoptosis accelerator have also been reported in recent years. A recent report showed that colonic IL-22RA1-KO impairs apoptosis and gene inductions related to DNA repair in response to DSS and azoxymethane treatment and promotes subsequent tumor development (26). However, most details of IL-22-induced apoptosis in response to DNA damage in the intestinal tract and its anti-cancer effects are yet to be clarified. In the present study, we suggested that the consistent results from H&E staining-based histological observation and TUNEL staining indicates the attenuation of the wound healing ability in IL-22-KO medaka. Multiple previous studies on IL-22-KO mice have shown that IL-22 acts via STAT3 activation during the protection and wound healing of the intestinal epithelium upon DSS treatment (24, 25) Transcriptomic changes that can cause histological differences between WT and IL-22-KO medaka were confirmed in the RNA-seq analysis. KEGG analysis revealed the downregulation of the PI3K-Akt and MAPK signaling pathways in IL-22-KO medaka. In the DSS-induced colitis mice model, PI3K-Akt signaling also contributed to wound healing in the intestinal epithelium (63, 64).

We examined the alteration of mucus production in DSS-treated fish and the relationship between IL-22 cascades. Our results showed the increase in mucus production upon DSS treatment and the significant decrease in goblet cell number in IL-22-KO medaka (compared to that in WT medaka) in both of naïve and DSS-stimulated states. In our analysis, the downregulation of fgf7 and muc2 in IL-22-KO medaka under naïve states was confirmed in both of larval whole body and adult medaka intestines. In a study on IL-22-KO mice intestines, the increase in goblet cell number and muc2 expression was suppressed upon intestinal helminth infection (65). Additionally, patients with ulcerative colitis showed reduced goblet cell counts and mucus thickness, and these symptoms were also observed in case of DSS-induced inflammation in mice (66). muc2 deficiency directly results in the development of colitis in mice (67). Meanwhile, zebrafish larvae immersed DSS-water in our experiments showed a drastic increase in the apparent mucus layer with no increase in goblet cell number and muc5 expression (40). In our transcriptome analysis, the expression of muc, except muc2, showed no significant changes. The discrepancy between the apparent mucus production and the muc expression levels may be attributed to the quantitative change in glycosylation at the different O-type glycosylation sites present in muc genes. In fact, reportedly, changes in the degree of glycosylation in the muc gene observed in patients with IBD promotes IBD pathogenesis (68, 69).

This study showed the strong interactions between IL-22 and complement components in response to DSS treatment. At present, most details of the IL-22-dependent activation of the complement pathway in patients with IBD or in DSS-induced inflammation models remain unknown. However, IL-22-KO mice showed lower intestinal expression of C3 than WT mice, with increasing susceptibility, when infected with Clostridium difficile (70). Other studies on mice have shown that C1q expression is elevated in the recovery phase after DSS exposure, and C1q-mediated Wnt signaling activation has recently been suggested to be important for tissue repair and mucosal regeneration (71). In this study, we showed that the complement genes c1qc, c1ql2, c4b, and c6 were significantly upregulated in WT medaka in response to DSS stimulation. Interestingly, the complement genes, including c1ql2, c1r, c4b, c5, c6, and c7, were significantly downregulated in IL-22-KO_DSS compared to that in WT_DSS. The following two areas will be addressed with a high priority in our future studies: 1) the potential direct involvement of IL-22-mediated signals in the induction of complement factors, 2) the relationship between the increased expression of complement genes and the pathophysiology of DSS-induced enteritis.

In conclusion, we established IL-22-KO medaka and compared the phenotypes between WT and KO medaka after characterizing three medaka IL-22-related genes: il22, il22bp and il22ra1. The phenotypic comparisons were performed based on transcriptomic and histological analyses, and the characteristics in the naïve and DSS-stimulated states were compared. IL-22-KO medaka showed the downregulation of several genes that were previously associated with IL-22-dependent induction in mammals and teleosts. Additionally, IL-22-KO medaka showed delayed wound healing after DSS stimulation and reduction of goblet cell numbers. Along with the histological characteristics of IL-22-KO, transcriptome analysis indicated expression changes in specific genes, which may have been a causal factor in the deterioration of homeostasis in the intestinal tract. Our findings showed that the DSS experimental model developed using medaka larvae may be a viable option for basic research on IBD and also suggested the involvement of IL-22-mediated signals in the pathophysiology of enteritis in medaka.
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The zebrafish is extensively used as an animal model for human and fish diseases. However, our understanding of the structural organization of its immune system remains incomplete, especially the mucosa-associated lymphoid tissues (MALTs). Teleost MALTs are commonly perceived as diffuse and scattered populations of immune cells throughout the mucosa. Yet, structured MALTs have been recently discovered in Atlantic salmon (Salmo salar L.), including the interbranchial lymphoid tissue (ILT) in the gills. The existence of the ILT was only recently identified in zebrafish and other fish species, highlighting the need for in-depth characterizations of the gill-associated lymphoid tissue (GIALT) in teleosts. Here, using 3-D high-resolution microscopy, we analyze the GIALT of adult zebrafish with an immuno-histology approach that reveals the organization of lymphoid tissues via the labeling of T/NK cells with an antibody directed to a highly conserved epitope on the kinase ZAP70. We show that the GIALT in zebrafish is distributed over at least five distinct sub-regions, an organization found in all pairs of gill arches. The GIALT is diffuse in the pharyngeal part of the gill arch, the interbranchial septum and the filaments/lamellae, and structured in two sub-regions: the ILT, and a newly discovered lymphoid structure located along each side of the gill arch, which we named the Amphibranchial Lymphoid Tissue (ALT). Based on RAG2 expression, neither the ILT nor the ALT constitute additional thymi. The ALT shares several features with the ILT such as presence of abundant lymphoid cells and myeloid cells embedded in a network of reticulated epithelial cells. Further, the ILT and the ALT are also a site for T/NK cell proliferation. Both ILT and ALT show structural changes after infection with Spring Viraemia of Carp Virus (SVCV). Together, these data suggest that ALT and ILT play an active role in immune responses. Comparative studies show that whereas the ILT seems absent in most neoteleosts (“Percomorphs”), the ALT is widely present in cyprinids, salmonids and neoteleosts, suggesting that it constitutes a conserved tissue involved in the protection of teleosts via the gills.
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Introduction

Over the years, the zebrafish (Danio rerio) has become a prominent animal model to study biological mechanisms related to immunity and pathology of humans and fish. Thus, zebrafish are widely used as a model for numerous fields of biomedical research, including cancer (1–3), immunity (4, 5), and disease modeling (6–8).

The interest in the zebrafish model for immunology-related studies is supported by the conservation of key features between the immune system of teleosts and mammals (9–11). The major immune cell types described in mammals have also been found in zebrafish, including: neutrophils (12), mast cells (13), macrophages (14), dendritic cells (15, 16), T lymphocytes (17), B lymphocytes (18, 19), and innate lymphoid cells (20). Indeed, the zebrafish immune system relies on both innate and adaptive mechanisms, and pathways common to all jawed vertebrates (21–24). However, there also are fundamental differences relevant to immunity between fish and mammals such as the lack of lymph nodes and tonsils in teleosts (25). The characterization of the zebrafish immune system has progressed rapidly during the last decade at both the cellular and molecular levels (26–28), however, the understanding of the structural organization of the zebrafish immune system, especially at the adult stage, remains incomplete.

The adult zebrafish has two primary known lymphoid organs: the kidney (mainly the pronephros or “head-kidney”), where hematopoietic stem cells and B cell precursors reside, and the thymus for T cell development. Although the kidney also act as a secondary lymphoid organ, the spleen is considered as the main true secondary organ (25). Lymph nodes, germinal centers and tonsils have not been identified, yet, inducible structures can form upon immune stimulation such as granulomas (29) and melano-macrophage centers (30–33). Zebrafish mucosal barriers are first lines of defense and the home to mucosa-associated lymphoid tissues (MALTs) (34, 35) among which are the gut-associated lymphoid tissue (GALT), the nasal-associated lymphoid tissue (NALT), the skin-associated lymphoid tissue (SALT) and the gill-associated lymphoid tissue (GIALT). In mammals, these tissues have a well-defined spatial organization that includes organized-MALT (O-MALT) structures. In teleost fish, MALTs are thought to consist of non-organized leukocytes scattered throughout the mucosal tissues, hence forming only a diffuse MALT (d-MALT) (23, 34, 36). D-MALT is thought to be present in all vertebrates, from agnathans to mammals, whereas bona fide O-MALT structures that support germinal center reactions are restricted to endotherms (birds and mammals) (37–39). An intermediate degree of lymphoid organization at mucosal barriers is found in Sarcopterygian fishes (lungfish) and amphibians, where lymphoid aggregates without distinct B and T cell zones are present at several mucosal tissues (40, 41). However, the absence of O-MALT structures in teleosts has been challenged by the identification of a lymphoid tissue structured by reticulated epithelial cells in the gills of Atlantic salmon (Salmo salar L.), called the “Interbranchial lymphoid tissue” (ILT) (42, 43). This structure proved also to be present in a number of other teleost species, including the zebrafish (44). This finding underlines the need to improve our knowledge of the lymphoid organization of zebrafish gills. The identification of the ILT, in addition to the discovery of the salmonid bursa (45), will possibly induce modifications of the commonly used terminology for mucosal immune tissues in fish, but in this paper, we will follow the conventional terminology.

The gills are the main respiratory organ in fish, providing a structure for gas exchange between the blood and the surrounding environment. Gills are also involved in maintaining osmolarity homeostasis, ion-regulation, acid-base regulation, excretion of nitrogenous waste, and the sense of taste via the presence of taste buds (46). Facilitating these functions, the gill mucosa forms a large surface area of interaction with the environment, but at the price of an increased exposure to foreign elements such as food particles, environmental debris, and pathogens. The classical overall anatomy of fish gills, its epithelium and its vasculature, has been extensively described by Wilson, Laurent and Olson (47–49) [see (50) for zebrafish]. In zebrafish, the gills are composed of 4 pairs of gill arches, located within cavities placed on each side of the head, called gill chambers. The gill arches bridge the sub-pharyngeal region and the roof of the gill chamber on a rostro-caudal axis. The gill arch represents a structural support for the gills, enclosing the high-pressure blood vessels (afferent arch artery and efferent arch artery) that originate from the ventral aorta.

From the pharyngeal side of the gill arch emanate cartilaginous structures, called gill rakers, which trap larger objects before they may harm the respiratory epithelium. This pharyngeal aspect, or medial side, of the gills is covered by a multilayered epithelium interspersed with occasional taste buds. From the lateral side of the gill arch, opposite to the pharyngeal side, two rows of arborescent structures called ‘filaments’ (or primary lamellae) emerge. In most “basal” teleost groups, such as salmonids and cyprinids, these two rows of filaments are separated by a supportive interbranchial septum that is mostly absent in neoteleosts (51). Throughout the length of the filaments arise a multitude of winged-shaped structures called lamellae (or secondary lamellae), representing the “branches” of the filaments. These lamellae are the sites where exchanges between blood and water occur, a process facilitated by the thin squamous epithelium that covers them. Filaments are subdivided into the afferent aspect for the inner side, the efferent aspect for the outer side, and the interlamellar region for the region in-between. Blood flows into the lamellae from the afferent aspect of the filament and exits through the efferent aspect; this runs counter-current to the flow of water circulating through the gill chamber during respiration. The overall anatomy of gills is illustrated in Figure 1. The gills are covered by a squamous, non-keratinized epithelium that, in zebrafish, is mainly composed of pavement cells, ionocytes (mitochrondria-rich cells α and β), mucous cells and neuroepithelial cells. The entire surface of the gills constitutes a large and complex mucosal territory, with many microenvironments, that separates the external environment from the blood flow. As such, the gill mucosa clearly represents a key potential gateway for pathogens to enter the host (52).




Figure 1 | General organization of zebrafish gills. Schematic representations of the overall anatomy of adult zebrafish gills as observed from the side (A), through a transversal plane across the gill arch (B) and through a coronal plane across gill filaments (C). Section plane are illustrated in (A, B). The blood flows from the afferent artery to the lamellae where it gets oxygenated and leave by the efferent artery. Counter-current to the blood, the water irrigates the lamellae from the efferent aspect to the afferent aspect of filaments. (D) Paraffin section (2 µm) displaying two gill arches through an oblique coronal plane, as illustrated in (A). (E) Paraffin section (2 µm) displaying two filaments through a coronal plane, as illustrated in (A, B). Scale bars: 50 µm (D) and 20 µm (E).



The existence of a gill-associated acquired immunity in fish was first reported in 1919 (53). Xu and colleagues showed in trout that gill infections with the parasite Ichthyophthirius multifiliis induce a strong local pathogen-specific IgT (fish mucosal immunoglobulin, named IgZ in zebrafish) response (54). IgM and IgT antibody responses seem to be a conserved defense mechanism within fish MALTs, although not all fish species possess IgT (55). However, much remains unknown about the process of gill immunity. The maintenance of such a delicate respiratory barrier would likely require finely-tuned regulatory safeguards. Indeed, it is important to avoid unnecessary, or exagerated, immune responses against non-harmful foreign elements, such as commensal bacteria and innocuous environmental debris. The anti-inflammatory cytokine IL-10 seems to be an important factor for gill homeostasis in zebrafish (56). Zebrafish gill’s defenses consist of many scattered myeloid cells, lymphoid cells, and myeloid-like metaphocytes (16, 21, 44, 57). The sampling of foreign antigens is performed by both epithelial cells and immune cells from the gill mucosa. The presence of specialized antigen-sampling cells at the surface of the gill epithelium has been reported in trout but not zebrafish (58). We recently reported the presence of an ILT in zebrafish gills that is structurally similar to the ILT of salmonids (44). The zebrafish ILT forms a T-lymphocyte-rich region on top of the interbranchial septum, called the “proximal” ILT (pILT). The ILT also extends along the afferent aspect of each gill filament, forming a “distal” ILT (dILT) (59). In addition to the zebrafish ILT, our recent study also shows the presence of unidentified lymphoid aggregates in gills of several neoteleost species, suggesting that our knowledge of the fish GIALT organization remains incomplete.

Here, we explored the structural organization of the adult zebrafish GIALT (zf-GIALT) with an immuno-histology approach coupled to 3-D, high-resolution microscopy. Using a monoclonal antibody targeting a highly conserved epitope of the kinase ZAP70 (44), we labeled T/NK-like cells on cryosections of non-dissected gills and produced images at high-magnification and high-resolution. With this approach, we could separate the zf-GIALT into different sub-regions, including ILT and a so far undescribed structured lymphoid tissue located along each side of the gill arches at the base of filaments. Here, we term this structure as the “Amphibranchial Lymphoid Tissue” (ALT). Our results show that the ILT and the ALT share features at the structural and cellular levels, and show that both are subject to structural changes upon infection by the Spring Viraemia of Carp Virus (SVCV), suggesting an involvement in acquired immunity. Finally, ALT was found in all teleost species we investigated, even in those species previously shown to lack ILT, emphasizing that it may constitute a primordial and conserved lymphoid structure involved in the protection of teleost gills.



Material and Methods


Animal Care and Ethic Statement

Experiments were performed in accordance with the animal care guidelines, ethical standards and legislation of the European Union, France and Norway. The study was carried in contact with local ethics committees. Animal experiments described in the present study and conducted at the IERP fish facilities (building agreement n°C78-720, doi.org/10.15454/1.5572427140471238E12) of the INRAE Research Center at Jouy-en-Josas, France, in compliance with the recommendations of Directive 2010-63-EU on the protection of animals used for scientific purposes. Infection protocols were approved by the institutional review ethics committee, COMETHEA, of the INRAE Research Center. Authorizations were approved by the French Ministry of Agriculture (authorization number APAFIS# 22150-2019062811528052).

This study was performed by well-trained staff authorized to perform fish euthanasia.

The experiments were conducted using wild-type AB zebrafish (1 year old) (n = 31) and the following genetically-modified strains: Tg(mhc2dab:GFP)sd6 (15) (n=3), Tg(mfap4:mCherry-F)ump6 (60) (n=3), Tg(mpx:GFP)i114 (61) (n=3), Tg(rag2:DsRED) (62) (n=3) and Tg(fli1a:EGFP)y1 (63) (n=3). In addition, laboratory-raised wild-type d-rR adult Medaka (1 year old) (n=3), that were maintained in the conditions presented in (64), were provided by Romain Fontaine (NMBU – Ås, NORWAY).

Healthy adult Atlantic salmons (n=2, weight: 1500g) were laboratory-raised by NIVA (Solbergstrand-NORWAY) and provided by PHARMAQ, part of Zoetis. Euthanasia of the specimens followed strictly the Norwegian legislation and was carried out by an authorized staff.

Healthy common carp (Cyprinus carpio) (n=32, weight: 300-2000g) were raised in tanks of recirculating, UV-treated water (23°C ±1°C, 12:12 light: dark photoperiod) at the aquatic research facility of Wageningen University & Research, the Netherlands. No disease had been observed in the fish in the recent past.

The study includes wild-caught species for which only fish with a healthy appearance upon sampling and no obvious histopathological changes in gill tissue upon histological evaluation were included in the study. This included Atlantic mackerel (Scomber scombrus) (n=5, weight: 465-910g, from Drøbakksundet, Fjord of Oslo, Norway), Northern red snapper (Lutjanus campechanus) (n=3, weight: 600-850g, from Turks and Caicos Islands), and Pacific barracuda (Sphyraena argentea) (n=3, weight: 500-800g, Turks and Caicos Islands).



Infection Experiment With SVCV

Wild-type zebrafish (AB; aged 15 months; 0.8g) were acclimatized at 22°C (Ph 8, conductivity 200µS/cm²) in 1.5L aquaria for 48h. Two groups of eight fish were infected by immersion using the reference SVCV strain VR-1390 (65, 66) at 104 pfu/ml and the water flow was stopped for 48 h; water was then changed once per day. Infected groups were sampled at 3 and 10 days post infection, respectively and fixed with a 4% formaldehyde solution. Non-infected controls were prepared in parallel (n = 4).



Sample Preparation and Sectioning


Cryosections

Adult zebrafish and medaka were euthanized with an anesthetic overdose using buffered tricaine. The specimens were then quickly transferred to a solution of formaldehyde 4% in HEPES buffer (60 mM – pH 7.4) for 24 h at room temperature, followed by a 3 days incubation at 4°C. The cryoprotection was achieved with two incubations in a solution of sucrose- 32% (in distilled water), until the specimens sunk to the bottom of the recipient. The samples were then embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek USA, Mountain View, CA, USA), flash-frozen in isopentane, and sectioned using a CM1950 cryostat (Leica, Wetzlar, Germany). The resulting 30 µm cryosections were recovered on Superfrost Plus slides (Thermo Fischer, Waltham, MA, USA) and stored at -20°C.



Wholemount 

Adult zebrafish were euthanized with an anesthetic overdose using buffered tricaine. The specimens were then quickly transferred to a solution of formaldehyde 4% in HEPES buffer (60 mM – pH 7.4) for 24 h at room temperature, followed by a 3 days incubation at 4°C. Gill arches were gently micro-dissected and stored in HEPES buffer (60 mM – pH 7.4) at 4°C.



Paraffin Sections

Samples from the relevant species where prepared as described in (44). Briefly, tissues were fixed in 10% neutral buffered formalin and stored at 4°C before further histological processing. Upon processing, the tissues were dehydrated, cleared, paraffin-embedded and processed using standard procedures. Tissues were then sectioned at 4 µm, then were recovered on poly-L-lysine coated Superfrost Plus slides (Thermofisher, Waltham, MA, USA) and stored at 4°C.




Immunofluorescence and Immunohistochemistry


Cryosections

Slides were blocked 1h in a blockaid solution (Thermofisher) at room temperature. T/NK lymphocytes were labeled using a rabbit anti-ZAP70 monoclonal antibody (99F2 – Cell Signaling), at 1:300 in Pierce™ Immunostain Enhancer solution (Thermofisher) for 1 h 40 min at room temperature. Cytokeratin was labeled using the cytokeratin Pan Type I/II mouse monoclonal antibody cocktail (Thermofisher), at 1:40 in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA and 20 mM MgCl2 in ddH2O – pH 7.4) (67, 68) for 1 h at room temperature. Dendritic cells were labeled using peanut agglutinin lectin coupled with alexa594 (Thermofisher), at 1:200 in PHEM buffer for 25 min at room temperature. T/NK cell proliferation was assessed by first labeling proliferating cells with a mouse anti-PCNA monoclonal antibody (PC10 – Thermofisher) at 1:300 in PHEM buffer for 1 h 40 min at room temperature, followed by an anti-ZAP70 labeling as described above. SVCV was revealed using a mouse anti-SVCV-N monoclonal antibody (BIO 331 – Bio-X Diagnostics) at 1:20 in PHEM buffer for 1 h at room temperature, alone, followed by anti-ZAP70 labeling as described above, or along with a rabbit polyclonal anti-MPEG1 antibody (Batch RC1201 - Anaspec) at 1:250. When necessary, the labeling was followed by a 30 min incubation at room temperature with one or several cross-adsorbed secondary antibodies at 1:250 in PHEM buffer: Goat anti-rabbit-Alexa647 (Jackson ImmunoResearch), Goat anti-mouse-Alexa647+ (Thermofisher) and Goat anti-mouse-Dylight594 (Thermofisher). Where relevant, slides were co-stained with fluorescent phalloidin (TRITC or FITC labeled – Sigma Aldrich) at 3U/mL, and DAPI (Thermofisher) at 5 µg/mL during the incubation with secondary antibodies or peanut agglutinin lectin. Slides were mounted with prolong-glass mounting medium (Thermofisher), cured at room temperature for 24 h and stored at 4°C before confocal imaging. Rabbit IgG isotype controls (DA1E – Cell Signaling) for the anti-ZAP70 labeling in the ILT and ALT are displayed on Figure S1.



Wholemount

Dissected gill arches were permeabilized for 5 days in a solution of 1% triton X-100 (Sigma Aldrich) and 0,1% tween (Sigma Aldrich) in PHEM buffer for 5 days at room temperature under gentle rocking. Samples were then saturated, under gentle rocking, for 24 h at room temperature in a solution of blockaid complemented with 0,5% triton X-100 and 0,1% tween. T/NK lymphocyte were labeled with the rabbit anti-ZAP70 monoclonal antibody at 1:600 in Pierce™ Immunostain Enhancer solution, complemented with 0,5% triton and 0,1% tween, for 5 days at room temperature. After 24 h with several rinses in 0,5% triton and 0,1% tween in PHEM buffer, the samples were incubated with a mix of Goat anti-rabbit-Alexa647 at 1:400, phalloidin-FITC at 2U/mL and DAPI at 5 µg/mL, for 5 days at room temperature under gentle rocking. After several rinses, the samples were mounted with slowfade-glass mounting medium (Thermofisher) between two coverslips with adequate spacers, and imaged during the following hour.



Paraffin Sections

A protocol adapted from Dalum et al. (69) was employed on formalin-fixed, paraffin-embedded gill tissues attached to poly-L-lysine coated Superfrost Plus slide. In short, prepared slide were submitted to deparaffinization, heat-induced epitope retrieval, inhibition, and blocking, before the slides were incubated with a primary antibody, the anti-ZAP70 monoclonal antibody as described above, at 1:300 in 1% bovine serum albumin/tris-buffered saline. As secondary antibody, labelled polymer-HRP anti-rabbit (Dako EnVison1 System-HRP, Dako, Glostrup, Denmark) was used, followed with incubation with 3,30-diaminobenzidine (DAB) as substrate (positive reaction indicated by brown color). Pre-immune sera and omissions of primary antibodies were included as a negative control. Counterstaining was performed with haematoxylin, followed by washing in distilled water and mounting with polyvinyl alcohol (Apotekproduksjon, Oslo, Norway).




Imaging and Image Analysis

Acquisitions were made with the Zyla camera of a dragonfly 500 spinning disk confocal microscope (Andor, Belfast, UK), with 40 µm pinholes and either a 20×/0.75-dry objective or a 60×/1.4-oil-immersion objective. Acquisitions, stitches and deconvolutions (14-16 iterations) were made using features from the Fusion software. Image analysis was realized using both IMARIS and ImageJ softwares. Image acquisition and analysis were performed at the NorMIC imaging platform (University of Oslo, Norway).




Results


General Organization of the zf-GIALT

Since gills have a very complex architecture, we first explored the distribution of the anti-ZAP70 labeling on 3D multi-fields of view acquisitions of gills sectioned at multiple orientations: transversal and oblique coronal (Figure 2) (n = 5). These initial observations revealed abundant ZAP70+ T/NK-like cells distributed throughout the gills. However, their distribution was not uniform. Based on the morphological compartmentalization of the gills (Figure 1) and the distribution pattern of the anti-ZAP70 labeling, the zf-GIALT could be divided into five sub-regions. The first sub-region (1) constitutes a T/NK cell-rich structure located on top of the septum that extends along the afferent aspect of the filament. This is the ILT, as recently described in (44). The second sub-region (2) consists of scattered T/NK cells within the interlamellar region, the efferent aspect of the filament, and the lamellae. The third sub-region (3) contains scattered T/NK cells that are found along the wall of, and within, the septum. The fourth sub-region (4) relates to scattered T/NK cells at the pharyngeal side and within the gill arch. Importantly, a fifth sub-region (5) could be identified by a high number of T/NK cells clustered at the base of the efferent aspect of the filaments, on each side of the gill arch. This last sub-region was surprisingly large and resembled the lymphoid aggregates we previously observed at the base of the filament of gills from spiny-rayed fish species: the European perch (Perca fluviatilis) and the Flounder (Glyptocephalus cynoglossus) (44).




Figure 2 | General organization of the zebrafish GIALT. Representative deconvolved confocal images of adult zebrafish gills acquired from a transversal (A) and oblique longitudinal orientations (B). The section planes are illustrated on a dissected gill arch in (C). Images were acquired from 30 μm whole-body cryosections stained with phalloidin (actin -green) and DAPI (DNA-blue) and where T/NK cells were labeled with anti-ZAP70 antibody (red hot). Both transversally and longitudinally sectioned gills display a distribution of ZAP70 positive cells that is connected to the different morphological territories of the gills, thus revealing the segmentation of the GIALT into five sub-regions (1-5) (ILT, interlamellar region-lamellae-efferent aspect of filaments, interbranchial septum, gill arch, T/NK cell clusters at the base of filaments on each side of the gill arch). (D, E) Schematic representation of (A, B) displaying the 5 sub-regions of the GIALT. (A, B) Images are maximum intensity projections (MIP). Annotations: Aa, Afferent artery; Aaa, Afferent arch artery; Af, Afferent aspect of filaments; Bc, Branchial cavity; Bm, Basement membrane; C, Cartilage; dILT, distal Interbranchial Lymphoid Tissue; Eaa, Efferent arch artery; Ea, Efferent artery; Ef, Efferent aspect of filaments; F, Filament; Ft, Filament top; Ga, Gill arch; Gr, Gill raker; IR, Interlamellar region; La, Lamellae; P, Pharynx; pILT, proximal Interbranchial Lymphoid Tissue; S, Septum; Sm, Smooth muscles; Sw, Septum wall and Vs, Venous sinus. Scale bars: 100 μm (A, B).



The zebrafish has four pairs of gill arches that display slight morphological differences between them. Gill rakers from the first gill arch are most developed, which restrains the passage of larger food particles into the gills. To verify that the organization of the zf-GIALT reported above is similar in all four pairs of gill arches, we made coronal cryosections through the head of adult zebrafish such that, if when one looked at a branchial cavity, the four gill arches could be observed in a transversal orientation. As illustrated in Figure 3, these sections clearly confirm that all gill arches share the same lymphoid organization (n = 3). Furthermore, this organization of the zf-GIALT was confirmed in all analyzed specimens (Figure S2). Dynamic visualizations of the different sub-regions are available as Supplementary Videos 1–4.




Figure 3 | The four zebrafish gill arches display the same lymphoid organization. Representative deconvolved confocal images of an adult zebrafish branchial cavity showing the 4 gills arches with transversal orientation (A). The plane of section is illustrated by the scheme at the bottom left. The images were acquired from 30 μm whole-body cryosections stained with phalloidin (green) and DAPI (blue) and where T/NK cells were labeled with anti-ZAP70 antibody (red hot). Each gill arch (Ga1-Ga4) possesses a GIALT segmented in five sub-regions (1-5) (ILT, interlamellar region-lamellae-efferent aspect of filaments, interbranchial septum, gill arch, T/NK cell clusters at the base of filaments on each side of the gill arch). (B) Schematic representation of (A) displaying the 5 sub-regions of the GIALT. (A) The image is a maximum intensity projection of 15 µm. Annotations: Bc, Branchial cavity; Ga, Gill arch and S, Septum. Scale bar: 200 μm.



Based on these observations, we next performed a more detailed characterization of the five different sub-regions of the zf-GIALT (1-5), using high-resolution 3D imaging.



The Interbranchial Lymphoid Tissue (ILT) – Sub-Region 1

The morphology of the Interbranchial lymphoid tissue in adult zebrafish is very similar to the one observed in Atlantic salmon. Rich in T/NK cells, the tissue is located intraepithelial on the apex of the septum, where it is called the proximal ILT (pILT), and along the afferent aspect of filaments where it constitutes the distal ILT (dILT) (44) (Figures 4A, B). The ILT is restricted to the afferent aspect of filaments, at the surroundings of afferent arteries and filament cartilages. Via its tight association with the septum, the ILT is continuous throughout the length of the epithelium covering the branchial cleft (Figure 4C). A peculiarity of this association with the septum is that the ILT lies above an enlargement of the afferent artery that forms closed pits on the radial axis (Supplementary Videos 5, 6), called “Vascular bleb” or “Ampulla” (Vb in Figures 4A, B) (70). Finally, the ILT is separated from the vascular compartment by a thin basement membrane that appears as a black line in our acquisitions (Figure 4D – cyan arrows). These two last features may promote exchanges between the ILT and the vascular system, and surrounding tissues, possibly facilitating the maintenance of homeostasis and immune function.




Figure 4 | Organization of the zf-GIALT above the gill arch. (Sub-regions 1-3). Representative deconvolved confocal high-resolution images of adult zebrafish gills acquired with a transversal (A, B) or coronal orientations (C–F). The different section planes are illustrated on panels (C) and in (G). Images were acquired from 30 μm whole-body cryosections stained with phalloidin (green) and DAPI (blue) and where T/NK cells were labeled with anti-ZAP70 antibody (red hot). (A) An overview of the top of an interbranchial septum showing the location of the proximal ILT over the vascular bleb from two opposite filaments. The cyan star indicates T/NK cells adhering to the endothelium of the vascular bleb. (B) Transversal acquisition through the middle of a filament illustrating the heterogeneity of the distribution of ZAP70 positive cells within a filament. (C) Coronal section across the proximal ILT showing the continuity of the ILT across the branchial cleft. (D–F) High-resolution images acquired with coronal orientations at different levels through the filaments [see panel (G)] and illustrating the zf-GIALT associated to the interbranchial septum. The cyan arrows in (D) indicate the basement membrane separating the vascular compartment from the ILT, the magenta star highlights a ZAP70neg immune cells within the vascular bleb, yellow arrowheads in (E, F) point to scattered T/NK cells within the septum, and cyan arrowheads in (F) highlight T/NK cells within a vessel of the septum. Images are maximum intensity projections: 2 µm (D–F). Annotations: Aa, Afferent artery; Am, adductor muscles; Bc, Branchial cavity; C, Cartilage; dILT, distal Interbranchial Lymphoid Tissue; Ea, Efferent artery; F, Filament; La, Lamellae; pILT, proximal Interbranchial Lymphoid Tissue; S, Septum; Sw, Septum wall and Vb, Vascular bleb. Scale bars: 100 μm (C) 40 μm (B) 30 μm (A) and 20 μm (D–F).





The zf-GIALT at the Lamellae, Filament, and Interbranchial Septum – Sub-Regions 2-3

Outside the ILT, a few T/NK cells were found scattered in the different layers of the filaments. Occasional T/NK cells were also observed within the thin respiratory epithelium of the lamellae, but very few were seen within the blood circulating between the pillar cells (ring-like structures labelled by phalloidin (actin) staining). At the interlamellar region, some T/NK cells were observed around the central venous sinus and within the epithelium (Figure 4C), a site where they sporadically form aggregates but not organized structures (Figures 2A, 4B). The distribution of the T/NK cells at the efferent aspect of the filament follows a similar pattern as the scattered T/NK cells found along the epithelium, which can form a few localized aggregates.

We then studied the organization of the zf-GIALT at the interbranchial septum. Here, a high number of T/NK cells were consistently found within the wall of the septum (Figures 2–4). Inside the deeper layers of the septum, T/NK cells were scattered between muscle cells (Figures 4E, F – yellow arrowheads) and in association to narrow endothelial structures revealed by the phalloidin staining for actin (Figure 4F – cyan arrowheads).



The zf-GIALT at the Gill Arch – Sub-Region 4

In the gill arch, i.e. in the area beneath the filaments and septum, we observed a few scattered T/NK cells between muscle cells (Figures 5A, B yellow arrowheads), sometimes associated with the circulatory system (Figures 5A, B magenta arrowheads). In contrast, the epithelium on the pharyngeal side was populated by many T/NK cells, in a disorganized fashion. Still, we noticed that these intra-epithelial T/NK cells were preferentially located in the basal layers of the epithelium (Figures 5A–C cyan arrows), in proximity to a thick basement membrane, hinting toward a potential involvement of the gill arch epithelial basement membrane in T/NK cell trafficking. Noteworthy, some T/NK cells were also found in association with taste buds (Figures 5A–C white arrowheads).




Figure 5 | Organization of the zf-GIALT at the gill arch. (Sub-regions 4-5). Representative deconvolved confocal high-resolution images of adult zebrafish gills acquired with a transversal orientation. Images were acquired from 30 μm whole-body cryosections stained with phalloidin (green) and DAPI (blue) and where T/NK cells were labeled with anti-ZAP70 antibody (red hot). The localization of the GIALT sub-regions is illustrated in (G). (A) Lower magnification image illustrating the organization of the GIALT from two gill arches. Cyan arrows point to the numerous T/NK cells close to the basement membrane at the pharyngeal side of the gill arch. Yellow arrowheads highlight scattered T/NK cells within the gill arch, and white arrowheads localize taste buds. (B, C) Images at higher magnification of the zf-GIALT at the pharyngeal aspect of the gill arch. (D–F) Images at higher magnification of the T/NK cell clusters, forming the Amphibranchial Lymphoid Tissue (ALT), located on each side of the gill arches, at the base of filaments. The cyan arrowheads in (E, F) highlight the basement membrane and the reduction of its thickness at the level of the ALT. Images are maximum intensity projections: 2 µm (B–F). Annotations: Aaa, Afferent arch artery; ALT, Amphibranchial Lymphoid Tissue; Bc, Branchial cavity; Bm, Basement membrane; Eaa, Efferent arch artery; Ea, Efferent artery; F, Filament; La, Lamellae; M, Muscles; Mc, Mucous cell; Pvc, Pavement cell; S, Septum and Tb, Taste bud. Scale bars: 50 μm (A) and 20 μm (B–F).





Identification of the Amphibranchial Lymphoid Tissue (ALT) – Sub-Region 5

The presence of large clusters of T/NK cells on each side of gill arches, at the base of the efferent aspect of filaments, was unexpected. Our investigations revealed that these clusters constitute a new structured lymphoid tissue, which we name the “Amphibranchial Lymphoid Tissue” (ALT). The rationale behind the identification and the description of the ALT are exposed in the following paragraphs.

These dense T/NK cells aggregates were in sharp contrast to the rest of the gill arch epithelium, which had numerous but always scattered T/NK cells (Figure 5A). Within these clusters, the T/NK cells were in contact with each other (Figures 5D–F) and formed a well-delineated bulge in the epithelium. From section to section, the thickness of these lymphoid clusters was variable and sometimes appeared narrow (Figure 5E). Intriguingly, these clusters also coincided with a reduction in the thickness of the epithelial basement membrane, to the point that it was sometimes difficult to follow its continuity (Figures 5E–F – cyan arrowheads).

Since these clusters were consistently seen in all transversal sections we analyzed, we wondered if they were localized aggregates or if these structures were continuous through the length of the gill arch. To answer this question, we performed ZAP70 labeling on wholemount fixed dissected gill arches that were then imaged with a sagittal orientation (Figure 6 and Supplementary Video S7) (n = 3). The maximum intensity projections clearly revealed that these clustered T/NK cells were more than just localized lymphoid aggregates but actually formed a continuous structure through the whole length of the gill arch, at the base of the filaments (Figures 6A, B’’). The acquisition also further illustrates the scattered nature of the GIALT at the efferent aspect of filaments (green arrowheads) and at the gill arch (yellow arrowheads). Curiously, we could also observe an enrichment in rodlet cells (magenta arrowheads) and the presence of ZAP70-negative round structures within this lymphoid structure (cyan arrowheads) (Figure 6B–B”). Further examinations revealed these ZAP70 negative structures to be neuromast-like or taste-bud like structures (Figure S3 and Supplementary Video S8). To the best of our knowledge, these likely sensory structures have until now not been described and may represent a neuro-immune unit in teleosts.




Figure 6 | The amphibranchial lymphoid tissue is a continuous structure along gill arches. Representative deconvolved confocal images of an adult zebrafish gill arch observed from the side. The images were acquired from wholemount dissected gill arches stained with phalloidin (green) and DAPI (blue) and where T/NK cells were labeled with anti-ZAP70 antibody (red hot). (A,A’) low magnification image of the gill arch illustrating the continuity of the ALT. (B–B’’) Images of the ALT at a higher magnification showing the contrast between the lymphoid organization of the ALT, the efferent aspect of filaments (green arrowheads), and the pharyngeal side of the gill arch (yellow arrowheads). Magenta arrowheads in (B’’) emphasize the enrichment of the ALT in rodlet cells, while the cyan arrowheads in (B, B’) point to the localization of neuromast-like ZAP70 negative structures. (C, D) Optical sections from within 3D acquisitions illustrating the variating thickness of the ALT. The white arrowheads point to the thinness of the ALT when at the level of the efferent artery compared to the thickness of the ALT when in-between filaments. (D) is deeper within the 3D acquisition than (C). (A–D) Images are maximum intensity projections: 5 μm (C, D), 25 μm (B–B’’) and 50 μm (A, A’). Annotations: ALT, Amphibranchial Lymphoid Tissue; Ea, Efferent artery; F, Filament; Ga, Gill arch; Gr, Gill raker and La, Lamellae. Scale bar: 20 μm (D), 40 μm (B, C) and 100 μm (A, A’).



Opening-up the acquired 3D stacks to analyze the optical sections revealed that this ZAP70-enriched structure consists of prominent and dense aggregates in-between the filaments, (white stars) and is at its thinnest at the level of the efferent artery (white arrowheads) (Figures 6C, D).

Combined, our results indicate that the T/NK cell organization found in this sub-region 5 is strikingly similar to what is seen in the ILT. With such an arrangement, an important question arose: Are these structures along the sides of gill arches only diffuse lymphoid aggregates, or could they represent a new structured gill intra-epithelial lymphoid tissue? To address this question, we looked for an important feature of structured lymphoid tissues, the presence of a reticulated epithelial cells network. For this, we labeled cryosections with an anti-cytokeratin antibody to reveal the reticulated epithelial cells (Figure 7) (n = 3) as previously described by Haugarvoll et al. in their identification of the ILT in Atlantic salmon (42). First, we verified that, similar to salmonids, the ILT in adult zebrafish contains a similar network of reticulated epithelial cells (Figure 7A). Then, examination of this lymphoid structure at the base of filaments following a cytokeratin labeling revealed a striking network of reticulated epithelial cells (Figure 7B), indicating that this is a new structured gill lymphoid tissue. Based on its localization along each side of the gill arches, we named it the Amphibranchial Lymphoid Tissue (ALT). Of note, the ALT sometimes reached the efferent aspect of the filament at the ventral end of the gill arch (Figure S2C). The localizations of the ILT and ALT within the gill arch are schematized Figure 8.




Figure 7 | The ILT and ALT are structured by a complex network of reticulated epithelial cells. Representative deconvolved confocal images of adult zebrafish gills displaying the ILT (A) and the ALT (B) at high-magnification. The localization of sections (A, B) is illustrated on panels (C, D). The images were acquired from 30 μm whole-body cryosections stained with phalloidin (green) and DAPI (blue) and reticulated epithelial cells were labeled with an anti-cytokeratin antibody (red hot). While the cytokeratin signal is strong within the outermost layer of the epithelium, an intricate core of cytokeratin positive cells is observed within ILT (A) and ALT (B). Images are maximum intensity projections (2 µm). Annotations: Aa, Afferent artery; ALT, Amphibranchial Lymphoid Tissue; Bc, Branchial cavity; C, Cartilage; Ea, Efferent artery; Ga, Gill arch; ILT, Interbranchial Lymphoid Tissue; La, Lamella and S, Septum. Scale bars: 20 μm.






Figure 8 | General organization of the structure lymphoid tissues in zebrafish gills. Schematic representations of the localization of the ALT (green) and ILT (yellow) within adult zebrafish gills. The ALT runs along the base of filaments while the ILT is found on the inner (afferent) aspect of filaments, on top of the interbranchial septum. (A) illustrates a gill arch as observed from the side. (B) represents a transversal plane through the gill arch, as illustrated on (A). (C) shows a gill arch as observed from above the filaments, as illustrated in (B). (D, E) Paraffin sections (2 µm) displaying the ALT, as illustrated in (B). (F, G) Paraffin section (2 µm) displaying the proximal ILT (pILT) and distal ILT (dILT), as illustrated in (B). Aa, Afferent artery; ALT, Amphibranchial Lymphoid Tissue; ILT, Interbranchial Lymphoid Tissue; dILT, distal Interbranchial Lymphoid Tissue and pILT, proximal Interbranchial Lymphoid Tissue. Scale bars: 20 µm (D–G).



Lymphoid tissues require access to nutrients, oxygen, and ways to facilitate immune cell trafficking to maintain their functions. Thus, we looked for the presence of endothelial structures close to the ALT. Cryosections through non-dissected gills from fli:GFP adult zebrafish (n = 3), whose endothelial cells are green fluorescent, revealed that the ALT is in contact with the first basal lamellae of filaments (Figures S4A, B cyan arrows). In addition, we also observed the presence of endothelial cells in the connective tissue close to the ALTs (Figure S4B cyan arrowheads). Wholemount acquisitions of dissected gill arches revealed that these endothelial vessels sometimes sprouted from the edge of the most basal lamellae and, at times, formed anastomoses (cyan star) connecting with the efferent artery of the next filament (Figure S4C green arrowheads). Further work will be required to determine if these endothelial vessels are blood vessels, lymphatic vessels, or the hybrid vascular/lymphatic vessels such as those described by Burne in anglerfish and cod (71, 72). Such hybrid vessels, called “fine vessels” by Burne, display a morphology similar to arteries but have not been reported in zebrafish to date.



The ILT and ALT Share Features of Secondary Lymphoid Organs and Are Not Additional Thymi

In our effort to further characterize the zf-GIALT, we investigated putative role of the zebrafish ILT and ALT as T/NK cell enriched areas. In a recent investigation, Koppang et al. found evidence that the salmonid ILT is not an additional thymus (73) but most likely secondary lymphoid in nature (74). To facilitate the induction of immune responses, secondary lymphoid organs also contain many myeloid cells, in particular professional antigen-presenting cells. Therefore, we looked for the immune cell types that in addition to T/NK cells, compose the ILT and ALT.

We first investigated the presence of antigen-presenting cells in ILT and ALT of adult zebrafish using the mhc2:GFP transgenic line where mhc2+ cells are green fluorescent (n =3). We observed a strong expression of GFP by pavement cells (keratinocytes) (magenta arrowheads) and by mucous cells (magenta stars) of the gill epithelium (Figures 9A, B). GFP expression by keratinocytes (pavement cells) in fish older than 45 days has been previously reported by the creators of this reporter line (15) and is consistent with the expression of mhc2 by gill epithelial cells as previously observed in Atlantic salmon (75). In the deeper layers of the epithelium, we noticed the presence of weakly labeled GFP cells (green arrowheads) that form a meshwork and compose the basal layer of the ILT (Figure 9A) and ALT (Figure 9B). Co-labeling with anti-cytokeratin identified these cells as reticulated epithelial cells (not shown). This is consistent with the suggested expression of mhc2 by thymic reticulated epithelial cells (15). Importantly, we also found many large cells (yellow arrows), as well as smaller ones displaying a lymphocyte-like morphology (cyan stars), among the GFP high cells from both ILT and ALT, suggesting professional antigen-presenting cells may also be abundant in these lymphoid tissues (Figures 9A–D).




Figure 9 | Antigen-presenting cells and granulocytes are also present within the ILT and ALT. Representative deconvolved confocal images of adult zebrafish gills displaying the ILT (A, C, E, G) and the ALT (B, D, F, H) at high-magnification, as illustrated on panel (I). Images were acquired from 30 μm whole-body cryosections. Cryosection showing the ILT (A) and ALT (B) of mhc2:GFP (cyan hot) zebrafish stained with DAPI (red) reveal numerous mhc2 expressing cells. Purple arrowheads point to GFP positives pavement cells, green arrowheads highlight GFP low reticulated epithelial cells and yellow arrows indicate the presence of large GFP positive cells. (C, D) Cryosections from mhc2:GFP (green) zebrafish gills, stained with fluorescent peanut agglutinin lectins (red) and DAPI (blue), show the presence of dendritic cells among the ILT and ALT (cyan arrowheads), and the presence of small GFP+ cells displaying a lymphocyte-like morphology (cyan stars). To note, the peanut agglutinin lectin also binds to the surface of some pavement cells (magenta arrows). (E, F) Cryosections from mfap4:mCherry-F zebrafish, whose macrophages are fluorescent, stained with phalloidin (green) and DAPI (blue), identify the presence of many macrophages (red hot) within the ILT and ALT (cyan arrows). (G, H) Cryosections from mpx:GFP zebrafish, whose neutrophils are fluorescent, stained with phalloidin (green) and DAPI (blue), identify the presence of neutrophils (red hot) within the ILT and ALT (red arrows). Images are maximum intensity projections: 2 µm (A–D, G, H), 4 µm (F) and 9 µm (E). Annotations: Aa, Afferent artery; ALT, Amphibranchial Lymphoid Tissue; Bc, Branchial cavity; C, Cartilage; Ea, Efferent artery; Ga, Gill arch; ILT, Interbranchial Lymphoid Tissue; La, Lamella; Rbc, Red blood cells; Rc, Rodlet cells and Vb, Vascular bleb. Scale bars: 10 µm (A–D, H), 20 μm (F, G) and 40 µm (E).



In support, we stained sections from mhc2:GFP zebrafish with a red fluorescent peanut agglutinin as described in (16), confirming the likely presence of dendritic cells (Figures 9C, D cyan arrowheads) (n =3). Using the mfap4:mCherry-F zebrafish line that labels macrophages (60), we found the presence of many macrophages in both the ILT and ALT (Figures 9E, F cyan arrows) (n = 3). Finally, granulocytes such as neutrophils, were also present in both lymphoid tissue (Figures 9G, H red arrows) (n = 3). Interestingly, mhc2:GFP positive cells and ZAP70 positive cells were frequently observed adhering to the luminal side of the vascular bleb endothelium beneath the ILT (Figure S5 Cyan arrowheads and Yellow arrowheads).

To further explore if the ALT and ILT displayed features of secondary lymphoid organs, we combined staining with anti-ZAP70 with an anti-PCNA labeling, a marker of proliferative cells. The results showed that T/NK cells proliferate in both the ILT and the ALT of healthy adult zebrafish (Figures 10A, B’ white arrows) (n = 3). Since T cell proliferation also occurs in the thymus, we next looked for the expression of the protein RAG2, a marker of antigen recombination highly expressed by thymocytes. Imaging of rag2:DsRED zebrafish cryosections revealed that in sharp contrast to the high number of RAG2-positive cells in the thymus (Figure 10C), RAG2-positive cells were rare in the ILT and ALT, indicating that these lymphoid structures are not additional thymi (Figures 10D, E magenta arrowheads) (n = 3). Collectively, our zebrafish data are in agreement with previous studies that showed the presence of T cell proliferation and the absence of T cell antigen recombination in the Atlantic salmon ILT (42, 73), highlighting a certain degree of conservation between those two distant fish species.




Figure 10 | T/NK cell proliferation and RAG2 expression. Representative deconvolved confocal images of adult zebrafish gills displaying the ILT (A, A’, D), the ALT (B, B’, E), as illustrated on panel (F), and the thymus (C), at high-magnification. Images were acquired from 30 μm whole-body cryosections stained with phalloidin (green) and DAPI (blue). (A, B’) Co-labeling of T/NK cells with an anti-ZAP70 antibody (red hot), and of proliferating cells with an anti-PCNA antibody (magenta). Proliferating T/NK cells in the ILT and ALT are highlighted by white arrows in (A, A’, B, B’). (C–E) Cryosections from rag2:DsRED zebrafish where cells going through V(D)J recombination are fluorescent (magenta hot). Expression of rag2 is very high within the thymus but only a few cells with low signal are present around the ILT and ALT (magenta arrowheads in (D, E). Images are maximum intensity projections: 2 µm (A–E). Annotations: Aa, Afferent artery; ALT, Amphibranchial Lymphoid Tissue; Bc, Branchial cavity; C, Cartilage; Ea, Efferent artery; Ga, Gill arch; ILT, Interbranchial Lymphoid Tissue and La, Lamella. Scale bars: 10 µm (A, B’), 20 μm (D, E) and 30 µm (C).



Altogether, these data indicate that the zebrafish ILT and ALT, the two structured sub-regions of the zf-GIALT, do not represent additional thymi but share several features of secondary lymphoid organ.



The zf-GIALT Is Subjected to Rapid Structural Modifications During Infection With the Spring Viraemia of Carp Virus

We next investigated if the zf-GIALT is affected by a severe systemic viral infection. For this, we used the Spring Viraemia of Carp Virus (SVCV) rhabdoviral infection model of the adult zebrafish. Identified in 1971 (65), SVCV is a negative-sense single-stranded RNA virus that is responsible for highly lethal infections in cyprinids (76), including zebrafish (30, 77). The gills are believed to be a possible portal of entry for SVCV, before its dissemination to internal organs such as the head-kidney, liver, spleen and brain (78, 79). Upon natural or bath infections, SVCV induces severe pathological changes including gills paleness, inflammation, necrosis, hyperplasia, and hemorrhages (30, 76, 80). Adults zebrafish were infected by immersion in a suspension of SVCV (104 pfu/ml) for 48 hours, sampled at 3 days and 10 days post-infection (dpi), and processed for high-resolution imaging. Immunofluorescence with anti-SVCV-N antibody confirmed that the fishes were infected (Figure S6). All specimens from the infected group displayed important amounts of SVCV-N throughout the organism. The virus was found in the blood, the meninges, brain tissues, the cerebrospinal fluid, the liver, the head-kidney and in connective tissues.

Gills are another important site of SVCV infection. Here, numerous cells with SVCV-N signal were found within and around the afferent arch artery (Figure S6H white and yellow arrowheads) and within the septum (magenta arrowheads). Other major features of gill infection were the presence of numerous highly infected cells, with fragmented nuclei, contained within the lamellae blood circulation (Figures S6H, I red arrowheads and Supplementary Video S9), and a high SVCV-N signal by the filament cartilage and interlamellar regions (Figure S6H–J cyan arrowheads). In individuals collected 10 dpi, damage to the gills was more pronounced, with the presence of occasional necrosis and hyperplasia (Figure S6K yellow arrowheads). Interestingly, besides the intense infection status of the gills, we only detected little to moderate SVCV-N signal in the ALT and ILT (Figures S6L, M cyan arrowheads), that could be attributed to infection or antigen internalization. This striking disparity in SVCV-N distribution among the gills and these structured lymphoid sub-regions of the zf-GIALT, is of particular interest in regard to their possible involvement in the defense of gills against pathogens. This finding is coherent with a previous study (81) that observed important replications of infectious salmon anaemia virus (ISAV) in gills of bath-infected Atlantic salmons but detected no viral replication within the ILT.

For the next step, we used the anti-ZAP70 antibody to investigate the zf-GIALT organization at 3 and 10 dpi (Figures 11F–J). On 3 dpi with SVCV (Figures 11A–E), we observed a strong reduction of the number of T/NK cells from all 5 sub-regions of the zf-GIALT compared to uninfected fish (Figures 2–6). Both the ALT and ILT shared an even more striking reduction in T/NK cells (Figures 11B–E). These structured lymphoid tissues were reduced in size and T/NK cells were no longer the dominant cell type. Furthermore, the clustering of the ZAP70+ cells was also lost. These observations are consistent with a previous study showing shrinkage of the Atlantic salmon ILT upon infection with the virus VHSV (73).




Figure 11 | Modifications of the zf-GIALT structure upon SVCV infection. Representative deconvolved confocal images of adult zebrafish gills 3 days (A–E) and 10 days (F–J) post-infection with the Spring Viraemia of Carp Virus (SVCV). Images were acquired from 30 μm whole-body cryosections stained with phalloidin (green) and DAPI (blue) and where T/NK cells were labeled with anti-ZAP70 antibody (red hot). (A) Low magnification image of a gill arch illustrating the overall reduced number of T/NK cells in the gills 3 days after infection. This depletion of T/NK cells is particularly striking within the ALT (B, C) and the ILT (D, E). Yellow arrowheads in (A) point to T/NK cells adhering to the endothelium of blood vessels. (F) Low magnification image of two gill arches illustrating the replenishment of the zf-GIALT 10 days after infection. The number of T/NK cells within the ALT (G, H) and the ILT (I, J) is a lot higher; and T/NK cells form small clusters (cyan arrowheads in H, I and J). Images are maximum intensity projections: 2 µm (B–E, G–J) and 5 µm (A, F). Annotations: Aa, Afferent artery; Aaa, Afferent arch artery; ALT, Amphibranchial Lymphoid Tissue; Bc, Branchial cavity; C, Cartilage; Ea, Efferent artery; Ga, Gill arch; ILT, Interbranchial Lymphoid Tissue; La, Lamella; S, Septum and Vb, Vascular bleb. Scale bars: 10 µm (H), 20 μm (B–E, G, I, J) and 50 µm (A, F).



This significant decrease in T/NK cells populating the zf-GIALT raises several questions: Are these cells disappearing because of infection-related cell deathor do they migrate elsewhere in the body? T/NK cells have not been described as targets for SVCV and we did not observe infection of ZAP70+ cells by the virus. Besides, the decrease of T/NK cells in ILT and ALT coincided with the appearance of high numbers of ZAP70+ cells within blood vessels throughout the organism, often seen in contact with the endothelium (Figure 11A yellow arrowheads). Further investigation will be required to determine if some of these circulating T/NK cells emigrated from the zf-GIALT. A week later, at 10 dpi, many more T/NK cells were again present within the zf-GIALT (Figure 11F). In addition to an increase of ZAP70+ cells being associated with lamellae, both the ALT and the ILT appeared larger and displayed numerous T/NK cells again (Figures 11G–J). This replenishment of the ALT and ILT coincided with new clustering of T/NK cells (Cyan arrowheads) surrounded by remaining ZAP70- cells. Collectively, our data show that the zf-GIALT undergoes complex structural changes upon SVCV infection, starting with a marked reduction in T/NK cells in both the ILT and ALT after 3 dpi, followed by a rapid and striking replenishment of the ILT and ALT with clustering of T/NK cells at 10 dpi. These dynamic T/NK cell reactions of the ILT and the ALT are compatible with their possible involvement in immune responses, further strengthening the hypothesis that they represent secondary lymphoid structures. However, many crucial questions remain open: Are the micro-clusters of T/NK cells corresponding to antigen-induced clonal expansion? Are they the formation of T cell zones? Are the ZAP70- cells belonging to B-cell lineages?

Overall, our study provides novel evidences supporting the presence of secondary lymphoid structures in zebrafish gills with at least two sub-regions, the ILT and the ALT. However, a definitive identification would require detailed investigations of the lymphocytes phenotypes, their activation markers and their clonal expansion in response to antigens.



The ALT Is a Preserved Lymphoid Tissue Across Distant Teleost Families

In this study, we have characterized the zf-GIALT in detail and discovered a new structured lymphoid tissue at the base of the filaments, the ALT. Our results suggest that both the ILT and ALT participate in the gill defenses against pathogens. In a recent study (44), we found that the ILT was present among “basal” teleosts, despite great size variations between species, but appeared absent in “modern” teleost species (i.e., Percomorphs). We now wondered if the ALT would share a similar evolutionary pattern of presence or absence since the anti-ZAP70 antibody targets a highly conserved epitope among teleost species (44), allowing us to perform a comparative research. Our first step was to study the presence of ALT in another member of the cyprinid family, the European common carp (Cyprinus carpio). Similar to zebrafish, carp gills displayed prominent ALTs at the base of their filaments (Figures 12A, B). Since adult carps are around a thousand times larger than a zebrafish, the presence of an ALT apparently is independent of size variations between fish species. Then, we studied the gills of Atlantic salmon (Salmo salar L.), a representative of the salmonids (another group of “basal” teleosts). Salmon gills arches also display a prominent ALT (Figure 12C). Of particular interest, while we could not detect a clear ILT among percomorphs in our previous study, we found a clear ALT in several species from this large taxonomic group including Atlantic mackerel (Scomber scombrus), Northern red snapper (Lutjanus campechanus), Pacific barracuda (Sphyraena argentea), and Medaka (Oryzias latipes) (Figures 12D–G). In species such as European perch (Perca fluviatilis) and Witch flounder (Glyptocephalus cynoglossus), the T/NK cell aggregates at the basis of the gill filaments in (44) actually correspond to ALT. The presence of ALT across all examined teleosts, but the apparent loss of ILT in “modern” fish, constitutes an interesting enigma.




Figure 12 | The ALT is a preserved structure between distant teleost species. Representative acquisitions of anti-ZAP70 (brown/red hot) labeled gills section, from different fish species, displaying the side of a gill arch, at the base of filaments. (A, B) ALT of the European carp (Cyprinus carpio); Cyprinid – Paraffin section. (C) ALT of the Atlantic salmon (Salmo salar L.); Salmonid – cryosections stained with phalloidin (green) and DAPI (blue). (D) ALT of the Atlantic mackerel (Scomber scombrus); Scombridae, Percomorph – Paraffin section. (E) ALT of the Northern red snapper (Lutjanus campechanus); Lutjanidae, Percomorph – Paraffin section. (F) ALT of the Pacific barracuda (Sphyraena argentea); Sphyraenidae, Percomorph – Paraffin section. (G) ALT of the Medaka (Oryzias latipes); Adrianichthyidae, Percomorph - cryosections stained with phalloidin (green) and DAPI (blue). These images are maximum intensity projections: 2 µm (G) and 5 µm (C). Annotations: ALT, Amphibranchial Lymphoid Tissue; Bc, Branchial cavity; Bm, Basement membrane; Ea, Efferent artery; Ep, Epithelial cells; F, Filament; Ga, Gill arch; Gr, Gill raker; La, Lamella; S, Septum and Sm, Smooth muscles. Scale bars: 50 µm (B, G) and 70 μm (A, C).






Discussion

The organization of the mucosal immune system in mammals is thought to support efficient antigen trapping and rapid activation of the adaptive immune response (82). Organized-MALT (O-MALT) in mammals include Peyer’s patches in the gut and tonsils in the naso-pharyngeal cavity. These O-MALT structures constitute the inductive sites, where the adaptive immune response is initiated. Cells from these inductive sites migrate to the effector sites, for instance, the lamina propria of the gut. The distinction between inductive and effector mucosal sites is still blurry (83) in teleosts due to the fact that the teleost mucosal immune system has always been thought of being diffuse (d-MALT). However, lack of description of O-MALT structures in teleosts may be due to limited reagents used to label immune cells as well as to sub-optimal imaging approaches that miss the 3-D complexity of mucosal tissues such as the gills.

Our study exemplifies how 3-D high-resolution imaging can help uncover the organization of the mucosal immune system of teleosts. We adopted an approach combining immunology, histology and advanced imaging to dissect the structural organization of the gill-associated lymphoid tissue (zf-GIALT). Our study unveiled a complex compartmentalization into five sub-regions that are associated with different morphological territories within the gills and show variable abundance and organization of T/NK cells. Our high-resolution image descriptions confirmed the presence of three sub-regions where zf-GIALT is diffuse (d-GIALT), while the remaining two regions constitute structured lymphoid aggregates (evoking O-GIALT). Our most significant finding is the discovery of a structured lymphoid tissue along the sides of the gill arches, a sub-region that we called the Amphibranchial Lymphoid Tissue (ALT), which constitutes one of the two O-GIALT sub-regions. Like the ILT, despite the presence of high numbers of T/NK cells, the ALT is not an additional thymus, since RAG2 expression level is very low, but it shares several features associated with secondary lymphoid structures. Importantly, upon infection of adult zebrafish with the rhabdovirus SVCV, zf-GIALT underwent significant structural changes, suggesting the involvement of both, ILT and ALT, in immune responses. Finally, where the ILT was absent from some (neo)teleost species, the ALT region appears to have adapted to various fish families and lifestyles.

The present study illustrates the power of advanced imaging to link the localization of molecular immune markers to its cell spatial context. The combination of the optical advantages of the zebrafish model with a modern spinning-disk confocal microscope made possible the investigation of large biological volumes at high-resolution. In the absence of dissection, we achieved an optimal preservation of the biological context (e.g. connective tissues, vascular system, boundaries between organs, etc), which allowed us to explore all four pairs of gill arches simultaneously. Analysis at the whole organism level was also important in our characterization of the impact of SVCV infection. Along this line, the optical investigation of the immune system at the tissue and organism level at high-resolution is currently gaining importance (84, 85).

The gill is a vital organ that is highly exposed to foreign elements and pathogens. The demonstration of an acquired and pathogen-specific immunity associated to gills was first described by Reuling a hundred years ago (53). Reuling studied the reaction of the fish to the parasitic larval stage of mussels that attaches to gills, the Glochidia. He showed that successive gill infections of large-mouth black bass (Micropterus salmoides) with Glochidia of the mussel Lampsilis luteola induced a specific immunity that was not related to mechanical factors, such as mucus clearance, but to a humoral blood factor.

To date, our understanding of gill immunology remains largely incomplete and the mechanisms of local acquired immunity are not well understood. So far, most studies investigating the teleost gill immune system have addressed the gill organ as a whole, as if it had a homogeneous structure. This is particularly true regarding the zebrafish model in which gill populations of Th2-like T cells (86), foxp3a+ regulatory T cells (87), and gill-associated metaphocytes (57) have been identified though not specifically localized in gills sub-regions. Further, candidate immune-related gene expression at the level of whole (dissected) gills (56, 86, 88) has made significant progress but lacks spatial transcriptional resolution. Overall, the lack of consideration for the complex architecture of the gills is problematic as the organization of the zebrafish gill immune system is largely heterogeneous. Indeed, our study shows that T/NK cell distribution within each compartment is variable. Within the interlamellar region, the efferent aspect of filaments, as well as within the septum and the gill arch, T/NK cells are scattered. In contrast, both the ILT and ALT correspond to structured lymphoid tissues where numerous T/NK cells are embedded in a complex scaffold of reticulated epithelial cells. It therefore appears highly relevant to link gill immune functions and markers, to the different regions of the gills, especially true for the ILT and ALT. The expression of certain immune-related genes may be much more pronounced in the ILT or ALT, where immune cells are dominant, than in the other regions of the gills. Such new analyses would lead to a more dynamic and spatial understanding of immune-related gene expression and local immune responses. This is highly relevant for immune responses to water-borne infections, and for the distribution of certain cell-types in the gills.

Our discovery of a hitherto non-described lymphoid tissue underscores the fact that the fish immune system is structurally sophisticated and may encourage for a new assessment of the commonly used terminology for mucosal immune tissues in fish. Previous studies have confirmed the participation of the salmon ILT during the course of an immune response to viral infection (73). Here, infection of adult zebrafish with the rhabdovirus SVCV revealed that the zf-GIALT undergoes significant structural changes. Our time course experiment critically revealed dynamic changes in the T/NK cell populations of the zf-GIALT and indicate the involvement of both the ALT and ILT in this infection model. Future studies may identify whether T/NK cells are actually proliferating and migrating out of the ILT and ALT early during infection. Further, the fate of the T/NK cells that exit the ILT and ALT in response to infection requires careful future examination. While our data suggest the ALT is likely involved in immune responses, it is possible that they play a role in interactions between immune cells and the local microbiota. Following infection with SVCV, we noticed a striking increase of circulating T/NK cells in the blood while the ALT showed a dramatically reduced amount of T/NK cells. Investigations of cell trafficking between the structured lymphoid tissues of the zf-GIALT and the rest of the organism, including other MALT, will likely provide new insights regarding immune cell circulation and inductive and effector sites in teleosts. Interestingly, a thickening and lck+ T cell invasion of the distal ILT (dILT) and filaments of gills in adult zebrafish where IL-10 (56) and foxp3a (21) are knocked out, strongly suggests that tight regulation is required in situ, possibly to avoid an overstimulation of the GIALT.

The ALT and ILT share many similarities, but their phylogenetic distribution differs. The percomorph species we analyzed had typical ALT but no ILT, while the other teleosts had both ALT and ILT. These observations confirm our previous report (44) in which we did not find ILT in several percomorphs including the European perch and the Witch flounder, while these species displayed lymphoid aggregates at the base of filaments corresponding to ALT. In percomorph, gills do not have interbranchial septa and the filaments are separated by a wider angle than in “basal” teleost branches. This highlights the need to address how morphological adaptations constrain the evolution of immune tissues. We note that one percomorph, the southern bluefin tuna (Thunnus Maccoyii) has been reported in a Ph.D. thesis to possess both an interbranchial septum and an ILT (89), calling for more comparative analyses to understand the evolution of gill immune tissues in this very large group of teleosts. On a wider perspective, regarding the evolution of mucosal immunity, one may ask whether the ILT and/or the ALT represent a (functional) counterpart of the Waldeyer’s ring that protects the nasopharyngeal cavity of mammals (90, 91).

From a more applied perspective, the zebrafish model is widely used by multiple scientific communities to study diseases affecting humans, and also farmed fish (6–8, 92). Our data provide an opportunity to analyze a number of zebrafish disease models from a different point of view. For example, Feng et al. studied the role of bcl-2 in the dissemination of T-Lymphoblastic Lymphoma Cells in adult zebrafish (93), and observed large aggregates of cancer cells within the gills, which were particularly prominent in the ILT and at the gill arch. In this context, understanding cell trafficking and functions of ALT and ILT immune cells would lead to new questions regarding interactions between tumor cells and their environment, especially the mechanisms of invasion of lymphoid tissues.

Finally, ILT and ALT biology is clearly important to better understand a number of diseases of farmed (and wild) fish. Gill diseases represent an increasingly important burden, but the immune mechanisms they trigger remain poorly known. Our findings could lead to new advances in host-pathogen interactions, such as the ones involving sea-lice, a devastating parasite for the salmon industry that infect the gills and skin (94), and they may help understanding “Complex gill diseases”, an emerging syndrome caused by various gill pathogens (95). Considering the potential role of gills as a portal of entry for pathogens, and toxic compounds, it is therefore important to improve our knowledge of the gill lymphoid tissues, and how they are affected by mechanical treatments such as thermal delousing.



Conclusion

Altogether, our study enabled a better understanding of the gill immune system that emphasizes its structural heterogeneity. A significant finding for fish immunology is the discovery of a new structured lymphoid tissue in the gills of adult zebrafish and other teleost species, which we have named the Amphibranchial Lymphoid Tissue (ALT). We show that ALT and ILT are not additional thymi, but rather share important features of secondary lymphoid organs, and likely play an important role in acquired immunity. These findings are important for understanding gill health and mucosal immunity, and are therefore relevant both for aquaculture and for developing fish models of infections and pathologies.
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The gill of teleost fish is a multifunctional organ involved in many physiological processes, including protection of the mucosal gill surface against pathogens and other environmental antigens by the gill-associated lymphoid tissue (GIALT). Climate change associated phenomena, such as increasing frequency and magnitude of harmful algal blooms (HABs) put extra strain on gill function, contributing to enhanced fish mortality and fish kills. However, the molecular basis of the HAB-induced gill injury remains largely unknown due to the lack of high-throughput transcriptomic studies performed on teleost fish in laboratory conditions. We used juvenile rainbow trout (Oncorhynchus mykiss) to investigate the transcriptomic responses of the gill tissue to two (high and low) sublethal densities of the toxin-producing alga Prymnesium parvum, in relation to non-exposed control fish. The exposure time to P. parvum (4–5 h) was sufficient to identify three different phenotypic responses among the exposed fish, enabling us to focus on the common gill transcriptomic responses to P. parvum that were independent of dose and phenotype. The inspection of common differentially expressed genes (DEGs), canonical pathways, upstream regulators and downstream effects pointed towards P. parvum-induced inflammatory response and gill inflammation driven by alterations of Acute Phase Response Signalling, IL-6 Signalling, IL-10 Signalling, Role of PKR in Interferon Induction and Antiviral Response, IL-8 Signalling and IL-17 Signalling pathways. While we could not determine if the inferred gill inflammation was progressing or resolving, our study clearly suggests that P. parvum blooms may contribute to the serious gill disorders in fish. By providing insights into the gill transcriptomic responses to toxin-producing P. parvum in teleost fish, our research opens new avenues for investigating how to monitor and mitigate toxicity of HABs before they become lethal.
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Introduction

The gill of teleost fish is a complex organ whose function goes beyond extracting oxygen from water and excreting carbon dioxide. Apart from the respiratory gas exchange, the gill plays a key role in osmotic and ionic regulation, acid-base balance, and excretion of nitrogenous waste (1). Because these processes are predominantly surface-dependent, the gill tissue consists of a highly complex system of branching vascular structures (primary and secondary lamellae) that are separated from the environment only by a thin layer of gill epithelium and mucosa (2, 3). As a result, the epithelial surface area of the gill is typically larger than the total surface of skin (4). A substantial complexity of the teleost gill has also been demonstrated at the cellular resolution, with recent identification of 20 distinct cell clusters in the gill of Atlantic salmon (Salmo salar), using a single-nuclei RNA-seq approach (5).

Having the large epithelial surface of the gill system open to the external milieu comes with some disadvantages. Among them is the risk of mechanical injuries and gill abrasion, which may cause haemorrhage and contribute to gill inflammation (6). Furthermore, the large surface area of the gill may facilitate the uptake of toxic substances, including those occurring naturally (e.g., algal toxins, metal ions and ammonia) and the whole range of man-made pollutants (e.g., industrial chemicals, pesticides and microplastics) (7–9). Last, but not least, the gill surface provides major ports of entry for pathogens (via transepithelial transport) or site of interaction with other harmful invertebrates, such as water-born parasites and cnidarian jellyfish (10). To meet these challenges, the gill is strategically equipped with its own immune system, called the gill-associated lymphoid tissue (GIALT), thereby substantially contributing to overall fish health and survival (2, 3). The GIALT consists of a panel of resident immune cells, including B and T cells, monocytes, macrophages, neutrophils, thrombocytes, dendritic-like cells, natural killer-like cells, eosinophilic granule cells, rodlet cells, and melanin-containing cells among the others (11, 12).

Evidence is growing that climate change is putting extra strain on gill health and performance in many environments, including aquaculture (13). Rising water temperatures elevate metabolism of fish and their demands for oxygen (14), but at the same time decrease the oxygen content of water (15), intensifying the osmorespiratory conflict between the functionally large gill surface area (to promote respiratory gas exchange) and the need for the reduced gill surface area (to limit water and ion fluxes) (16, 17). To avoid unfavourable changes in the environment, many marine organisms (including pathogens and parasites) are shifting their distributions as ocean temperatures warm (18). Among the hallmarks of the rapidly changing aquatic ecosystems are the occurrences of harmful algal blooms (HABs), whose increasing frequency, magnitude, and duration as well as migration poleward have been linked to ocean warming, marine heat waves, oxygen loss, eutrophication, and pollution (19, 20). The climate-related range shifts and expansion in marine and freshwater environments put many species of fish at risk of being exposed to a variety of novel algal toxins, pathogens, and parasites, which were never before part of their own evolutionary history (21). While wild fish can relocate, farmed fish are heavily restricted in their movements, which makes their gills particularly vulnerable to the environmental insults. Thus, investigating the link between the climate change phenomena and gill health has wide implications not only for biodiversity and sustainability of aquatic ecosystems but also for food security at the global scale (13).

One of the HAB species that is particularly toxic to fish and other gill-breathing animals is the haptophyte alga Prymnesium parvum, undergoing a rapid range expansion in coastal and inland waters worldwide. Commonly referred to as the golden alga, P. parvum has been documented to kill ~135 metric tons of farmed Atlantic salmon (Salmo salar) in Norway during a bloom in 2007 (22). In inland water bodies of Texas, ~34 million fish valued at ~13 million US dollars were lost due to P. parvum-related fish kills between 1981 and 2008 (23). As proposed decades ago (24), there is consensus that P. parvum acts on the gill tissue, but the exact mechanisms of its action are under investigation. Some research suggests that P. parvum cells need to be in direct physical contact with the gill surface to release harmful toxins, as a part of the toxin-assisted micropredation (25, 26). Others propose that the presence of P. parvum toxins in the water is sufficient to kill fish (27, 28). Although the complete suite of potential toxic compounds produced by P. parvum may not have been fully characterized, increasing evidence points towards prymnesins (a class of ladder-frame polyether phycotoxins) being responsible for enhanced fish mortality and massive fish kills (29–31). Yet, the experimental manipulations of fish with the use of toxin-producing P. parvum are relatively scarce.

Some studies use fish only for testing the acute toxicity of P. parvum cultures to establish their LC50 values (mortality assay), with little focus on the fish themselves (28, 32–37). Likewise, red cells extracted from fish blood have been used ex vivo to evaluate the haemolytic activity (a proxy for toxicity) of P. parvum isolates (38, 39). In contrast, the sublethal doses of P. parvum were employed to investigate the effects of HABs on the whole-animal respiratory physiology (e.g., oxygen consumption, ventilation volume and frequency) in rainbow trout (Oncorhynchus mykiss) and European plaice (Pleuronectes platessa), with both studies pointing towards substantially reduced capacity of gills to extract oxygen from the environment (8, 40). Both fish larvae (fathead minnow Pimephales promelas and zebrafish Danio rerio) as well as fish liver (Hepa-E1 and PLHC-1) and gill (G1B and RTgill-W1) cell lines were exposed to the sublethal doses of P. parvum to explore various aspects of the toxin-induced oxidative stress and antioxidant defence, including lipid peroxidation, oxidative DNA damage as well as gene expression and activity of antioxidant enzymes (41–43). It has also been demonstrated that the sublethal exposure of rainbow trout to P. parvum modulates susceptibility of fish to infectious agents such as viral haemorrhagic septicaemia virus (VHSV) (44). Surprisingly, little research has been done on the gill transcriptome, despite the gill being considered a key target tissue for P. parvum action.

In the current study, we used juvenile rainbow trout to investigate the transcriptomic responses of the gill tissue to two (high and low) sublethal densities of toxin-producing P. parvum, in relation to non-exposed control fish. The exposure time to P. parvum (4–5 h) was sufficient to identify three different phenotypic responses among the exposed fish, enabling us to focus on the common gill transcriptomic responses to P. parvum that were independent of dose and phenotype. Instead of profiling individual genes, we performed a microarray experiment to evaluate the gene expression changes at the level of whole tissue transcriptome (45). The functional analysis of the differentially expressed genes (DEGs) induced by P. parvum exposure included identification of associated canonical pathways, upstream regulators, and downstream effects.



Materials and Methods


Fish and Housing

All animal work was performed at the University of Aarhus (Denmark) in summer 2016. We used juvenile females of outbred rainbow trout (Oncorhynchus mykiss, body mass 10–15 g) from an all-female stock, hatched and reared in fresh water (temperature 10–11°C) under pathogen-free laboratory conditions. Fish were allocated to 8 experimental tanks (16 fish per 10-L tank, water temperature 15–17°C, water salinity 1.1%, water oxygen saturation > 90%) and then allowed to acclimate to the experimental conditions for 5 days. During the acclimation and experiment, fish were fed a standard commercial diet.



Exposure to Prymnesium parvum

The haptophyte P. parvum (Kalmar University Culture Collection, strain KAC 39) were cultured in F/2 medium (temperature 15°C, salinity 0.9%, photoperiod 14 h:10 h light:dark) as described previously (44). The exposure of fish to P. parvum was performed by adding exponentially growing cultures of P. parvum to the water to create environments with high (~4 x 104 cells per mL of water) and low (~1.5 x 104 cells per mL of water) densities of algae. During the transfer, the viability of the algal cells was confirmed by microscopy, after which the cells were pipetted into the water column and gently mixed to ensure their homogenous distribution within the tank. The P. parvum densities were chosen to mimic natural blooms (46), with both doses expected to have sublethal effects on fish (44). The effects of high and low doses of algae were evaluated using 3 replicate tanks. The remaining 2 tanks had no P. parvum added and served as negative controls.



Fish Sampling

Immediately after the exposure to P. parvum, fish were closely and continuously monitored for any behavioral and physiological abnormalities until the end of experiment (5 h post-exposure). This led to the identification of three different phenotypic responses that gradually developed among the exposed fish, referred to as high response, moderate response and low response (for details see Table 1). The high and moderate phenotypic responses were expressed by fish exposed to the high dose of P. parvum, while low phenotypic responses were observed in fish exposed to the low dose of P. parvum. Based on the dose and phenotype, fish were classified into 4 groups with high exposure/high response (HH), high exposure/moderate response (HM), low exposure/low response (LL) and control group (C) with no exposure/no response (Table 1).


Table 1 | Experimental setup and classification of rainbow trout into groups based on the level of exposure to the toxin-producing alga Prymnesium parvum (high and low) and the fish phenotypic response to the algae (high, moderate and low).



Control fish (n = 16) were sampled 3–4 h after starting the experiment, followed by the experimental fish (n = 48), which were sampled 4–5 h after the exposure to P. parvum. Sampling was alternated between the HH, HM and LL groups for experimental balance. The experiment was terminated at 5 h post-exposure to reduce the risk of fish suffering from the algal toxicity (44).

Before sampling, fish were first euthanized by immersion in 0.01% benzocaine, then bled by removing the caudal fin and finally subjected to excision of gill arches. The collected gill tissue (2 separate gill arches per fish) was quickly blotted with absorbing paper to remove residual blood, followed by immediate transfer to RNAlater® (Sigma-Aldrich, St. Louis, MO, United States). The gill samples (8 gill arches from 4 fish from the same group per tube) were kept at 4°C overnight for equilibration and then stored at −20°C prior to RNA extraction.



RNA Extraction and Sample Pooling

Total RNA extraction was performed on individual gill samples (n = 64), including the gill arch and full-length filaments. The RNA was isolated by homogenization of ~100 mg of gill tissue in TRIzol® Reagent (Ambion by Life Technologies, Carlsbad, CA, United States), using 3 mm tungsten carbide beads and a TissueLyser II Disruption System (Qiagen GmbH, Hilden, Germany). Afterwards, the RNA was quantified by spectrophotometry (NanoDrop Technologies, Wilmington, DE, United States), with the RNA integrity assessed by electrophoresis (Agilent Technologies, Santa Clara, CA, United States). The individual RNA samples were subsequently pooled to generate 4 biological replicates per each group, with an equimolar contribution of RNA from 4 gill samples to each pool, yielding 16 RNA pools in total (4 groups x 4 RNA pools x 4 gill samples per pool). The 4 gill samples per pool originated from 2–4 fish.



Microarray Experiment

We used a custom designed Agilent oligonucleotide microarray platform Trout_imm_v1 (Agilent design ID: 028918) with 4 x 44 K probes per slide, developed for rainbow trout and validated using RTqPCR (47). The experiment consisted of 16 hybridisations (4 groups × 4 RNA pools), which were performed on 4 microarray slides in a semi-randomised order (each slide with 4 different groups). All RNA pools (n = 16) were subsampled to generate a common control, with contribution of the gill total RNA from 32–64 fish (4 groups × 4 RNA pools x 2–4 fish per pool).

RNA amplification and labelling, followed by microarray hybridisation, scanning and feature extraction were performed as described previously (47–49). Briefly, antisense amplified RNA (aRNA) was generated from ~2 μg total RNA per experimental or common control pool, using Amino Allyl MessageAmp™ II aRNA Amplification Kit (Ambion by Life Technologies, Carlsbad, CA, USA). Pools of aRNA were then coupled with amine reactive Cy fluorescent dyes (Amersham™ Cy™3 and Cy™5 Mono-reactive Dye Packs; GE Healthcare UK Limited, Little Chalfont, UK). All experimental samples were labelled with Cy3, while Cy5 was used to label the common control. The reaction products were purified using a DyeEx® 2.0 Spin Kit (Qiagen GmbH, Hilden, Germany). Dye incorporation and post-labelling aRNA yield were quantified by spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA). Each hybridisation was performed using 825 ng of Cy3-labelled experimental sample and 825 ng of Cy5-labelled common control. The aRNA was first fragmented and then hybridised at 65°C for 17 h in an Agilent hybridisation oven. Following hybridisation, slides were subjected to washing steps, after which they were air dried in the dark and scanned within 2 h. Scanning was carried out at 5 μm resolution on a Gene-Pix Personal 4100A scanner (Axon Instruments, Molecular Devices Corp., Sunnyvale, CA, USA), with the PMT values adjusted manually to ensure the mean intensity ratio of Cy3:Cy5 signal was close to 1. Agilent Feature Extraction Software (version 9.5.3) was used to identify features and to extract the raw intensity values for subsequent statistical analysis.



Microarray Data Analysis

Feature intensities were pre-processed and analysed for differential gene expression using the Bioconductor package limma (50) in R v3.5.0 (51). Briefly, loess normalisation was performed within each array to account for intensity-dependent variation in dye bias along with quantile normalisation used to stabilize experimental variances across arrays. Normalised data were subsequently filtered to remove control features and non-responsive RNA targets with equal expression across 4 groups. Differential expression of RNA targets between groups was assessed using linear modelling, with the contrasts set up to compare each group of the fish exposed to P. parvum with the non-exposed control group (i.e., HH vs C, HM vs C and LL vs C). Multiple testing was accounted for by controlling the false discovery rate at 5% using the Benjamini-Hochberg procedure. The RNA targets with adjusted p-value < 0.05 and absolute Log2 FC > 1 were considered as differentially expressed. All RNA targets meeting these criteria were 1) checked for the number of unique fish genes (with approximately half of the probes being redundant) and 2) mapped to human orthologs to enhance the functional analysis of gene expression (Table 2, Supplementary Tables 1–3).


Table 2 | Results of differential gene expression analysis performed on the gill transcriptome of rainbow trout exposed to the toxin-producing alga Prymnesium parvum.





Fish-to-Human Orthologs

Differentially expressed RNA targets were mapped to human orthologs to generate HGNC (HUGO Gene Nomenclature Committee) gene identifiers needed for functional analysis. This approach was demonstrated to enhance functional analysis of fish genes by providing access to well-annotated databases and tools for mammalian model organisms (mice, rats, and humans), despite differences between fish and mammals in gene function and molecular pathways (49, 52, 53). Mapping was done by aligning the microarray probe sequences (associated with the differentially expressed RNA targets) to the protein sequences from the human genome (release 88, downloaded from Ensembl at https://www.ensembl.org/Homo_sapiens/Info/Index) using BLASTX (version 2.2.31) (54) with an E-value cut off of 0.00001 and a maximum of 1 human gene for each probe (top hit). Although most of the RNA targets mapped to the unique human orthologs (1 RNA target → 1 unique HGNC gene identifier), some human orthologs were associated with multiple RNA targets. If the multiple RNA targets mapped to the same HGNC gene had the same direction of change (either upregulated or downregulated), their expression values were averaged to provide a mean Log2 FC for the fish-to-human ortholog. The multiple RNA targets with the opposite direction of change (both upregulated and downregulated) were excluded from the functional analysis of gene expression (for details see Supplementary Tables 1–3).



Functional Analysis of Gene Expression

Human orthologs of the differentially expressed fish genes were analysed using Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.qiagen.com/ingenuity). In total, 3 sets of differentially expressed genes (DEGs) were submitted to IPA (along with their Log2 FC values), representing 3 comparisons between the fish groups: HH vs control (1436 DEGs), HM vs control (1069 DEGs) and LL vs control (567 DEGs) (Table 2, Supplementary Tables 1–3). These gene sets were analysed using the Ingenuity Knowledge Base (genes only) as a reference set, including in the analysis all species (mice, rats, and humans) as well as all tissues and cell lines (default settings). The main focus of the functional analysis were canonical pathways, upstream regulators and downstream effects, the significance of which was based on the Benjamini-Hochberg (B-H) multiple testing correction p-value, with the overall activation/inhibition states predicted by the IPA z-score algorithm (z-score ≥ 2 predicts an increase in activity while z-score ≤ −2 predicts a decrease in activity). Gene ratios for each canonical pathway were calculated as the number of DEGs contributing to the pathway divided by the total number of genes that constitute the pathway and are present in the reference set.




Results


Differentially Expressed Genes (DEGs)

The principal component analysis (PCA) of the gill transcriptome profiles in rainbow trout from HH (high exposure/high response), HM (high exposure/moderate response), LL (low exposure/low response) and C (control, no exposure/no response) groups demonstrated a partial overlap between groups of fish exposed to P. parvum (HH, HM and LL) and their clear separation from the non-exposed control group (C) (Figure 1). This finding was reinforced by the differential gene expression analysis, which identified 1436, 1069 and 567 DEGs for comparisons of fish from HH vs control groups, HM vs control groups and LL vs control groups, respectively, with all DEGs referring to the human orthologs of fish genes (Table 2, Supplementary Tables 1–3, Supplementary Figure 3). The HH fish exposed to the high dose of P. parvum and displaying the strongest clinical response had the highest number of transcripts altered (1436 DEGs) followed by the similarly exposed but less affected HM fish (1069 DEGs), while the LL fish exposed to the low dose of P. parvum had approximately half of the number of transcripts altered (567 DEGs) relative to HH and HM groups.




Figure 1 | Principal component analysis (PCA) of the gill transcriptome profiles in rainbow trout from HH (high exposure/high response), HM (high exposure/moderate response), LL (low exposure/low response) and C (control, no exposure/no response) groups. Each circle refers to all genes from one microarray hybridisation performed on 2–4 fish, with 4 hybridisations (biological replicates) per group (16 hybridisations in total). Ellipses indicate 95% confidence intervals. The percentage of total variance explained by PC1 and PC2 is given in parentheses.



Inspection of DEGs from the three groups of fish exposed to P. parvum (HH, HM and LL) revealed a relatively large number of common DEGs (382), despite two different doses of P. parvum used in the experiment (high and low) and three different phenotypic responses of fish to the toxic algae (high, moderate and low) (Figure 2A, Supplementary Table 4). The majority of the common genes (375 of 382) showed the same direction of change (288 genes upregulated and 87 genes downregulated) across the three groups of fish, with the magnitude of change (Log2 FC values) being highly correlated (correlation between HH and HM, r = 0.96, p < 0.001, Figure 2B; correlation between HH and LL, r = 0.91, p < 0.001, data not shown; correlation between HM and LL, r = 0.95, p < 0.001, data not shown). In addition, the mean expression of the 382 common genes was not significantly different between the groups, averaging 1.0 ± 1.7, 0.9 ± 1.6 and 0.8 ± 1.4 Log2 FC (mean ± standard deviation) for HH, HM and LL groups, respectively (one-way ANOVA, p = 0.090). The common genes with the highest levels of upregulation and downregulation are presented in Table 3.




Figure 2 | Differentially expressed genes (DEGs) in the gill transcriptome of rainbow trout from HH (high exposure/high response), HM (high exposure/moderate response) and LL (low exposure/low response) groups in relation to C (control, no exposure/no response) group. (A) Venn diagram showing the number of common (at intersections) and unique (outside intersections) DEGs for HH, HM and LL groups of fish. (B) Expression of 382 common DEGs in HM group plotted against HH group. The data were fitted with a reduced major axis line (blue dashed), shown along the line of equality (black solid). For details on common and unique DEGs see Supplementary Table 4.




Table 3 | Top common genes altered in the gill transcriptome of rainbow trout from HH (high exposure/high response), HM (high exposure/moderate response) and LL (low exposure/low response) groups in relation to C (control, no exposure/no response) group.





Canonical Pathways

Based on the three sets of DEGs with 1436, 1069 and 567 transcripts, IPA identified 34, 95 and 33 canonical pathways that were significantly altered in the gill transcriptome of fish from HH, HM and LL groups, respectively, at B-H p-value < 0.001 (Supplementary Tables 5–7). Inspection of these pathways revealed a relatively large number of pathways (18) that were common between the three groups of fish (Figure 3A), consistent with the large number of common DEGs (Figure 2A).




Figure 3 | Venn diagrams showing the number of common and unique (A) canonical pathways, (B) upstream regulators and (C) downstream effects, identified by Ingenuity Pathway Analysis (IPA) in the gill transcriptome of rainbow trout from HH (high exposure/high response), HM (high exposure/moderate response) and LL (low exposure/low response) groups in relation to C (control, no exposure/no response) group. Functional analysis was performed on 1436, 1069 and 567 differentially expressed genes (DEGs) for comparisons HH vs C, HM vs C and LL vs C, respectively. For details on canonical pathways, upstream regulators and downstream effects see Supplementary Tables 8, 10 and 12.



The 18 common pathways were predominantly associated with the cellular immune response and cytokine signalling, as evidenced by significant alterations of Acute Phase Response Signalling, IL-6 Signalling, IL-10 Signalling, Role of PKR in Interferon Induction and Antiviral Response, IL-8 Signalling and IL-17 Signalling (Figure 4, Supplementary Table 8). Among them, IL-6 Signalling (Figure 5) and IL-17 Signalling (Supplementary Figure 4) were both significantly activated, based on their IPA z-score > 2 for fish from HH, HM and LL groups. According to the predictions made by IPA, binding of cytokines to their specific receptors induced significant changes in intracellular and second messenger signalling pathways (represented by Glucocorticoid Receptor Signalling) and nuclear receptor signalling pathways (represented by PPAR Signalling and LXR/RXR Activation). The gills of fish exposed to P. parvum were likely affected by hypoxia, as indicated by nearly fully activated (z-scores from 0.9 to 1.9) HIF1α Signalling pathway, which is consistent with the increased production of gill mucus observed in all exposed fish (Table 1, Supplementary Figure 5) and the altered expression of a number of mucin transcripts, including MUC16 and MUC21 (upregulated) and MUC2, MUC5 and MUC7 (downregulated) (Supplementary Table 4). The P. parvum-induced cellular stress and injury were also supported by alterations of IGF-1 Signalling and Prolactin Signalling pathways, both promoting cellular proliferation and differentiation of a variety of cell types in the attempts to repair the damaged tissue. Finally, 3 of the 18 common pathways were related to human inflammatory diseases (Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis, Systemic Lupus Erythematosus in B Cell Signalling Pathway and Hepatic Fibrosis Signalling Pathway) and 3 others were associated with cancer (Tumour Microenvironment Pathway, Role of Tissue Factor in Cancer and PI3K/AKT Signalling).




Figure 4 | Common canonical pathways altered by P. parvum exposure in the gill transcriptome of rainbow trout from HH (high exposure/high response), HM (high exposure/moderate response) and LL (low exposure/low response) groups in relation to C (control, no exposure/no response) group. Pathways were identified as significantly altered by Ingenuity Pathway Analysis (IPA) at Benjamini-Hochberg multiple testing correction p-value < 0.001. Gene ratios refer to the number of DEGs contributing to each pathway (our experimental dataset) divided by the total number of genes that constitute the pathway (Ingenuity Knowledge Base). For details and list of corresponding genes see Supplementary Tables 5–8.






Figure 5 | Alterations of IL-6 Signalling pathway in the gill transcriptome of rainbow trout exposed to the high dose of P. parvum with high phenotypic response (HH group) in relation to the non-exposed control fish (C group). The pathway was identified as significant (Benjamini-Hochberg multiple testing correction p-value < 0.001) and activated (z-score ≥ 2) by Ingenuity Pathway Analysis (IPA). Among 126 genes that constitute the pathway, 26 were significantly altered by P. parvum exposure (yielding the gene ratio of 0.206), including 23 genes upregulated (in red) and 3 genes downregulated (in green). The upregulated genes were CEBPB, CCAAT enhancer binding protein beta; FOS, Fos proto-oncogene; AP-1 transcription factor subunit; HRAS, HRas proto-oncogene; GTPase; IL1B, interleukin 1 beta; IL1R2, interleukin 1 receptor type 2; IL1RAPL1, interleukin 1 receptor accessory protein like 1; IL1RAPL2, interleukin 1 receptor accessory protein like 2; IL6R, interleukin 6 receptor; IL8/CXCL8, C-X-C motif chemokine ligand 8; JUN, Jun proto-oncogene; AP-1 transcription factor subunit; LBP, lipopolysaccharide binding protein; MAP4K4, mitogen-activated protein kinase kinase kinase kinase 4; MCL1, MCL1 apoptosis regulator; BCL2 family member; NFKBIA, NFKB inhibitor alpha; PIK3R5, phosphoinositide-3-kinase regulatory subunit 5; RAP2B, RAP2B; member of RAS oncogene family; RASD1, ras related dexamethasone induced 1; SOCS1, suppressor of cytokine signalling 1; SOCS3, suppressor of cytokine signalling 3; SOS1, SOS RasRac guanine nucleotide exchange factor 1; SRF, serum response factor; TRAF6, TNF receptor associated factor 6 and VEGFA, vascular endothelial growth factor A. The downregulated genes were IKBKAP/ELP1, elongator acetyltransferase complex subunit 1; MAPK13, mitogen-activated protein kinase 13 and TNFAIP6, TNF alpha induced protein 6. For details see Supplementary Tables 1, 5 and 8.



Comparison of the gene ratios (the number of DEGs contributing to the pathway divided by the total number of genes that constitute the pathway) for the 18 common pathways across the three groups of fish demonstrated that the fish exposed to the high dose of P. parvum (HH and HM) had consistently similar ratios, and thus a similar number of DEGs contributing to a given pathway, while the gene ratios observed in the fish exposed to the low dose of the toxic algae were substantially lower (Figure 4, Supplementary Table 8).



Upstream Regulators

IPA upstream regulator analysis identified 26, 28 and 14 upstream regulators (excluding chemicals and drugs) that could explain changes in the gene expression patterns observed in the gill tissue of HH, HM and LL fish, respectively, following the exposure to P. parvum (Supplementary Table 9). These upstream regulators were considered significant at Benjamini-Hochberg multiple testing correction p-value < 1E−15 and absolute z-score ≥ 2. Among the identified upstream regulators, 10 of them were shared between the three groups of fish (Figure 3B).

The 10 common upstream regulators (z-scores from 2.7 to 5.5) included 4 cytokines (TNF, IL-1B, IL-6 and IFNG), with TNF predicted to be responsible for expression of 284, 223 and 143 target genes (DEGs) in the gill transcriptome of HH, HM and LL fish, respectively (Figure 6, Supplementary Table 10). Among the common upstream regulators were also 3 growth factors (TGFB1, HGF and EGF), 2 complexes (PDGF BB and NFkB) and a peptidase (F2). One common upstream regulator (IL-6) was consistently upregulated across the three groups of fish (Log2 FC values from 2.1 to 2.7), while others were not significantly altered in our experimental dataset (apart from F2 transcript downregulated in HM fish).




Figure 6 | Common upstream regulators of gene expression changes in the gills of rainbow trout exposed to P. parvum from HH (high exposure/high response), HM (high exposure/moderate response) and LL (low exposure/low response) groups in relation to C (control, no exposure/no response) group, predicted by Ingenuity Pathway Analysis (IPA). Upstream regulators were considered significant at Benjamini-Hochberg multiple testing correction p-value < 1E−15 and absolute z-score ≥ 2, excluding chemicals and drugs (for details see Supplementary Tables 9 and 10).





Downstream Effects

IPA downstream effect analysis predicted 28, 31 and 17 downstream effects based on the gene expression changes observed in the gill tissue of HH, HM and LL fish, respectively, following the exposure to P. parvum (Supplementary Table 11). The downstream effects were considered significant at Benjamini-Hochberg multiple testing correction p-value < 1E−15. A relatively large number of downstream effects (16) were common between the three groups of fish (Figure 3C).

The predicted 16 common downstream effects covered cellular (7 effects), tissue and organ (5 effects) and organismal (4 effects) levels of organisation (Figure 7, Supplementary Table 12). At the cellular level, the prediction included changes in Cell Death and Survival, Cellular Movement, Cellular Development, Cellular Growth and Proliferation, Cellular Function and Maintenance, Cell-To-Cell Signalling and Interaction, and Immune Cell Trafficking. At the tissue and organ levels, the prediction included alterations of Tissue Morphology, Haematological System Development and Function, Lymphoid Tissue Structure and Development, Connective Tissue Disorders, and Tissue Development. Finally, the gene expression changes in HH, HM and LL fish pointed towards the whole-animal downstream effects such as Organismal Injury and Abnormalities, Infectious Diseases, Inflammatory Response, and Inflammatory Disease. Among all 16 common downstream effects, Organismal Injury and Abnormalities was characterized by the highest number of contributing genes, i.e., 1403, 1043 and 557 from HH, HM and LL fish, respectively.




Figure 7 | Common downstream effects of gene expression changes in the gills of rainbow trout exposed to P. parvum from HH (high exposure/high response), HM (high exposure/moderate response) and LL (low exposure/low response) groups in relation to C (control, no exposure/no response) group, predicted by Ingenuity Pathway Analysis (IPA). Downstream effects were considered significant at Benjamini-Hochberg multiple testing correction p-value < 1E−15 (for details see Supplementary Tables 11 and 12).






Discussion

Climate change is altering aquatic ecosystems worldwide, including patterns, distribution, and intensity of HABs in marine, brackish, and freshwater environments (19, 20). These effects have been linked to 1) HAB species becoming more competitive relative to non-HAB species within plankton communities, 2) increased toxin production by toxic HAB species, and 3) HAB species reaching higher biomass due to changes in hydrology (55). Blooms present a challenge to fish health particularly in aquaculture, where containment of fish prevents avoidance behaviours. In anticipation of growing HAB problems, intensified research is needed to uncover molecular mechanisms by which toxin-producing algae affect wild and farmed fish, with the use of controlled laboratory settings, cultured HAB species and high-throughput technologies. Furthermore, there is also a need to perform some experiments at the level of whole animals. Although valuable information can be gained from experiments on fish cell lines, they lack physiological milieu and behavioural responses that are important in toxicological studies (56). We are the first to report on the gill transcriptomic responses to high and low sublethal doses of the toxin-producing P. parvum in commercially important rainbow trout, taking into account the fish phenotype.

Visual inspection of the fish following exposure to P. parvum allowed for identification of two distinct phenotypes among the fish originating from the same tanks and exposed to the high dose of the toxin-producing alga (Table 1). Fish with a more advanced phenotype (HH) showed advanced lethargy, loss of balance and dark skin colour, while fish with a less advanced phenotype (HM) showed only mild lethargy, with both phenotypes having increased respiratory effort and increased production of gill mucus. Our interpretation of these differences is that fish with the more advanced phenotype were likely metabolically more active than fish with the less advanced phenotype. Fish with higher metabolic rate and thus higher oxygen uptake have been demonstrated to 1) increase water flow over the gill by adjusting the volume and frequency of buccal pumping, 2) increase blood flow inside the gill to alter the perfusion levels of lamellae, and 3) initiating remodelling of gill tissue towards more protruded lamellae (16, 57). All these adjustments make the gill tissue potentially more available for toxin uptake (58). Salmonids are particularly known for their substantial intraspecific variation in metabolic rate, which has been linked to the differences in individual’s behaviour (e.g., dominance, foraging or stress avoidance) and performance (e.g., growth) (59–61). With our single sampling approach at 4–5 h post-exposure, we were unable to establish whether the phenotypic differences persisted or converged with time. In contrast to the high dose exposure, no phenotypic differences were observed among the fish exposed to the low dose of P. parvum (Table 1). Similarly, we cannot exclude the possibility that different metabolic phenotypes might manifest themselves at the lower dose over a more prolonged period of time.

Despite the differences in the phenotype, fish exposed to the high dose of P. parvum (HH and HM) had a relatively similar number of genes altered (1436 and 1069) in the gill tissue, while the fish exposed to approximately half of the dose of P. parvum (LL) had approximately half of the genes altered (567) relative to HH and HM groups (Figure 2A, Table 2). The positive relationship between the dose of P. parvum and the number of DEGs points towards an overall sensitivity of the gill transcriptome to toxic algae dose. Dose-dependent transcriptomic effects have also been demonstrated in the gut of Atlantic salmon exposed to plant proteins (49) and recently in human nasal airway epithelium cultures exposed to air pollution particulate matter < 2.5 μm (PM2.5) (62). Furthermore, fish from HH and HM groups had not only twice more DEGs identified in their gills relative to LL fish, but also twice as many upstream regulators (26, 28 and 14, respectively) (Figure 3B) and twice as many downstream effects (28, 31 and 17, respectively) (Figure 3C). In contrast, fish exposed to the high dose of P. parvum differed in the number of canonical pathways, with only 34 pathways identified in the gill of fish showing the more advanced phenotype (HH) and 95 pathways identified in the gill of fish with the less advanced phenotype (HM) (Figure 3A). Fewer DEGs contributing to more pathways (1069 and 95, respectively) may reflect more coordinated patterns of gene expression in HM fish, while more DEGs contributing to fewer pathways (1436 and 34, respectively) may suggest the onset of dysregulated gene expression patterns in HH fish. The transition from coordinated to dysregulated gene expression patterns has been linked to tissue and organ malfunction, leading to disease and ultimately death (63, 64). Thus, the high dose of P. parvum used in our experiment may be considered as the borderline of what the fish could handle, with the HH phenotype representing individuals that were pushed beyond their physiological control and the HM phenotype reflecting fish that were still able to cope with the algal exposure by mobilizing a broader range of defence mechanisms initiated at the level of gill transcriptome. The fact that the LL phenotype shared many of the altered canonical pathways as well as upstream regulators and downstream effects with the HH and HM fish may reflect a more general and balanced response of the LL fish to the P. parvum exposure. The mucus production and release from gills of all exposed fish likely represent a physical defence mechanism for clearing the gills from algae/algal toxin. Accordingly, few algae were found in direct contact with the gills while high numbers of the motile algal cells were found trapped in the secreted mucus (Supplementary Figure 5).

The gill transcriptomic responses to two different doses of P. parvum in fish expressing three different phenotypes were to a relatively large extent overlapping. The total number of unique DEGs for HH, HM and LL fish was 1854, with 382 (20.6%) of them being common (Figure 2A) and having highly correlated gene expression patterns (Figure 2B). Likewise, the three groups of fish shared 18 (17.6%) of 102 canonical pathways (Figure 3A), 10 (30.3%) of 33 upstream regulators (Figure 3B) and 16 (50.0%) of 32 downstream effects (Figure 3C), according to the functional analysis of gene expression performed by IPA. These overlaps are important to investigate because they likely represent a core transcriptomic response characterizing the gill’s attempt to maintain homeostasis when responding to P. parvum, regardless of the algal dose and fish phenotype. A similar approach has been recently used to gain insights into the mechanisms of multifactorial gill disease in Atlantic salmon (53), adaptation of the foodborne pathogen Listeria monocytogenes to desiccation (65) and resilience to heat stress in laying hens (66).

DEGs identified as common for HH, HM and LL fish (382 transcripts in total) represent a diverse group of genes, encoding 23 cell surface receptors (including 7 G-protein coupled receptors), 30 transporters, 2 ion channels, 11 cytokines (including CSF3 and CXCL2 with the highest Log2 FC values of all DEGs), 128 enzymes (including 17 peptidases, 13 kinases and 10 phosphatases), 3 growth factors, 54 transcription factors (including 2 ligand-dependent nuclear receptors) and 4 translation regulators among others (Table 3, Supplementary Table 4). Such diversity is consistent with the cellular and molecular mechanisms of action by which most toxins disrupt eukaryotic cells, first interacting with the host cell surface and then compromising the host intracellular processes associated with energy metabolism, cytoskeleton stability, gene expression, posttranslational modifications, motility, secretion, cell division or other more specific functions (67, 68). Some toxins are known to specifically disrupt the ionic equilibrium maintained by the cell membrane barrier, which can be done either directly (by forming pores or causing an enzymatic degradation of the lipid bilayer) or indirectly – by acting on ion pumps or ion-gated channels that are responsible for maintaining the ion gradients (69). A classic example of the pore-forming toxins is pardaxin secreted by the finless sole (Pardachirus marmoratus), which is used as a defensive mechanism against predators including sharks via targeting their gills (70). Other toxins interfere with the signalling cascades of the eukaryotic cells by acting on a variety of cell membrane targets, including ligand-gated ionotropic receptors, G-protein coupled receptors, tyrosine kinase receptors, integrin receptors and certain lipid species present in the bilayer plasma membrane of the cell. Examples here are domoic acid produced by the red alga Chondria armata that acts on ligand-gated ionotropic glutamate receptors (71) and okadaic acid produced by the marine algae Halichondria okadai and Halichondria melandocia that affects protein kinases and phosphatases (69). In our study, some of the DEGs identified as common for HH, HM and LL fish (e.g., ion channel and transporter transcripts) clearly point towards P. parvum disrupting the ionic regulation of the gill tissue, while other common DEGs (e.g., kinase and phosphatase transcripts) implicate the dysregulation of the signalling cascades in the gill cells. The wide range of gill transcriptomic responses to P. parvum likely reflect the heterogeneity of effects of the algal cells themselves and their released toxic compounds along with counteractive reactions in the gills such as mucus production and secretion, tissue repair and innate immune reactions.

Inspection of 18 canonical pathways identified as commonly altered in HH, HM and LL fish suggests that exposure to P. parvum promotes a strong inflammatory response within the gill tissue and thus induces gill inflammation, as evidenced by Acute Phase Response Signalling, IL-6 Signalling, IL-8 Signalling and IL-17 Signalling pathways (Figure 4, Supplementary Table 8). Whether these changes were associated with the resident immune cells (GIALT) or the recruitment of new immune cells to the gill tissue remains unknown. The acute phase response is a rapid inflammatory reaction that provides protection against microorganisms by non-specific defence mechanisms (72). It is typically manifested by an increase in inflammatory factors (such as pro-inflammatory cytokines) and a change in concentration of several plasma proteins (the acute phase proteins) that can become measurable as early as 4-5 h after a single inflammatory stimulus. One of the key regulators of the acute phase response is IL-6 (a pleiotropic cytokine with roles in inflammation, immune response, haematopoiesis, and the endocrine and nervous systems), which signals through JAK-STAT and RAS-MAPK pathways to regulate transcription of target genes (73, 74). In our study, 26 (HH), 23 (HM) and 17 (LL) of the 126 genes that constitute the IL-6 Signalling pathway were significantly altered, with the overall direction of change pointing towards a significant activation of this pathway in the three groups of fish (Figure 5, Supplementary Tables 5–8). Among the target genes of IL-6 is IL-8, a member of the C-X-C family of chemokines that plays a central role in inflammation, angiogenesis, and tumour growth, with the IL-8 receptors expressed on several cell types like neutrophils, monocytes, endothelial cells, and tumour cells (75). Signalling by IL-8 or other ligands of the IL-8 receptors can trigger inflammation in cells like neutrophils leading to chemotaxis, the respiratory burst, granule release, and increased cell adhesion (76). All fish exposed to P. parvum showed a robust upregulation of IL-8 transcription (with Log2 FC values from 1.3 to 2.3), along with highly significant alteration of IL-8 Signalling consistent with activation (z-scores from 1.8 to 3.4) (Supplementary Tables 4 and 8). Another highly versatile cytokine with a strong pro-inflammatory profile is IL-17, which promotes expansion and recruitment of innate immune cells such as neutrophils and stimulates production of beta-defensins and other anti-microbial peptides (77). Because IL-17 is primarily secreted by T cells, it plays a central role in integrating adaptive and innate immune responses (78). The IL-17 Signalling pathway was fully activated in HH, HM and LL fish (z-scores > 3.0), with 28 (HH), 28 (HM) and 24 (LL) of the 187 genes that make up the pathway being significantly altered, including CSF3 with the highest Log2 FC values of all 382 common DEGs (Table 3, Supplementary Figure 4). Although the interpretation of our results by IPA in the context of human inflammatory diseases may be irrelevant, the presence of highly affected pathways related to autoimmune diseases (i.e., Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis, Systemic Lupus Erythematosus in B Cell Signalling Pathway and Hepatic Fibrosis Signalling Pathway) highlight the severity and scope of the gill inflammatory response towards P. parvum (Figure 4). A similar argument can be made for the three cancer-related pathways (i.e., Tumour Microenvironment Pathway, Role of Tissue Factor in Cancer and PI3K/AKT Signalling). The exposure to P. parvum does not induce cancer, but some of the key features associated with cancer (such as local inflammation, cell proliferation, angiogenesis, and hypoxia) are also the functions of the DEGs identified in the current study (79).

If not resolved, the acute inflammatory response may contribute to tissue injury and chronic inflammation, an underlying cause of human chronic inflammatory diseases such as arthritis, diabetes, metabolic syndrome, neurodegenerative diseases, asthma, allergy, tissue fibrosis, certain types of cancer, cardiovascular and periodontal diseases (80). Resolution of inflammation involves highly coordinated actions of various immune and non-immune cells and pathways to first clear damaged cells and pro-inflammatory cytokines (by apoptosis and efferocytosis) and then at least partially reconstitute tissue integrity and function (81). In our study, the attempts to resolve inflammation in the gill tissue following exposure to P. parvum are evidenced by Glucocorticoid Receptor Signalling and IL-10 Signalling pathways, commonly altered in HH, HM and LL fish (Figure 5, Supplementary Tables 5–8). Glucocorticoids are a major subclass of steroid hormones that produce their effects on responsive cells by activating the glucocorticoid receptor to modulate the transcription of target genes, thereby regulating a large number of immune, metabolic, cardiovascular and behavioural functions (82). Despite the ability of glucocorticoids to induce transcription of anti-inflammatory genes, the main anti-inflammatory effects of glucocorticoids are through repression of pro-inflammatory cytokine genes (83). These anti-inflammatory actions are also complemented by the ability of glucocorticoids to induce apoptosis of immune cells, including monocytes and T cells. Among the 462 genes that constitute the Glucocorticoid Receptor Signalling pathway, 65, 60 and 37 genes were altered in HH, HM and LL fish, respectively, including IL-10 transcription with Log2 FC values from 2.3 to 2.5 (Supplementary Table 4). IL-10 is a cytokine with diverse effects on hematopoietic cells, which regulates the growth and differentiation of B, T, natural killer and dendritic cells (84). One of its best-known functions is to limit and terminate the inflammatory response. The mechanism behind this action is signalling through the IL-10 receptor that causes inhibition of JAK/STAT-dependent signalling, leading to the transcription inhibition of pro-inflammatory genes like IL-1 and TNF-α (85). In our study, both pro- and anti-inflammatory cytokine transcripts (Supplementary Table 4) and signalling pathways (Supplementary Table 8) were altered, but because we used a single sampling approach (with no temporal resolution of gene expression data), it is impossible to conclude whether the inflammation of gill tissue following the 4–5 h exposure to P. parvum was progressing or resolving.

The presence of gill inflammation inferred from the gene expression changes in the fish exposed to P. parvum is also supported by the results of the IPA upstream regulator analysis (Figure 6, Supplementary Table 10). Specifically, 6 of the 10 common upstream regulators (all identified as activated) are known for their pro-inflammatory action, including TNF, TGFB1, IL-1B, IL-6, IFNG and NFkB complex, with TGFB1 and NFkB complex also contributing to mounting the anti-inflammatory response (73, 86–89). The remaining 4 common upstream regulators have been linked to inhibition of inflammatory responses (PDGF BB), inflammation-induced coagulation (F2) and the growth, proliferation and differentiation of numerous cell types that are necessary for tissue repair and regeneration (HGF and EGF) (90–92). It is important to clarify here that the IPA upstream analysis does not take into account the gene expression observed for the predicted upstream regulator itself, because the gene expression for the upstream regulator may not differ between the experimental and control groups. In our study, only one upstream regulator transcript (IL-6) was commonly upregulated in the fish exposed to P. parvum, which suggests that the remaining 9 common upstream regulators were likely activated by other means rather than by increased gene expression.

Finally, the results of the IPA downstream effect analysis are consistent with gill inflammation inferred from the transcriptomic data, as evidenced by the common whole-animal downstream effects such as Inflammatory Response, Inflammatory Disease, and Infectious Diseases (Figure 7, Supplementary Table 12). These predictions are in good agreement with the secretion of gill mucus observed in all fish exposed to P. parvum (Table 1, Supplementary Figure 5). Furthermore, gill inflammation in salmonids is characterised by excessive cellular death by apoptosis, followed by proliferation and migration of epithelial cells to replace the damaged mucosal surface and to provide a defensive barrier that isolates the gill tissue from the environmental insults (93, 94). These processes were in our study represented by a number of predicted cellular downstream effects that were common for all fish exposed to P. parvum, including Cell Death and Survival, Cellular Movement, Cellular Development, Cellular Growth and Proliferation, Cellular Function and Maintenance, Cell-To-Cell Signalling and Interaction, and Immune Cell Trafficking. The cellular effects pointing towards the inflammatory processes were further supported by the tissue and organ downstream effects such as Tissue Morphology, Haematological System Development and Function, Lymphoid Tissue Structure and Development, Connective Tissue Disorders, and Tissue Development, providing a strong support for harmful algal gill pathology in rainbow trout exposed to P. parvum (95, 96).

Our results have important implications for understanding the molecular basis of HAB-induced gill injury, which has remained largely unknown due to the lack of high-throughput transcriptomic studies performed on teleost fish under controlled laboratory conditions. Firstly, we demonstrated that the gill transcriptomic responses are sensitive and proportional to the sublethal concentrations of P. parvum. However, the whole-animal phenotypic and transcriptomic responses to near-lethal algal levels may vary, depending on whether the individual fish are able to maintain physiological homeostasis as observed for HH vs HM phenotypes. Thus, the phenotype variabilities for a given algal exposure should be taken into account when evaluating the effects of sublethal doses of HABs on fish. Secondly, we identified more coordinated patterns of gill gene expression in fish with relatively healthy phenotypes (LL and HM fish), and less coordinated (more dysregulated) patterns of gill gene expression in HH fish with advanced clinical presentation. The distinction between the coordinated and dysregulated gene expression patterns was based on the number of DEGs in relation to the number of canonical pathways identified as significantly altered, highlighting the importance of functional analysis of gene expression in aquatic toxicology studies. Thirdly, we demonstrated that the transcriptomic changes in the gill tissue of fish exposed to different doses of P. parvum (high and low) and expressing three different phenotypes (high, moderate and low responses) showed a high degree of overlap, pointing towards common molecular defence mechanisms against P. parvum. Finally, the inspection of the common transcriptomic features (i.e., DEGs, canonical pathways, upstream regulators, and downstream effects) in the gills of HH, HM and LL fish led us to the conclusion that P. parvum caused a strong inflammatory response, associated with gill inflammation and the attempts to calm the inflammation down, as well as potential downstream tissue damage and defects in gill function. While we could not determine if the inferred gill inflammation was progressing or resolving, our study clearly suggests that even HABs with the sublethal levels of toxicity may contribute to the serious gill disorders in rainbow trout. By providing insights into the gill transcriptomic responses to toxin-producing P. parvum in teleost fish, our research opens new avenues for investigating how to monitor and mitigate toxicity of HABs before they become lethal.
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Supplementary Figure 1 | 3D PCA (principal component analysis) plot of the gill transcriptome profiles in rainbow trout from HH (high exposure/high response), HM (high exposure/moderate response), LL (low exposure/low response) and C (control, no exposure/no response) groups. Each circle refers to all genes from one microarray hybridisation performed on 2–4 fish, with 4 hybridisations (biological replicates) per group (16 hybridisations in total). The percentage of total variance explained by PC1, PC2 and PC3 is given in parentheses.

Supplementary Figure 2 | Principal component analysis (PCA) of the gill transcriptome profiles in rainbow trout exposed to P. parvum (HH, HM and LL groups) and non-exposed control fish. Each circle refers to all genes from one microarray hybridisation performed on 2–4 fish, with 12 hybridisations representing the exposed fish and 4 hybridisations representing non-exposed fish. Ellipses indicate 95% confidence intervals. The percentage of total variance explained by PC1 and PC2 is given in parentheses.

Supplementary Figure 3 | Volcano plots of differential expression of RNA targets in the gill transcriptome of rainbow trout from HH (high exposure/high response), HM (high exposure/moderate response) and LL (low exposure/low response) groups in relation to C (control, no exposure/no response) group. Genes were considered differentially expressed at adjusted p-value < 0.05 and absolute Log2 FC > 1. Upregulated genes are in green, while downregulated genes are in red.

Supplementary Figure 4 | Alterations of IL-17 Signalling pathway in the gill transcriptome of rainbow trout exposed to the high dose of P. parvum with high phenotypic response (HH group) in relation to the non-exposed control fish (C group). The pathway was identified as significant (Benjamini-Hochberg multiple testing correction p-value < 0.001) and activated (z-score ≥ 2) by Ingenuity Pathway Analysis (IPA). Among 187 genes that constitute the pathway, 28 were significantly altered by P. parvum exposure (yielding the gene ratio of 0.150), including 23 genes upregulated (in red) and 5 genes downregulated (in green). The upregulated genes were CEBPB (CCAAT enhancer binding protein beta), CSF3 (colony stimulating factor 3), FOS (Fos proto-oncogene, AP-1 transcription factor subunit), HRAS (HRas proto-oncogene, GTPase), HSP90AA1 (heat shock protein 90 alpha family class A member 1), HSP90AB1 (heat shock protein 90 alpha family class B member 1), IL11 (interleukin 11), IL12B (interleukin 12B), IL1B (interleukin 1 beta), IL8/CXCL8 (C-X-C motif chemokine ligand 8), JUN (Jun proto-oncogene, AP-1 transcription factor subunit), LTB (lymphotoxin beta), MMP13 (matrix metallopeptidase 13), MMP3 (matrix metallopeptidase 3), MMP9 (matrix metallopeptidase 9), NOS2 (nitric oxide synthase 2), PIK3R5 (phosphoinositide-3-kinase regulatory subunit 5), PTGS2 (prostaglandin-endoperoxide synthase 2), RAP2B (RAP2B, member of RAS oncogene family), RASD1 (ras related dexamethasone induced 1), RGS16 (regulator of G protein signalling 16), TRAF6 (TNF receptor associated factor 6) and VEGFA (vascular endothelial growth factor A). The downregulated genes were IL4 (interleukin 4), MAPK13 (mitogen-activated protein kinase 13), MUC5B (mucin 5B, oligomeric mucus/gel-forming), TNFSF10 (TNF superfamily member 10) and TRAF5 (TNF receptor associated factor 5). For details see Supplementary Tables 1, 5 and 8.

Supplementary Figure 5 | Mucus secretion in the gills of rainbow trout exposed to the toxin-producing alga Prymnesium parvum. When exposed to UV-light, the two chloroplasts of P. parvum become fluorescent (A, B). Only few algal cells tended to reach the gill lamellae (C, D), while a relatively large number of algal cells was trapped in the secreted mucus (E, F). Photos were taken with a Leica DM4008B-M microscope equipped with epifluorescence, using either transmitted white light (A, C, E) or UV-light of the same field (B, D, F). Bars correspond to 10 µM (A, B) or 25 µM (C–F).
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Sea lice (Lepeophtheirus salmonis) are ectoparasitic copepods that cause significant economic loss in marine salmoniculture. In commercial salmon farms, infestation with sea lice can enhance susceptibility to other significant pathogens, such as the highly contagious infectious salmon anemia virus (ISAv). In this study, transcriptomic analysis was used to evaluate the impact of four experimental functional feeds (i.e. 0.3% EPA/DHA+high-ω6, 0.3% EPA/DHA+high-ω6+immunostimulant (IS), 1% EPA/DHA+high-ω6, and 1% EPA/DHA+high-ω3) on Atlantic salmon (Salmo salar) during a single infection with sea lice (L. salmonis) and a co-infection with sea lice and ISAv. The overall objectives were to compare the transcriptomic profiles of skin between lice infection alone with co-infection groups and assess differences in gene expression response among animals with different experimental diets. Atlantic salmon smolts were challenged with L. salmonis following a 28-day feeding trial. Fish were then challenged with ISAv at 18 days post-sea lice infection (dpi), and maintained on individual diets, to establish a co-infection model. Skin tissues sampled at 33 dpi were subjected to RNA-seq analysis. The co-infection’s overall survival rates were between 37%-50%, while no mortality was observed in the single infection with lice. With regard to the infection status, 756 and 1303 consensus differentially expressed genes (DEGs) among the four diets were identified in “lice infection vs. pre-infection” and “co-infection vs. pre-infection” groups, respectively, that were shared between the four experimental diets. The co-infection groups (co-infection vs. pre-infection) included up-regulated genes associated with glycolysis, the interferon pathway, complement cascade activity, and heat shock protein family, while the down-regulated genes were related to antigen presentation and processing, T-cell activation, collagen formation, and extracellular matrix. Pathway enrichment analysis conducted between infected groups (lice infection vs. co-infection) resulted in several immune-related significant GO terms and pathways unique to this group, such as “autophagosome”, “cytosolic DNA-sensing pathway” and “response to type I interferons”. Understanding how experimental functional feeds can impact the host response and the trajectory of co-infections will be an essential step in identifying efficacious intervention strategies that account for the complexities of disease in open cage culture.
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Introduction

Atlantic salmon (Salmo salar) is an economically important protein source with an estimated annual aquaculture production exceeding 2.24 million metric tonnes globally in 2016 (1). However, various ongoing diseases have strongly threatened the salmonid industry and resulted in significant economic losses. Among them, sea lice, which are ectoparasitic copepods, continue to cause notable damage to the salmonid farming industry around the world (2). Sea lice feed on the epidermis (mucus and skin) of the fish upon attachment and increase blood components in their diet as they smolt from molts from sessile stages to mobile pre-adults and adults (3). These latter stages cause damage to the host resulting in decreased growth and/or secondary infection. During the host-lice interaction, it has been observed that sea lice resistance is associated with acute host inflammation, and secretory products of lice exert immune-modulatory effects on the fish host (4).

Infectious salmon anemia virus (ISAv) is a World Organization for Animal Health (OIE)–listed orthomyxovirus that can cause as high as 90% mortality in infected Atlantic salmon (5). The virus typically spreads horizontally through the exposure of naïve fish to infectious material through the water column, contaminated equipment, or coprophagy. The infection’s primary target tissues are kidney, liver, and spleen (6). In the net-pen culture of Atlantic salmon, identification of ISAv positive fish often occurs in fish co-infected with sea lice (7), and lice infection has been found to down-regulate inflammatory signals and cell-mediated immune responses (4, 5, 8). This type of interaction of one pathogen (e.g., sea lice) with the host immune system, can alter the pathogenesis and progression of another pathogen (e.g., ISAv) under the co-infection scenario (9). Moreover, it has been reported that the efficacy of vaccines to the bacterial pathogen Piscirickettsia salmonis can also be largely reduced during co-infection with lice (Caligus rogercresseyi) (10). Thus, it is expected that co-infections could modulate the host response biochemically and transcriptionally, leading to dramatically different clinical outcomes compared to single infections.

Traditional intervention with parasiticides has led to the increased chemical drug resistance in sea lice (11, 12). As an alternative, functional feeds have been considered as an effective application to improve the population’s general health status and reduce the risk of disease by modulating the host immune system and its response to sea lice. Immunostimulants [often pathogen-associated molecular patterns (PAMPs) that initiate innate immune responses] are substances that activate the animal’s immune system for the prevention of diseases and improvement of the body’s natural resistance to various viral and bacterial infections. Sutherland et al. (13) found that a functional feed containing certain levels of peptidoglycan and nucleotide formulations successfully reduced the total Lepeophtheirus salmonis burden by 50% relative to fish fed a control diet. Functional feeds are already being used frequently in Atlantic salmon aquaculture and found to promote Atlantic salmon’s growth, improve their immune system, and induce physiological benefits beyond traditional feeds (14). Additionally, modulation of the fatty acid composition can also affect the host immune system. For example, vegetable oils contain a limited level of omega-3 long-chain polyunsaturated fatty acid (ω3-LC-PUFAs) such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Simultaneously, they have comparatively high levels of omega-6 fatty acid (ω6 FAs), which can drive pro-inflammatory responses and exert a negative impact on the fish (15). Therefore, we aimed to investigate the impact of ω3 and ω6 FA content in functional feed on skin tissue transcript expression in response to single infection and co-infection.

In the current study, whole transcriptome analysis was used to evaluate the impact of four experimental functional feeds (i.e., 0.3% EPA/DHA+high-ω6, 0.3% EPA/DHA+high-ω6+ immunostimulant (IS), 1.0% EPA/DHA+high-ω6, and 1.0% EPA/DHA+high-ω3) on uninfected Atlantic salmon (S. salar), during a single infection with sea lice (L. salmonis), and a co-infection with sea lice and ISAv. The study also aimed to identify and catalogue diet-specific molecular biomarkers and their respective immune response in three group treatments (i.e., uninfected, lice infection, and co-infection groups). Our study provides an improved understanding of the mechanisms and pathways underlying the host response during both lice infection and co-infection, that are important for identifying efficacious intervention strategies that account for the complexities of diseases in open cage culture.



Materials and Methods


Experimental Diets

All four experimental diets were formulated by Cargill Innovation Center (Dirdal, Norway) stemming from a standard salmon diet formulation. Experimental diets were as follows: Experimental diet 1 (0.3% FA): 0.3% EPA/DHA and high ω6; Experimental diet 2 (0.3% FA+IS): same as diet 1 with the addition of an immunostimulant; Experimental diet 3 (1% FAω6): 1% EPA/DHA and high ω6; Experimental diet 4 (1% FAω3): 1% EPA/DHA and high ω3. The details of the composition of four diets are provided in Table 1. Three of the diets were the same as used in Katan et al. (16) and the relationship was indicated in Table 1. The four diets were initially blinded to investigators until the completion of the trial.


Table 1 | Experimental functional diet composition.





Fish Husbandry and Experiment Design

Atlantic salmon (S. salar), Saint John River strain smolts (weight (mean ± SD): 90 ± 15 g) were obtained from Cooke Aquaculture Inc. and transferred to the Aquatic Biological Containment Level II Facility at the Atlantic Veterinary College (Charlottetown, PE). Upon arrival, the fish were stocked into 170 L tanks (n=36) at the density of 40 fish per tank, supplied with fresh well water at 10.5 ± 1°C in a single-pass system with a 14 h: 10 h light-dark photoperiod. Fish were anesthetized in tricaine methanesulphonate (TMS (Syndel, Nanaimo, BC, Canada), 150 mg/L), individually weighed, and injected intraperitoneally (I.P.) with a passive integrated transponder (PIT) tag (AVID, CA, US) for identification purposes. Following acclimation for two weeks, the system was transferred to a partially-closed, recirculating aquaculture seawater system and the fish were transitioned to artificial seawater (SW; Instant Ocean®, Spectrum Brands Canada Inc, IL, USA) by increasing the salinity by 2-3 ‰ per day until a salinity of 33 ± 2 ‰ was achieved. Water quality was monitored daily until parameters (ammonia-nitrogen: 0.00-0.05mg/L, nitrite-nitrogen: 0.00-0.15 mg/L, nitrate-nitrogen: 0-60 mg/L, pH: 7.8-8.5) were within the ideal range. Thereafter, the water quality was monitored twice weekly. During the acclimation period and transition to SW, fish were fed daily at 1% body weight with EWOS Transfer (Surrey, BC, Canada). Following one week of acclimation to SW at 33 ± 2 ‰, four experimental diets were randomly assigned to 32 tanks (8 tanks per diet). Fish were continued to be fed at 1% body weight per day with the daily ration split between two feeding periods. Feed consumption was assessed using a feed scoring system (17), and individual tank effluent was flushed out of the tank just prior to and within one hour after each feeding.



Single Infection (L. salmonis) and Co-Infection (L. salmonis and ISAv)

After 28 days of the above feeding regime, all 16 tanks were infested with sea lice (L. salmonis) copepodids provided by the Huntsman Marine Science Centre (St. Andrews, NB, Canada). Prior to exposure, water flow was turned off to all tanks, and the water level was reduced below outflows. Fish were challenged at 50 copepodids/fish. Supplemental oxygen was added during the infection procedure to maintain 6.0-9.0 mg/L O2 for the 2-h exposure period. Lice-exposed fish exhibited behaviors associated with lice infections, including flashing, rubbing, and jumping throughout the exposure. After the 2-h infection, water flow was restored. The ISAv isolate (ISAV-HPR4 RPC/NB 04-085-1) used in the co-infection was provided by Fisheries and Oceans Canada, Moncton, NB. The prepared high-virulence ISAv isolate, harvested from Atlantic salmon head kidney tissue (18), was suspended in L-15 culture media. The ISAv isolate was grown in ASK cells (culture medium: L-15 media (Wisent Inc, Saint-Jean-Baptiste, QC, Canada) + 2% fetal bovine serum (FBS; Wisent Inc), penicillin/streptomycin, and fumagillin; Gibco, Grand Island, NY, USA) using the Spearman-Kärber method (19). Viral isolates were stored at -80°C in 0.5-mL aliquots until use. At 9 days post-lice infection, naïve donor fish (n=160; 40 fish/tank) were anesthetized (TMS: 150 mg/L) and I.P. injected (100 µl) with a 1 × 104 TCID50 (Median Tissue Culture Infectious Dose) of the ISAv isolate. Donor fish were maintained for 7 days post-injection in a separate recirculation system to allow shedding of viral particles from these fish before adding to the tanks that were receiving the experimental diets (5 donor fish per tank) at 18 days post-infection (dpi) (20). Fish were monitored three times daily and moribund or dead fish were removed upon observation. Fish (2 fish/tank; n=64) from each experimental diet group and infection regimes (lice infection and co-infection) were sampled at 3 days prior to challenge with L. salmonis (i.e., pre-challenge control group). Ten fish/tank (40 fish/experimental diet) were opportunistically selected and euthanized by TMS overdose (250 mg/L) at 33 dpi when mortalities first appeared in cohabitants. Fish weight and full body-length were recorded. The sea lice load in each fish was quantified, and posterior kidney samples were collected to determine viral load. Skin samples were collected at 3 days prior to infection and 33 dpi (at louse attachment sites) from each fish (Figure 1). These samples were flash-frozen and stored at -80°C for RNA sequencing (RNA-seq) analysis. All procedures involving the handling and treatment of fish used were conducted in accordance with the UPEI Animal Care Committee (Protocol # 16-051).




Figure 1 | Diagram of the experimental design. Experimental diets were administered for 28 days prior to infection. Day 0 was the day of lice infection, then ISAv was introduced by co-habitation on day 18. Pre-infection skin samples sample A were collected at 3 days prior to lice infection. Skin sample from lice attachment site from single infection sample B or co-infection sample C were collected at 33 days post-infection.





RNA Extraction, Library Construction and Sequencing

Total RNA was extracted from skin samples with a bead-based system from 6 representative fish from each feed group within each infection regimen using Trizol reagent (Ambion, CA, USA), according to the manufacturer’s instructions. RNA concentration and purity were estimated using the NanoDrop 2000 spectrophotometer (Thermo Scientific). RNA samples with an A260/A280 from 1.8 to 2.0 and an A260/A230 from 2.0 to 2.3 were used for the subsequent analyses. Total RNA was column-cleaned (Qiagen) with DNase treatment and sent to the Center for Aquaculture Technologies (PEI, Canada) for RNA-seq library preparation and sequencing. RNA integrity was further examined using the Bioanalyzer (BioRad) and only samples with RIN >7.5 were included for further analysis. cDNA libraries were prepared using the TruSeq RNA Sample Preparation Kit (Illumina) following the manufacturer’s protocol. Sequencing was conducted using the Hiseq 2000 (Illumina) platform with 200 bp paired-end reads. The raw reads were deposited in the NCBI’s Sequence Read Archive (SRA) under Accession No. PRJNA705415.



RNA-Seq Data Analysis

The raw reads were trimmed of adaptor sequences and low quality reads were filtered out using Trimmomatic v0.32 (21). Illumina-specific adaptors were clipped from reads and the reads with an average Phred score less than 20 were trimmed. The processed reads were mapped to the Atlantic salmon reference genome release 100 (GenBank Accession No. GCF_000233375.1), and we further mapped processed reads and identified splice junctions using TopHat package v2.1.1 (22). The mapped reads resulting from TopHat were subjected to Cufflinks program v2.2.1 for transcript assembly and expression quantification. The output files were analyzed by Cuffdiff program v2.2.1 to identify the differentially expressed genes (DEGs) (23). The visualization and downstream analysis were conducted using R packages CummeRbund v2.34.0 (24) and clusterProfiler v3.18 (25). Genes with an adjusted p-value < 0.05 and log2 |fold-change| >1 were defined as significantly differentially expressed in this study. Genes with multiple gene annotations in Cuffdiff result column ‘gene’ and rows with fold-change values marked as ‘-inf’ or ‘-nan’ were excluded from the downstream analysis. Furthermore, genes with unknown annotation against the reference annotation file were filtered away for gene ontology analysis.



Gene Ontology and Pathway Analysis

Gene ontology (GO) term enrichment analysis of DEGs was performed using R package clusterProfiler v3.18 (25). The annotation required for clusterProfiler analysis was prepared using R-based AnnotationHub for S. salar database (database number: AH207) (26). The DEGs were also analyzed by ClueGO v2.5.7 (27) available from Cytoscape v3.8.2 (28) plug-in tools to decipher functionally grouped significant gene ontology and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway annotation network from Salmo salar organism. ClueGO analysis was performed using default values, i.e. enrichment/depletion (two-side hypergeometric) test for terms/pathways with kappa score 0.4. P-values were corrected for multiple testing using Bonferroni step down method. To obtain unique gene lists for GO analysis in the diet-responsive study of pre-infected samples, the mean expression of each significant gene was obtained, and the genes were categorized into each diet according to the ascription of their highest expression level. The resulting GO terms and pathways with adjusted p-value only (False discovery rate (FDR) > 0.05) are presented and discussed in the current study.



Quantitative Real-Time PCR (qPCR) Validation

A total of 11 genes (i.e., 9 genes of interest and 2 reference genes) were selected for qPCR analyses with gene-specific primers designed using Primer 3-based online design tool Primer-BLAST on NCBI (29, 30). The selected genes and corresponding primers used for validation are presented in Supplementary Table 1. Total RNA was extracted using Trizol reagent and cleaned with RNeasy Plus Universal Mini kit including the DNase treatment step (Qiagen). The cDNA templates for qPCR were synthesized in a 30-μL reaction using 1.5 μg of extracted total RNA using ThermoFisher’s High Capacity cDNA kit as recommended by the manufacturer’s instructions. Primer efficiencies were evaluated by generating transcript-specific standard curves (5-point, 3-5 fold serial dilution) using a pooled template prepared by combining 5 μL cDNA aliquot of each study sample (31) and found to be between 86 - 106%. Melt curves showed single product formation and absence of primer dimers for all transcripts tested. The qPCR protocol was as described previously (32). Specifically, the qPCR was conducted on CFX96 Touch Real-Time PCR System (Bio-Rad), using the following thermal program: initial activation of 95°C for 30 s, 95°C for 15 s then 60°C for 30 s (40 cycles), followed by a melt curve analysis from 65 to 95°C with fluorescence being read every 0.5 s with a ramp rate of 0.5°C. Each reaction (10 μL) consisted of 5 μL of Sso Advanced™ Universal SYBR Green Supermix (Bio-Rad), 2 μL of cDNA template, 2 μL of nuclease-free water (Bio-Rad), and 0.5 μL of both forward and reverse primers (10 μM as working concentration). Each sample was run in triplicate, and no-RT (no reverse transcriptase) controls and no-template control (NTC) were also included for each assay.

The qPCR data were analyzed using Maestro (BioRad), and calibrated normalized relative quantities (CNRQ) were calculated. Two endogenous reference genes, eif and rps20, were used and they were normalized with an M-value of 0.26 (33). The triplicate deviation maximum allowed for inclusion in the analysis was set at 0.50 Ct. One-way analysis of variance (ANOVA) was performed with R base package to determine the significance (p < 0.05). Tukey’s HSD test was used to determine the groups with significantly different expression profiles if significant results were detected.




Results


Feed Trial and Challenge

Atlantic salmon smolts were fed at 1% body weight per day for the duration of the study (Figure 1). There was no difference in feed consumption between the experimental diet groups, but feed consumption was significantly lower in the co-infection compared to the lice infection alone in all diets between 15 and 34 dpi (Results described in the companion paper (34, submitted). No significant differences were observed in body weight or length among the different diet treatments before the sea lice challenge (data not shown). Lice counts in the 1% FAω3 diets were significantly lower than those in the 0.3% FA diets by the end of the study (47 dpi) but only in the single infection group. And viral load was highest (lowest average Ct) in the 1% FAω3 diet, whereas the viral load was lowest (highest average Ct) in the 0.3% FA+IS diet (Table 2). Viral load, however increased in all groups by 47 dpi, with the highest load being present in the 0.3% FA diets (34, submitted). There were < 5% mortalities in fish infested with the single L. salmonis infection, compared to > 35% in all co-infected groups. The 0.3% FA diet yielded a better cumulative survival rate (47.8%) compared to the 1% FAω3 diet (37.3%) during the co-infection, and the addition of immunostimulant to the 0.3% FA diet i.e., 0.3% FA+IS diet further improved the survival rate (50.0%) in Atlantic salmon (Table 2). However, despite these improvements, diet did not significantly impact the mortality rate of co-infected fish. Both the diets containing 1% EPA/DHA (1% FAω6 and 1% FAω3) had lower survival rates compared to the 0.3% EPA/DHA diets (only the 1% FAω3 had a significantly lower survival) (34, submitted).


Table 2 | Average lice counts and viral load (mean ± SD) of fish exposed to a single (lice) and co-infection (lice-then-ISAv) and cumulative survival rate for co-infection.





Skin Transcriptomic Response by Single Infection and Co-Infection

To explore the transcriptional response in the skin (at sea lice attachment site) by lice infection alone and co-infection (at 33 dpi), the DEGs of the group of interest were identified using Cuffdiff, and the results are presented in Tables 3, 4. In total, there were 756 (280 up-regulated and 476 down-regulated) and 1303 DEGs (649 up-regulated and 654 down-regulated) shared among the four experimental diets when comparing single infection groups and co-infection groups to control (pre-infected) groups, respectively (Figures 2A, B). We also identified 190 DEGs (186 up-regulated and 4 down-regulated) when comparing single and co-infection groups (Figure 2C). Multidimensional scaling (MDS) analysis segregated the samples based on infection challenge (i.e., pre-infection, single infection, and co-infection) and not from the dietary regimen, indicating that the infection challenge had a greater impact on the grouping than the diet (Figure 2D).


Table 3 | Comparison of differentially expressed genes (DEGs) within each diet group.






Figure 2 | Overview of the global transcript expression profiles. (A) Venn diagram showing the distribution of DEGs identified between single infection and pre-infection among the four different diets. (B) Venn diagram showing the distribution of DEGs identified between co-infection and pre-infection among the four different diets. (C) Venn diagram showing the distribution of DEGs identified between co-infection and single among the four different diets. (D) Multidimensional scaling (MDS) analysis of the expression data similarity among the 12 groups.





DEGs Under Different Experimental Diets Before Challenge

Prior to infection, fish receiving different experimental diets for 28 days exhibited varying global transcriptomic profiles in the dorsal skin tissue. The PCA analysis highlighted the greatest observed difference for the diet containing immunostimulant (i.e., 0.3% FA+IS) compared with all the other diets, and the transcriptomic profiles of fish administered with the two fatty acid-enriched diets (1% FAω3 and 1% FAω6) were characterized closer (Supplementary Figure S1). The numbers of significant DEGs identified among the four diets between pre-challenge samples are shown in Table 4 (see Supplementary File 1 for DEGs details and statistics). The heatmap of the DEGs with the four diets prior to infection did not show a well-grouped cluster, indicating a moderate effect of the diet manipulation at the skin transcriptome (Supplementary Figure S2). The 0.3% FA+IS diet significantly modulated the “chemotaxis”, and “cytokine/chemokine receptor binding” in the innate immune response (Figure 3A). The significantly upregulated genes of pro-inflammation in fish fed with the immunostimulant diet (0.3% FA+IS) compared to the control diet include C-C motif chemokine 19-like (ccl19), C-C motif chemokine 20-like (ccl20), C-C motif chemokine 4-like (ccl4), interferon-induced protein with tetratricopeptide repeats 5-like (ifit5), and interferon-stimulated gene 15 (isg15; Supplementary File 1, sub-table T1). On the other hand, the increased FA promoted the sterol metabolism, vitamin uptake and signal transduction in the immune response (Figures 3B, C). Surprisingly, the 0.3% FA diet, which was considered as control diet for this study, promoted the innate immune responses by elevated pathways in “ferroptosis”, “complement activation”, and “inflammatory response” (Figure 3D and Supplementary File 2).


Table 4 | Comparison of differentially expressed genes (DEGs) among the diet groups.






Figure 3 | The ClueGO based enriched gene ontology (GO) terms and pathway identified from genes differently experessed in four experimental diets (A) 0.3% FA+IS, (B) 1% FAω3, (C) 1% FAω6, and (D) 0.3% FA of pre-infected group of samples. The shape size shows the GO terms and pathway significance (larger shape (e.g. circle, square) = higher significance). The shape depicts database source i.e., GO biological process (circle), GO cellular component (hexagon), GO molecular function (parallelogram), and KEGG pathways (square). The statistics of representative GO terms or pathways are tabulated in Supplementary File 2.





DEGs Under Different Experimental Diets Under Lice Alone Infection

In the single lice infection, the majority of DEGs were up-regulated in the 0.3% FA+IS diet compared to the other three diets (445-725 up-regulated genes; Table 4; Supplementary File 3, sub-Table T1, T5, and T6). Compared to the 0.3% FA diet, the IS additive diet stimulated pathways involved in heat shock proteins, glycolysis, mucus production, and skeletal muscle development, while it suppressed genes of innate immunity such as interferon-induced protein 44-like (ifi44), isg15, ccl4 and fth in the single infection (Supplementary File 3, sub-table T1).



Shared Differentially Expressed Genes Across Diets During Lice Infection Alone (Single Infection vs. Pre-Infection)

In general, there were altogether 756 shared DEGs (280 up-regulated and 476 down-regulated) among diets in the lice infection alone at 33 dpi compared to uninfected fish (3 days prior to infection) (Figure 2A and Supplementary File 5, sub-table T1). Examples of differentially regulated immune genes after lice alone infection included interleukins (il17d, il7r, il2rb, il12b, and il6st), chemokines (ackr3, ackr4, ccr2, ccr6, ccr7, ccr9, cxcl12, ccl13, ccl17, ccl20), metallopeptidases (adam9, adam17, adamts8, adamts12, adamts17, adamts18, adamts20, mmp11, and mmp15), transcription factors (gata3, stat1), and apoptosis (rnf213, map3k11, litaf, scarb2, tagap, lgals4, and bok) (Supplementary File 5, sub-table T1).

GO over-representation analysis of the up-regulated genes revealed enrichment of biological processes involved in a number of physiological functions including “glycolysis process”, “complement activation” and “sterol metabolic processes” (Figure 4A). In contrast, enrichment of GO terms represented by down-regulated DEGs included processes such as “antigen processing and presentation”, “collagen trimer”, “MHC protein complex”, “chemokine receptor activity” and “metallopeptidase activity” (Figure 4B and Supplementary File 5, sub-table T2).




Figure 4 | Gene Ontology (GO) pathway enrichment analysis of the shared genes among the four diets between single infection and control (pre-infection). (A) Enriched pathways among up-regulated genes. (B) Enriched pathways among down-regulated genes.





DEGs Under Different Experimental Diets Under Lice and ISAv Co-Infection

Under the co-infection, only 20.8% of the DEGs were up-regulated in the immunostimulant diet compared to 0.3% FA diet (Supplementary File 4, sub-table T1). The up-regulated genes were involved in skeletal muscle development (e.g., myh2, and tnni2), while the down-regulated genes were involved in multiple pathways, such as interferon activation, pro-inflammatory cytokine response, complement activation, and antigen-presentation (Supplementary File 4, sub-table T1). Compared to the 1% FAω3 diet, fish receiving 1% FAω6 diet and challenged with co-infection indicated significantly down-regulated gene expression in apoptosis and innate immune markers (e.g., c3, c7 and clec4e), and up-regulated gene expression for heat shock proteins (e.g., hspb1, hspb7, and hspb30), and striated muscle development (e.g., tnni2, myh2; Supplementary File 4, sub-table T4).



Shared Differentially Expressed Genes Across Diets During Co-Infection (Co-Infection vs. Pre-Infection)

In each diet, there were more DEGs in the co-infection than the sea lice alone infection (Table 3). A total of 1303 DEGs (649 up-regulated and 654 down-regulated) were identified as being shared across four diets in the co-infection (Figure 2B). The result of all the DEGs identified and reported in this section are listed in Supplementary File 5, sub-table T3. Selected DEGs with important biological roles are shown under different functional categories in Table 5. Substantial up-regulation in innate immunity was observed, which included genes in the interferon pathway (e.g., ifi44, ifit5, and rsad2) and complement system (e.g., c4, c6 and cd55). Transcription of a large number of heat shock protein family members (e.g., hspb7, hsp70-3, hspb8) and apoptosis (e.g., bag3 and bcl2l13) were also up-regulated, which indicated a stress response during the co-infection compared to the pre-infection. On the other hand, the transcription of genes involved in collagens (e.g., col10a1, col11a1, col12a1, and col24a1), antigen processing and presentation (e.g., mr1, b2m, h2-aa, h2-eb1, and rt1-b), T-cell development (e.g., cd28, cd5, tagap, and cd96), and chemokine signaling (e.g., ccl4, ccl20, ccr6, and cccr9) were significantly down-regulated in the co-infection compared to pre-infection. This list also includes DExD-Box helicase genes (ddx6 and ddx21) that play important roles in general transcription, RNA editing, RNA transport and RNA biogenesis. Moreover, dual specificity phosphatases (such dusp1, dusp4, dusp5, and dusp7) were found up-regulated, which facilitates dephosphorylating MAP kinases that were involved in wide variety of cellular processes such proliferation, differentiation, transcription regulation. Furthermore, lipopolysaccharide-responsive genes such as litaf, lrba, and lrbb were also up-regulated in the co-infection. The litaf gene causes secretion of tumor necrosis factor alpha (TNF-alpha) and associated inflammatory mediators (adaptor proteins such as lrba and lrbb) that regulates the expression of various cytokines, endosomal protein trafficking, targeting proteins for lysosomal degradation and apoptosis. For pathway analysis, the down-regulated DEGs were enriched in pathways including “immune response”, “antigen processing and presentation”, “extracellular matrix”, “MHC protein complex”, “metallopeptidase activity”, and “iron ion transport” (Supplementary File 5, sub-table T4), while the up-regulated genes were enriched in pathways, such as “coenzyme biosynthetic process”, “sterol metabolic process” and “glycolytic process” (Supplementary File 5, sub-table T4).


Table 5 | Selected list of differentially expressed genes (DEGs) during L. salmonis and ISAv co-infection in the skin of Atlantic salmon, when compared with the pre-infected control.



A comparison of the co-infection with the lice infection alone revealed most of the DEGs were up-regulated (186 up-regulated and 4 down-regulated) in the co-infection group (Supplementary File 5, sub-table 5). The enriched biological process pathways of the up-regulated genes in co-infection included “response to type I interferon”, “NAD biosynthetic process”, “innate immune response”, and “response to virus” (Supplementary File 5, sub-table T6).



Hierarchical Clustering, GO Term and Pathway Enrichment of Shared Genes Identified in Pre-Infection, Lice Infection Alone, and Co-Infection Samples

In the current study, the shared genes identified in the three groups (i.e., pre-infection, lice infection alone, and co-infection with lice and ISAv; Figure 2) were combined and further subjected to agglomerative hierarchical clustering (complete-linkage clustering) using R package heatmap3 v1.1.9 in R version 4.0.2. The unsupervised clustering of the shared gene expression matrix resulted in three main clusters. The pre-infected samples grouped perfectly, while in the post-infected samples, clusters were represented by most samples from either lice infection or live+ISAv infection (Figure 5). This variation within the treatment groups was likely caused by the different viral load and infection stage in the co-infected samples during cohabitation. The clustering at gene level resulted in four major clusters. The cluster I, i.e., top 20% of heatmap consist of DEGs that were up-regulated in co-infection group compared with both other groups, e.g., ifit5, autophagy related protein 9A (atg9a), and irf7b. The smaller groups of genes in cluster II were mostly down-regulated in lice infection alone groups, pre-infection groups and half of co-infection group, e.g., atp2a1, DNA damage inducible transcript 4 like (ddit4l), and bcl 2-like protein 13. The cluster III consists of approximately 370 up-regulated genes (Supplementary Figure S3 for high resolution image) in lice alone and co-infection groups compared with pre-infection (Figure 5). The cluster IV represents the largest group of DEGs (about 780 genes) that were down-regulated in lice infection alone and co-infection groups compared with pre-infection (Supplementary Figure S3).




Figure 5 | Hierarchical clustering of shared differentially expressed genes (DEGs) identified in three groups (single vs. pre-infection, co-infection vs. pre-infection, and co-infection vs. single infection). The normalized expression value (FPKM) for each samples (columns) and genes (rows) are illustrated in red (up-regulated) and blue (down-regulated) color in the heatmap.



The gene list obtained from shared DEGs among these three groups (pre-infection, lice infection, and lice+ISAv infection) was used for ClueGO analysis resulting in significantly enriched GO terms and pathways (adjusted p-value < 0.05; Figure 6 and Supplementary File 7). The significant GO terms and enriched pathways identified in single infection vs. pre-infected samples consisted of various immune-relevant terms such as “defense response”, “steroid biosynthesis”, “PPAR signaling pathway”, “Cytokine-cytokine receptor interaction”, “extracellular matrix”, “metallopeptidase activity”, “Intestinal immune network of IgA production” and “adaptive immune response” (Figure 6A). Similar significant GO terms and pathways were enriched in co-infection vs. pre-infected samples in addition to “heparin-binding”, “negative regulation of protein serine/threonine kinase activity”, and “chemokine mediated signaling pathway” (Figure 6B). However, ClueGO analysis conducted between infected groups (single infection vs. co-infection) resulted in several immune-related significant GO terms and pathways unique to this group, such as “autophagosome”, “cytosolic DNA-sensing pathway”, “response to exogenous dsRNA”, “response to type 1 interferons” and “STAT family protein binding (Figure 6C).




Figure 6 | The ClueGO based enriched gene ontology (GO) terms and pathways identified from genes differently expressed in three group comparison. (A) single (lice) infection vs. pre-infection, (B) co-infection (lice+ISAv) vs. pre-infection, and (C) co-infection (lice+ISAv) vs. single infection. The shape size shows the GO terms and pathway significance (bigger he size higher the significance). The shape depicts batabase source i.e., GO biological process (ellipse), GO cellular component (hexagon), GO molecular function (parallelogram), and KEGG pathways (square). The statistics of representative GO terms or pathway are tabulated in Supplementary File 7.





qPCR Validation

In order to validate gene expression values obtained by RNA-seq analysis, nine genes (4 up-regulated and 5 down-regulated genes) were selected for qPCR assay, including fibroblast growth factor-binding protein 1 (fgfbp1), mbl2, complement component C6 precursor (c6), c4, C-C chemokine receptor 6 (ccr6), ccl4, ccr9, T-cell surface glycoprotein CD5-like (cd5), and T-cell activation Rho GTPase-activating protein (tagap). Those genes were selected based on functional categories including would healing (i.e., fgfbp1), complement system (i.e., c4, c6 and mbl2), B-cell differentiation (i.e., ccr6 and cd5), T-cell regulation (i.e., ccr9 and tagap) and inflammatory response (i.e., ccl4).

Expression changes in these genes determined by qPCR were significantly correlated with those shown by RNA-seq (R=0.96; Figure 7A). In agreement with the RNA-seq result, qPCR results showed that both lice infection alone and co-infection significantly promoted the complement system indicated by transcript level of c4, c6 and mbl2, although no significant differences were identified among dietary treatments (Figures 7B, H, J). Wound healing is a dynamic of extracellular matrix degradation and remodeling. Although pathway enrichment analysis from RNA-seq data indicated the suppressed expression of collagen synthesis, both qPCR and RNA-seq showed up-regulation of fgfbp1 during the single and co-infection (Figure 7C). In addition, the qPCR analysis showed the chemokines ccl4, ccr6, ccr9, and cd5 were significantly down-regulated during lice infection alone vs pre-infection (Figures 7I, D, E, G), and comparable with that of co-infection. The qPCR did not find significant changes in tagap transcription among dietary treatments, while the transcript level of tagap showed a substantial decrease from pre-infection (control), lice infection alone and co-infection in three diets (Figure 7F).




Figure 7 | qPCR validation of the selected genes for RNA-seq data. (A) Scatterplot of log2-transformed gene expression fold-changes between treatment groups calculated from RNA-seq data and qPCR assay. (B–J) Boxplots of qPCR data for the selected genes of interest. Plots reveal median calibrated normalized relative quantities (CNRQs) values and interquartile ranges in log2 scale. On x-axis: letter A indicates the group receiving the 0.3% FA diet; letter B indicates the group receiving the 0.3% FA+IS diet; letter C indicates the group receiving 1% FAω6 diet; letter D indicates the group receiving the 1% FAω3 diet. Statistics was conducted within each diet. Different letters indicate significant difference (p<0.05).






Discussion

The mucosal barriers of skin in teleost fishes constitute the first line of defense against pathogen invasion. Here we investigated the effects of diet on host susceptibility to lice infection alone and lice-then-ISAv co-infection, and the host response at the louse attachment site on the skin using transcriptomic profiling. Result indicated that there was no statistically significant difference in mortality between the diets. However, the 0.3% FA diet yielded a better survival rate compared to the 1% FAω6 diet during the co-infection, and the addition of immunostimulant to the 0.3% FA diet (0.3% FA+IS) further increased the survival rate in Atlantic salmon. Transcriptomic analysis using RNA-seq in skin samples revealed that administration of diets containing immunostimulants for 28 days promoted a pro-inflammatory state prior to disease challenge. In addition, pre-exposure to sea lice in the co-infection may have compromised the host adaptive immune response through suppression of antigen processing and presentation, B and T-cell differentiation, and induction of a large cellular stress response. These factors may have contributed to ISAv susceptibility and mortality during the co-infection.

Fish mucosal secretions are known to contain a variety of antimicrobial peptides, complement proteins, proteases, and lysozyme (35). The mucosal secretions are an important strategy to protect against pathogen infections (36), and have been shown to be stressor-sensitive in teleost fish (37). It is well known that fasting causes the teleost host to be more susceptible to pathogen infection, and previous studies showed that this feed deprivation caused a rapid decrease in the density of epidermal mucous cells in Atlantic salmon (38) and catfish (39). After 28 days of feeding regime, we found the expression of muc2 was significantly up-regulated in the 1% FAω3 diet compared to 0.3% FA diet. During lice infection alone, we also found that the fish fed with 0.3% FA+IS diet showed elevated expression of muc2, muc5ac, muc, and induced significant transcripts changes in iron homeostasis (e.g., ferritins) and pro-inflammatory immune response (e.g. chemokines ccl4, and ccl20) compare to 0.3% FA diet. In addition, fish fed with 1% FAω3 diet suppressed the expression of protein-glutamine gamma-glutamyl transferase (tgm; responsible for catalyzing the cross-linking proteins during formation of epidermis) indicating the impact of fatty acid-enriched diet on the maintenance of the dynamic of the skin structure. Taken together, our results showed that mucus properties appeared to shift in response to diets. This indicated that the changes in the mucus properties in the skin caused by nutritional stimulus could further affect the host-pathogen dynamics and their disease resistance in host fish.

Multiple functional feeds have been tested to prevent parasitic copepod infection in aquaculture. Infection with L. salmonis in Atlantic salmon was shown to be significantly reduced after 5 weeks of feeding glucosinolate-enriched diets, and this reduction was associated with up-regulation of host genes in skin tissue associated with type 1 pro-inflammatory factors, antimicrobial and acute-phase proteins, extracellular matrix remodeling proteases and iron homeostasis regulation (40). Sutherland et al. reported that L. salmonis infected Atlantic salmon fed an immunostimulatory diet containing a peptidoglycan and nucleotide formulation exhibited up-regulated expression of il1b in the skin and spleen (13). In addition, Covello et al. (41) demonstrated the effectiveness of incorporating CpG oligodeoxynucleotide or yeast extracts into post-smolt Atlantic salmon diets, resulting in a reduction in levels of L. salmonis by 40% in fish fed the immunostimulant compared to control with associated transient changes in inflammatory and extracellular matrix gene expression in the skin. The fish immune response to sea lice and other parasitic copepods has been reviewed by Fast (4) who reported a general association with early onset of skin inflammation at the attachment site, and implied that immunostimulatory feeds may protect the host against the types of immune-regulatory shifts that normally benefit the parasite. In our study, more than 93% of the DEGs were up-regulated in the fish fed with 0.3% FA+IS diet compared to 0.3%FA diet in the single lice infection. The immunostimulant diet increased the host’s basal energy metabolic rate, mucus production, and skeletal muscle structure development. However, in the case of co-infection, the majority (80%) of the DEGs were suppressed in the fish under 0.3% FA+IS regime, which included a broad array of immune-related pathways such as interferon activation, complement activation, pro-inflammation, and antigen presentation. It seems that the 0.3% FA+IS diet effectively boosted the mucosal immunity in the single lice infection, but this benefit was not maintained in the co-infection. Taken together, there appears to be a trade-off for better anti-parasitic responses in the co-infection scenario regarding to the diet selection.

The immunostimulant diets promoted a pro-inflammatory signature within the skin of Atlantic salmon and some of the up-regulated DEGs in the immunostimulant diet-fed group included ccl19, ccl20 and ccl4. These chemokines not only promote leukocyte mobilization, but also regulate the immune response and differentiation of recruited cells. CCL19 in Ayu (Plecoglossus altivelis) was shown to promote a pro-inflammatory state, with a dramatically up-regulated M1-type monocytes/macrophages when challenged with Vibrio anguillarum (42). In mammals, CCL20 plays an important role in skin and mucosal surfaces under homeostatic and inflammatory conditions when it combines with c-c chemokine receptor CCR6, which activates a strong chemotactic response to attract dendritic cells (DC), effector/memory T-cells and B-cells at the site of infection (43). The functional role of ccl4 has previously been examined in teleost and has been reported to be immediately up-regulated within 2 h of poly (I:C) or LPS stimulation. In addition, ccl4 in orange-spotted grouper (Epinephelus coioides) was found to induce chemotactic activity in peripheral blood leukocytes, and up-regulate the gene expression of tnf-α1, mx, ifn-γ, indicating ccl4 plays a role in promoting the inflammatory response and driving the lymphocyte differentiation towards the Th1 pathway (44). In our study, three copies of ccl19 (paralogs) identified in the S. salar genome (Salmo salar Annotation Release 100), were all up-regulated after feeding with the immunostimulant diet, 0.3% FA+IS, compared with the 0.3% FA diet. There are a total of three paralogs of ccl4 in the Atlantic salmon genome, where one of them (i.e., LOC106570886) was significantly up-regulated in the immunostimulant diet fed fish. The functional difference of these chemokine paralogues is unknown, however, this would suggest that some may have a redundant signaling function while, to a lesser extent, others may have a loss of function or a different function altogether (i.e. neofunctionalization).

The parasite initiates attachment to the host surface and causes wounds through mechanical and chemical actions. Cortisol is often produced and secreted systemically as a result of stress when parasites mature to the pre-adult life stage. Indeed, cortisol treatment has been shown to have a significantly greater impact on transcriptomic effects in Atlantic salmon than lice-induced changes. Cortisol alone stimulates the expression of genes involved in the metabolism of steroids and amino acids, and suppresses genes related to antigen presentation, B and T cell function, antiviral and wound healing responses (45). In our study, pathway enrichment analysis indicated that the glycolysis and sterol metabolic process were greatly promoted in the skin tissue of the fish at the site of attachment at 33 dpi. Interestingly, it is notable that, although the genes involved in fibroblast synthesis were significantly up-regulated, the genes involved in collagen synthesis were remarkably suppressed. The observed transcriptomic changes in our study, such as increased glycolysis, suppressed B and T cell differentiation, were largely in agreement with the outcome of cortisol upregulation. Although we did not measure the cortisol level in this study, it is well recognized that cortisol would be remarkably induced at the 33 dpi sample point, when lice have molted to pre-adult females and adult males (46). Cortisol has long been described as inhibiting collagen synthesis in mammals (47), and in our study the suppression of collagen synthesis coincided with the timing of an expected up-regulation of cortisol in the host. This would suggest that although L. salmonis immunomodulatory secretions are expected to have a localized impact on leucocyte chemotaxis, skin inflammation, and healing, the host response at the mobile louse attachment site appears to be heavily influenced by systemic stress and the downstream impacts of interrenal cortisol release.

The healing process in response to skin damage comprises a complex cascade of events including hemostasis, inflammation, cell proliferation, and tissue remodeling (45, 48). During the later stages of a healing response, wound contraction reduces the size of the tissue defect and subsequently decreases the amount of damaged tissue that needs to be repaired. During the wound healing process, fibroblasts synthesize the extracellular matrix and produce type I collagen (49) and differentiate into myofibroblasts which create the tensile force to pull the wound edges toward the wound center. Actin and myosin interact with the newly formed collagen fibers in the extracellular matrix, forming a web-like adhesive base for wound contraction, which results in gradual reduction of wound area (50). In our study, the tissue damage observed in the lice infection alone induced a proliferative response from the fibroblasts in the skin, as well as genes involved in skeletal muscle development and wound contraction, such as early growth response protein, fibroblast growth factor, fibroblast growth factor-binding protein, myosin, and actin filament. Myosin and troponins have previously been identified as responsive genes to sea lice attachment in salmon skin (51). Robledo et al. also observed that salmon susceptible to sea lice had a higher expression of genes in Atlantic salmon skin involved in muscle contraction, such as troponins and myosins, compared to salmon resistant to sea lice (52). The authors further proposed that the high lice burden in the susceptible fish provoked an increase in fish activity, which might be related to the up-regulation of muscle genes. Taken together, it appears likely that up-regulation of myofiber and muscle contractile proteins could be a result of a combination of wound contraction and physical stress response to lice burden.

Lice secretory products are known to cause profound changes in Atlantic salmon hosts at the site of attachment, including chemotaxis and signaling, antiviral response, redox homeostasis and major histocompatibility class I gene expression (8, 53). We found that while the innate immune system (e.g., complement system) was promoted in the lice infection, a large number of genes participating in antigen presentation and processing were significantly suppressed. Cellular immunity, activated by interferons (IFN) and other cytokines via antigen presentation through the MHC I pathway is critical in the host control of virus and parasitic infections. In addition, our study showed that transcript abundance of cd4 (Th1 response), cd209 (innate immune response), ccr7 (Th2), and il1b (inflammation) were suppressed during the infection with sea lice alone. This indicates that lice suppress a variety of T cell regulation functions, including both Th1 and Th2 pathways. Similar to lice infection alone, genes involved in antigen processing and presentation were significantly down-regulated in the co-infection, while genes in complement activation were mostly significantly up-regulated. The overall immunosuppression, either caused directly by lice secretory/excretory products (8), or cortisol up-regulation from physiological stress caused by the lice, may make the fish host more susceptible to a secondary infection.

The mucosal immune system is the one of the largest components of the entire immune system (54). At onset of pathogen infection, innate immunity fulfills an important role in the body’s early defense against pathogen challenge, as well as initiates the acquired immune response. Type I interferons (IFN-α/β) protect other cells from further viral infection by binding to IFN-α/ß receptors, leading to induction of antiviral proteins such as Mx, ISG15 and protein kinase R (PKR) (55). During ISAv infection, the innate immune response included increased expression of Mx and ISG15 via an IFN-independent mechanism (56). Several studies describe TRIM proteins’ (e.g., trim25 and trim35) antiviral functionality by enhancing IFN response against fish viruses (57–60). Various studies conducted in mammals and teleosts demonstrated TRIM proteins (trim25 and trim14) are essential for RIG-I (ddx58, dhx58, and cgas) mediated antiviral activity (61–66). For the subsequent adaptive immune response, MHC class I and II molecules present antigenic peptides, to class I-restricted CD8+ T cells and class II-restricted CD4+ T cells, respectively. During ISAv infection, prior work has described up-regulated expression of MHC class-I, B2M, TRIM 25 and CCL19 (67, 68). Interestingly, transcript levels of genes related to MHC class II antigen presentation pathway and B lymphocyte responses have not been observed to change in studies of ISAv-infected fish. Barker et al. demonstrated that lice (L. salmonis) infected Atlantic salmon were more susceptible to ISAv, and exhibited reductions in MH class I and anti-viral genes (e.g., galectin 9, TRIM and ISGs, etc.) and similarly, Lhorente et al. reported that lice (C. rogercresseyi) reduced the resistance of Atlantic salmon to the bacterial pathogen P. salmonis (5, 69). In our study, transcriptomic comparison of the skin samples under co-infection vs pre-infection highlighted the up-regulated transcripts in innate immunity (e.g., IFN pathway, pro-inflammation, and complement system) and the stress response (e.g., heat shock proteins), and down-regulated transcripts in adaptive immunity and tissue repair. The transcripts of antigen presentation cells were significantly suppressed during the lice infection alone and subsequent co-infection. This interference of the antigen presentation and processing pathway by lice infection might be responsible for the host susceptibility to the secondary ISAv infection.

In summary, pre-exposure to L. salmonis increased the susceptibility of Atlantic salmon to the secondary infection of ISAv due to a compromised adaptive immune response, i.e. antigen presentation system and T cell differentiation. Our results provide baseline information to assist in deciphering the parasite-virus co-infection mechanism, and highlight the impact of dietary regime on modulating the mucosal immune events in teleost fish.
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Lepeophtheirus salmonis (sea lice) and bacterial co-infection threatens wild and farmed Atlantic salmon performance and welfare. In the present study, pre-adult L. salmonis-infected and non-infected salmon were intraperitoneally injected with either formalin-killed Aeromonas salmonicida bacterin (ASAL) or phosphate-buffered saline (PBS). Dorsal skin samples from each injection/infection group (PBS/no lice, PBS/lice, ASAL/no lice, and ASAL/lice) were collected at 24 h post-injection and used for transcriptome profiling using a 44K salmonid microarray platform. Microarray results showed no clear inflammation gene expression signatures and revealed extensive gene repression effects by pre-adult lice (2,189 down and 345 up-regulated probes) in the PBS-injected salmon (PBS/lice vs. PBS/no lice), which involved basic cellular (e.g., RNA and protein metabolism) processes. Lice repressive effects were not observed within the group of ASAL-injected salmon (ASAL/lice vs. ASAL/no lice); on the contrary, the observed skin transcriptome changes –albeit of lesser magnitude (82 up and 1 down-regulated probes)– suggested the activation in key immune and wound healing processes (e.g., neutrophil degranulation, keratinocyte differentiation). The molecular skin response to ASAL was more intense in the lice-infected (ASAL/lice vs. PBS/lice; 272 up and 11 down-regulated probes) than in the non-infected fish (ASAL/no lice vs. PBS/no lice; 27 up-regulated probes). Regardless of lice infection, the skin’s response to ASAL was characterized by the putative activation of both antibacterial and wound healing pathways. The transcriptomic changes prompted by ASAL+lice co-stimulation (ASAL/lice vs. PBS/no lice; 1878 up and 3120 down-regulated probes) confirmed partial mitigation of lice repressive effects on fundamental cellular processes and the activation of pathways involved in innate (e.g., neutrophil degranulation) and adaptive immunity (e.g., antibody formation), as well as endothelial cell migration. The qPCR analyses evidenced immune-relevant genes co-stimulated by ASAL and lice in an additive (e.g., mbl2b, bcl6) and synergistic (e.g., hampa, il4r) manner. These results provided insight on the physiological response of the skin of L. salmonis-infected salmon 24 h after ASAL stimulation, which revealed immunostimulatory properties by the bacterin with potential applications in anti-lice treatments for aquaculture. As a simulated co-infection model, the present study also serves as a source of candidate gene biomarkers for sea lice and bacterial co-infection.
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Introduction

Aquaculture has been called upon to fill the predicted global fish demand-supply gap and nourish the growing human population with high-quality protein and health-promoting omega-3 fatty acids (1, 2). Atlantic salmon (Salmo salar) is one of the most important fish species farmed globally, both in biomass produced and market value; however, the success of Atlantic salmon aquaculture as a growing food-producing industry is threatened by disease outbreaks (3). The parasitic copepod Lepeophtheirus salmonis –commonly referred to as sea louse– is currently one of the main threats to Atlantic salmon aquaculture in the Northern hemisphere (4). The damage of lice outbreaks to the industry goes beyond production losses and the cost of anti-lice treatments [> US$500M only for Norway in 2015; > US$900M globally (5)]. Lice outbreaks at farm sites raise concerns about the welfare of the farmed and wild salmon and negatively influence the public perception of the aquaculture industry (6).

L. salmonis parasitizes a range of salmonids (genera Salmo, Salvelinus, and Oncorhynchus) to feed on their mucous, skin, and blood (7, 8). However, Atlantic salmon have been proven to be particularly susceptible to this parasitic infection (9, 10). The effectiveness of L. salmonis lies in its capacity to suppress Atlantic salmon’s skin inflammatory response during the early stages of the infection (11). During its development to adult, L. salmonis goes through 2 planktonic nauplii stages, a copepodid stage, 2 immobile chalimus stages, and 2 mobile pre-adult stages (7, 8). Failure to expel the juvenile sea lice allows them to continue feeding and develop to motile pre-adult and adult lice. The long duration of the infection and the higher degree of skin damage caused by pre-adult and adult L. salmonis further weakens Atlantic salmon, rendering them an easy target for secondary infections (11).

Co-infection of sea lice and pathogenic bacteria occurs naturally at Atlantic salmon sea cages (12). Co-infections can overwhelm the host’s immune defenses if the two pathogens do not antagonize one another, but rather interact synergistically (i.e., one pathogen increases host susceptibility to the other) (13). For instance, L. salmonis and Moritella viscosa –a Gram-negative bacterium causing winter ulcer disease in salmonids– co-infection hindered Atlantic salmon skin’s ability to heal and increased mortality rates compared with individuals infected with M. viscosa alone (14). The co-infection of Caligus rogercresseyi –the most prevalent parasitic copepod in Chile– and Piscirickettsia salmonis –a Gram-negative bacterium causing salmonid rickettsial septicemia (SRS)– is highly frequent in Chilean salmon farms and seems to be non-competitive (15), which may have severe implications in vaccines’ efficacy, and salmons’ performance and survival (16, 17).

The Gram-negative bacterium Aeromonas salmonicida (subspecies salmonicida) infects multiple internal organs and the skin of salmonids, causing furunculosis, a disease characterized by dermal furuncles and darkening, lethargy, and other mild clinical signs and low mortality rates in its chronic form; septicemia, necrotizing skin lesions, internal bleeding and sudden mass mortalities in its acute form (18). Due to its ubiquitousness among teleost species and environments and the significance of its impacts on fish farming operations (19), A. salmonicida-host (especially salmonids) interactions have increasingly been studied with the expansion of the aquaculture industry (20). Like L. salmonis, A. salmonicida virulence seems linked to its ability to immunosuppress the host (21). Only a few studies have investigated the interacting pathological effects of co-infection of A. salmonicida and a parasite (e.g., the ciliate Philasterides dicentrarchi) or virus [e.g., infectious pancreatic necrosis virus (IPNV)] on farmed fish (22, 23). However, the pathogenicity and virulence of their single infections call for the investigation of L. salmonis and A. salmonicida co-infection.

Previous transcriptomics studies have contributed to identifying the molecular processes underlying the physiological responses of the Atlantic salmon skin to sea lice infection (24–28), and Atlantic salmon and Atlantic cod internal organs to A. salmonicida infection and antigens (29–32). In contrast, our understanding of the Atlantic salmon skin’s global gene expression response to co-infections is just beginning but will aid in developing practical and integrative management strategies for aquaculture (e.g., clinical feeds, vaccines) to improve fish health.

The objective of the present study was to profile –for the first time– the Atlantic salmon skin transcriptome response to pre-adult L. salmonis infection in combination with an intraperitoneal injection of formalin-killed A. salmonicida bacterin. Identically prepared A. salmonicida bacterins had been used in previous studies to examine the innate immune response triggered in the spleen and head kidney of Atlantic cod (Gadus morhua) (29, 30). The inclusion of un-infected controls for both bacterin-treated and saline-treated salmon allowed for 1) assessing the modulatory effects of the A. salmonicida bacterin on the Atlantic salmon skin response to sea lice infection, and 2) analyzing the Atlantic salmon skin transcriptome response to A. salmonicida antigens, which had not been studied before. The consortium for Genomic Research on All Salmonids Project (cGRASP)-designed Agilent 44K salmonid oligonucleotide microarray (33) was the platform chosen for the present experiment given its proven reliability in providing robust Atlantic salmon transcriptomic data (34, 35).



Materials and Methods


Animals

Groups of 35 and 15 salmon smolts [238.9 ± 45.2 g; mean weight ± standard deviation (SD)] were –respectively– allocated in four 620-L tanks in the bio-containment zone at the Cold-Ocean Deep-Sea Research Facility (CDRF, Ocean Sciences Centre, Memorial University, NL, Canada) for the Lepeophtheirus salmonis challenge trial and two 620-L tanks at the Dr. Joe Brown Aquatic Research Building (JBARB, Ocean Sciences Centre) to serve as no-lice infection controls. For a detailed explanation of the fish acclimation process and holding conditions (e.g., flow-through water system), see Supplementary Methods. All procedures followed Canadian Council on Animal Care’s guidelines (approved Memorial University Institutional Animal Care Protocol 17-77-MR).



Sea Lice Challenge

The salmon at CDRF were challenged with L. salmonis copepodids after an acclimation period of 79 days. As previously described (34), in preparation for lice exposure, water flow into the tanks was interrupted, and water volume was reduced by 50%. Oxygen was supplied to the water remaining in the tanks using air diffusers to prevent hypoxia. Then, sea lice copepodids were released into the tanks at a 50 lice/fish ratio and allowed to infect the salmon for 2 h. During the exposure, water dissolved oxygen levels (DO) and temperature were measured every 10 min. Any decrease in DO level during the challenge was quickly addressed by adjusting the air supply and remained above 7.1 mg/L and 72% saturation. No DO supersaturation occurred during the challenge. Water temperature increased by 0.4-0.6 °C on average. No mortalities were recorded. After the 2-h exposure period, the water supply was restored. For further details, see Supplementary Methods.



Injection Challenge and Sample Collection

Four weeks after sea lice exposure, when lice were at the pre-adult stage, lice-infected salmon (CDRF) and non-infected salmon (JBARB) were fasted for 24 h and then subjected to an intraperitoneal (IP) injection of either phosphate-buffered saline (PBS; Gibco/ThermoFisher Scientific, Mississauga, ON, Canada), a solution of polyriboinosinic polyribocytidylic acid (pIC; 2 μg/μL; Sigma-Aldrich, Oakville, ON, Canada), or a suspension of formalin-killed Aeromonas salmonicida [ASAL; PBS-washed and pelleted commercial vaccine (Furogen dip, Novartis Canada, Charlottetown, PE, Canada), resuspended in PBS at an optical density of 1.0 at 600 nm wavelength (29)] (Figure 1A). For each tank at CDRF, 6 fish were injected with PBS, 6 with pIC, and 6 with ASAL at 1 μL/g of fish (wet mass). For each tank at JBARB, 4 fish were injected with PBS, 4-5 fish with pIC, and 4-5 fish with ASAL. At 24 h post-injection, salmon were euthanized by immersion in a seawater bath with 400 mg/L MS-222 (Syndel Laboratories, Vancouver, BC, Canada) and dissected for tissue sample collection. Two 1-cm2 dorsal skin samples were taken from every lice-infected salmon (CDRF): one sample around a louse attachment site and another sample from an adjacent intact skin area (i.e., no lice attached or damaged) (Figure 1B). Dorsal skin samples (also 1 cm2) from non-infected salmon (JBARB) were taken from the area directly posterior to the dorsal fin and dorsal to the lateral line. Skin samples were immediately flash-frozen with liquid nitrogen and stored at -80 °C until processed for RNA extraction. Total lice load was counted. Supplementary Methods contain additional information concerning pIC, ASAL preparations, and the fish handling and sampling procedures.




Figure 1 | Experimental design of (A) Lice/ASAL co-stimulation trial, (B) skin sample collection on lice-infected salmon (C) 44K microarray experimental design, and (D) microarray data comparisons between injection/infection groups.





RNA Extraction and Purification

Dorsal skin samples were homogenized in TRIzol reagent (Invitrogen/Life Technologies, Burlington, ON, Canada) with stainless steel beads (5 mm; QIAGEN, Mississauga, ON, Canada) using a TissueLyser II (QIAGEN), and subjected to RNA extraction following manufacturers’ instructions. Thirty micrograms of each total RNA sample were treated with 6.8 Kunitz units of DNaseI (RNase-Free DNase Set, QIAGEN) and then column-purified by using the RNeasy Mini Kit (QIAGEN) following the manufacturer’s instructions. The total RNA concentration and purity were assessed by ND-1000 UV spectrophotometry (NanoDrop, Wilmington, DE, USA), and the RNA integrity was examined by 1% agarose gel electrophoresis. RNA samples with tight 18S and 28S ribosomal RNA bands and high A260/280 and A260/230 ratios (> 1.8) were used in transcriptional analyses.



Microarray Experimental Design

The present study included dorsal skin samples collected from the lice-infected salmon injected with PBS and ASAL (i.e., the salmon at CDRF; groups PBS/lice and ASAL/lice) and the non-infected salmon injected with PBS and ASAL (i.e., the salmon at JBARB; groups PBS/no lice and ASAL/no lice). Six biological replicates were allotted to each of the 4 injection/infection groups (i.e., 24 individual fish in total; Figure 1C).

This microarray study aimed to analyze the general skin transcriptome response to sea lice and ASAL co-stimulation, so it only used dorsal skin samples adjacent to louse attachment sites (Figure 1B). As explained in the section Sample Selection for Microarray Analysis, the present study included a complementary real-time quantitative polymerase chain reaction (qPCR) study comparing the mRNA levels of a selection of biomarker genes in the louse attachment (Att) and adjacent (Adj) skin sites (Figure 1B).

The microarray experiment followed Minimum Information About a Microarray Experiment (MIAME) guidelines (36), and it was conducted using cGRASP-designed Agilent 44K salmonid oligonucleotide microarrays [Gene Expression Omnibus (GEO) accession number: GPL11299 (33)]. The arrays were hybridized to anti-sense amplified RNA (aRNA) generated from high integrity and high purity skin total RNA. The analysis employed a common reference microarray experiment design, where the individual fish and the reference aRNA samples were labeled with different fluorescent dyes [Cy5 and Cy3 (GE HealthCare, Mississauga, ON, Canada), respectively]. For more details, see section Microarray Hybridization and Data Acquisition.

The common reference aRNA samples were prepared using pools of equal quantities of RNA from all 24 fish selected for the present study (i.e., PBS and ASAL-injected lice-infected and non-infected salmon; see section Sample Selection for Microarray Analysis), plus 12 additional RNA samples from non-infected (6 samples) and lice-infected (6 samples) salmon injected with pIC (Figure 1C). This design will allow future analyses of the shared molecular responses of Atlantic salmon dorsal skin to ASAL and pIC IP-injections, alone or in combination with lice infection.



Sample Selection for Microarray Analysis

Biological variability associated with resistance to lice infection may interfere with the microarray analysis and lead to results that are not representative of the fish population under experimentation. Therefore, lice-infected fish (CDRF) with total lice counts below or above population average ± 1 SD were not included in the microarray analysis. A total of 7 PBS/lice and 7 ASAL/lice salmon did not comply with this criterion and were not included in the study. In addition, in the interest of sample standardization, only lice-infected salmon that provided intact dorsal skin samples adjacent to an attached louse were considered. Among the excluded lice-infected salmon, there were 6 PBS/lice and 1 ASAL/lice that had intact skin samples taken next to 2 attached lice, and 3 PBS/lice and 8 ASAL/lice that did not present louse attachment and intact adjacent sites on their dorsal skin suitable for sample collection. Eight biological replicates for the PBS/lice and ASAL/lice groups passed sample filtering.

The RNA samples of the infected salmon that passed filtering were subjected to qPCR analysis (Figure 1B). The transcript levels of well-known inflammation [interleukin 1 beta (il1b) and cyclooxygenase-2 (cox2)], acute-phase response (APR) [serum amyloid A-5 protein (saa5)], tissue remodeling [matrix metallopeptidase 13 A (mmp13a)], and anti-bacterial [toll-like receptor 5 A, soluble (tlr5a)] gene biomarkers were qPCR-quantified on Att and Adj skin samples. The methodology for primer design and quality testing, normalizer selection, cDNA synthesis, and qPCR analysis are explained in the qPCR Analyses section and the Supplementary Methods. The obtained qPCR data were analyzed via Principal Component Analysis (PCA; see Statistical Analysis section) to select the 6 most representative biological replicates (i.e., closely clustered in the multivariate space) for each of the 4 injection/infection groups. The gene expression results arising from these analyses have been added here as a complementary qPCR study comparing Att and Adj gene expression signatures.

The 6 biological replicates in the microarray analysis representing the non-infected salmon (JBARB) were randomly selected from 8 PBS/no lice salmon and 9 ASAL/no lice salmon. Lice-infected salmon that passed sample filtering and all non-infected salmon were considered in the qPCR confirmation of the microarray results.



Microarray Hybridization and Data Acquisition

One microgram of DNaseI-treated and column-purified RNA from each individual fish and the common reference pool was in vitro-transcribed into aRNA using the Amino Allyl MessageAmp™ II aRNA Amplification Kit (Ambion, ThermoFisher Scientific, Waltham, MA, USA), following the manufacturer’s instructions. The resulting aRNAs were quality-checked and quantified using agarose gel electrophoresis and ND-1000 UV spectrophotometry (NanoDrop). Twenty micrograms of each aRNA sample were precipitated overnight using a standard ethanol precipitation method and re-suspended in coupling buffer (Ambion). Common reference and individual fish aRNAs were labeled with Cy3 and Cy5, respectively, following the manufacturer’s instructions. The labeled aRNA concentration and labeling efficiency were measured using the microarray feature in the ND-1000 UV spectrophotometer. For each array, an equal quantity (825 ng) of an individual fish Cy5-labeled and reference Cy3-labeled aRNA were fragmented and co-hybridized to a 44K microarray at 65°C for 17 h with rotation (10 rpm) using an Agilent hybridization oven. The array slides were washed immediately after hybridization as per the manufacturer’s instructions and dried by centrifuging at 200 × g for 5 min at room temperature.

Microarray slides were immediately scanned at 5-μm resolution using a SureScan Microarray Scanner System (Agilent) and Microarray Scan Control Software v.9.1 following the built-in Agilent HD 2-color gene expression microarray scan protocol. The signal intensity data were extracted and subjected to linear and LOESS normalization using Agilent Feature Extraction Software v12.0 (Agilent). Probes of low quality (e.g., signal not above background) or with absent values in more than 25% of all 24 arrays were removed from the dataset, and the missing values were imputed using GeneSpring Software v14.9 (Agilent). The final dataset of normalized log2-transformed Cy5/Cy3 ratios consisted of 25,882 probes for all arrays (GEO accession number: GSE186292; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186292).



Microarray Data Analysis

Normalized log2-transformed ratios were analyzed via Significance Analysis of Microarrays (SAM) (37) to identify differentially expressed probes (DEPs) between injection/infection groups at a false discovery rate (FDR) of 5% using the Bioconductor R package siggenes (38). Five SAM comparisons were made between the different injection/infection groups (Figure 1D). The comparison between ASAL/lice and PBS/lice was meant to explore the skin transcriptome response to ASAL in the lice-infected fish [ASAL(lice) DEP list]. The comparison ASAL/no lice vs. PBS/no lice covered the skin transcriptome response to ASAL in the non-infected fish [ASAL(no lice) list]. The PBS/lice vs. PBS/no lice comparison searched for lice-responsive probes in PBS-injected salmon [Lice(PBS) list]. The ASAL/lice vs. ASAL/no lice comparison searched for lice-responsive probes in ASAL-injected salmon [Lice(ASAL) list]. The comparison ASAL/lice vs. PBS/no lice aimed to identify probes responsive to ASAL and lice infection (i.e., co-stimulated DEPs; COS list).

For gene identification in the DEP lists, a previous annotation of the 44K 60mer oligonucleotide probes (39) was updated via BLASTx searches of the contiguous sequences (contigs) used to design the probes against the NCBI non-redundant amino acid (nr) and Swiss-Prot databases (thresholds: E-value < 1e-5, identity percentage > 75%, query coverage >50%). BLASTn searches using the 60mer probes [against the NCBI non-redundant nucleotide (nt) database] were conducted to verify the annotation of the updated probes (threshold: ≤ 2 mismatches; no alignment gaps allowed). Human gene symbols were assigned to the annotated probes based on HUGO Gene Nomenclature Committee (HGNC; https://www.genenames.org/) and/or GeneCards (https://www.genecards.org/) databases.



Network and Gene Ontology Enrichment Analyses

Gene ontology (GO) term enrichment analyses (GTEA) were conducted for each DEP list using ClueGO (40) plugin in Cytoscape (v3.5.1) (41). This analysis disregarded DEP redundancy (i.e., multiple probes annotated as the same gene); it only considered the differentially expressed genes (DEGs) putatively represented by the DEP lists. Right-sided hypergeometric tests (i.e., for GO term over-representation) were performed using the human GO database (UniProt: 27.02.2019) for Biological Processes (BPs), with an adjusted p-value cut-off level (Benjamini-Hochberg test) of 0.05. The entire 44K salmon array was used as the reference gene list. ClueGO linked the over-represented GO terms using kappa statistics (42), thus generating GO term networks. The kappa coefficient threshold for the analysis was 0.4. The relative frequency of up-regulated and down-regulated DEGs was used to calculate the z-score (43) of each GO term arising from the GTEA. The over-represented GO terms were classified, using Gene Ontology Browser (http://www.informatics.jax.org), into 4 functional themes: 1) metabolic processes; 2) cellular processes; 3) immune/stress processes; and 4) development/healing processes. Some GO groups comprised terms from different themes; in such cases, the group is colored according to the theme with the highest number of GO terms. Additional information on kappa statistics and GO term classification criterion can be found in the Supplementary Methods.



qPCR Analyses

Forty-one microarray-identified genes of interest (GOIs) were qPCR-analyzed to confirm the microarray results (see Statistical Analyses for more information). Despite not being microarray-identified, the qPCR confirmation study also included tlr5a to better represent bacterial recognition processes.

First-strand cDNA synthesis and qPCR amplifications were performed following Minimum Information for Publication of qPCR Experiments [MIQE (44)]-compliant methods previously published (34, 35) and described in the Supplementary Methods. A ViiA 7 Real-Time PCR system (Applied Biosystems/Life Technologies, Foster City, CA, USA) was used for the qPCR experiments. Primer pairs were either designed or selected from previous studies, and quality-tested [e.g., single-product amplification, efficiency (45)] as described in Caballero-Solares et al. (46) and Supplementary Methods. All information concerning primer sequences and quality-check results is shown in the Supplemental Table S1.

Five candidate normalizer genes were tested for mRNA level stability across injection/infection groups. These genes were 60S ribosomal protein L32 (rpl32), elongation factor 1-alpha 1 (ef1a1), polyadenylate-binding protein, cytoplasmic 1 (pabpc1), eukaryotic translation initiation factor 3 subunit D (eif3d), ATP binding cassette sub-family f member 2 (abcf2). These candidate normalizer genes were selected based on previous experience with infected or pathogen-associated molecular patterns (PAMP)-challenged Atlantic salmon (35, 47). rpl32 and pabpc1 were chosen as the most stably expressed based on geNorm analyses [M-values 0.160 and 0.158, respectively; qBASE plus, Biogazelle NV, Belgium (48)].

The relative quantity (RQ) of each qPCR-analyzed GOI was calculated using a qBase relative quantification framework (49, 50) through normalization to rpl32 and pabpc1, with amplification efficiencies incorporated. The RQ values of each GOI were calibrated to the sample that had the lowest normalized gene expression (i.e., assigned an RQ value = 1.0).



Statistical Analyses

Microarray data were subjected to Pearson correlation tests to identify significant relationships between expression levels and total lice load. Non-infected salmon were not considered for the correlation analyses. As in previous studies (9, 20, 21), the validity of the microarray results was assessed by a linear regression analysis of qPCR and microarray-derived log2-transformed fold-changes. Gene expression fold-changes were calculated following the formula 2A-B, A and B being the RQs of two different injection/infection groups (e.g., ASAL/lice vs. PBS/no lice) (51).

Total lice load counts were analyzed for PBS/ASAL injection effects using Mann-Whitney U test as the data failed to comply with the normality assumption (Shapiro-Wilk test). Changes in the transcript levels of the qPCR-analyzed genes were modeled using generalized linear models (GLMs). For the qPCR confirmation experiment, the factors tested were ASAL treatment (i.e., PBS/ASAL injection) and L. salmonis infection (i.e., presence/absence). For the complementary qPCR experiment (arising from the preliminary analyses conducted for sample selection), the factors tested were ASAL treatment (i.e., PBS/ASAL injection) and skin site (i.e., Adj/Att). Once modeled, we tested the significance of each factor and the interactions between factors through ANOVA. Pairwise comparisons between injection/infection groups were carried out using estimated marginal means (EMMs). Similar to the microarray data, the qPCR-confirmation results were analyzed for correlation with total lice load counts (Pearson correlation test). Again, non-infected salmon were not considered for the correlation analyses. The microarray and qPCR confirmation experiment datasets were analyzed using Principal Component Analysis (PCA). For the qPCR data-based PCA, the scores of the first two principal components were also subjected to the same statistical analyses as the qPCR confirmation data (i.e., GLMs for lice and ASAL effects; EMMs for inter-group pairwise comparisons).

All statistical analyses –except for GTEA– were conducted using the R environment, more specifically the packages: glm (generalized linear models), car (one-way ANOVA), emmeans (estimated marginal means), corrplot (Pearson correlation), factoextra and ade4 (PCA). Results were plotted using the R packages ggplot2 and ggpubr. The statistical significance threshold was p-value (p) <0.05 for all statistical analyses.




Results


Lice Infection Levels

The entire group of lice-infected salmon (i.e., PBS and ASAL-injected; n = 48) showed an average total lice load of 12.0 ± 5.8 (SD). There were no significant differences in total lice load counts between PBS and ASAL-injected salmon (Mann-Whitney U test; p = 0.985).



Microarray Results

SAM (5% FDR) identified 345 up-regulated and 2,189 down-regulated DEPs in the comparison PBS/lice vs. PBS/no lice [i.e., Lice(PBS) list; Figure 2A and Supplemental Table S2], and 82 up-regulated and 3 down-regulated DEPs in the comparison ASAL/lice vs. ASAL/no lice [i.e., Lice(ASAL) list]. The comparison ASAL/lice vs. PBS/lice [i.e., ASAL(lice) list] identified 272 up-regulated and 11 down-regulated DEPs, whereas ASAL/no lice vs. PBS/no lice [i.e., ASAL(no lice) list] revealed 27 up-regulated DEPs. The skin transcriptome differences between the co-stimulated salmon (i.e., ASAL/lice) and PBS/no lice salmon accounted for 1,878 up-regulated and 3,120 down-regulated DEPs (i.e., COS list). The PCA of the complete microarray dataset showed segregation among the different injection/infection groups in the multivariate space (Supplementary Figure S1). The distance between groups reflected the size of their corresponding DEP list; for example, the largest DEP list (i.e., COS) derived from the two most distant groups in the PCA (i.e., ASAL/lice and PBS/lice).




Figure 2 | Summary of microarray results. (A) Identified differentially expressed probes (DEPs) using SAM (5% FDR). Numbers inside upward pointing triangles represent the number of up-regulated DEPs; those inside downward pointing triangles represent the number of down-regulated DEPs. (B) Histogram of the frequency density of log2-transformed fold-changes for the different DEPs lists. Tones of red and blue colors indicate up- and down-regulation, respectively. (C) Venn diagram showing the total number of exclusive and overlapped DEPs among lists.



In all DEP lists, the majority of up-regulated probes showed moderate fold-changes [i.e., < 2 log2 fold-change (FC)], although the distribution of the complete lists stretched towards high induction levels (i.e., above 4 log2 FC; Figure 2B). Up-regulated DEPs in ASAL(lice), ASAL(no lice), and Lice(ASAL) had multimodal log2 FC distributions, with a predominant peak close to 1 log2 FC for ASAL(no lice) and Lice(ASAL), and slightly below 1 log2 FC for ASAL(lice). FCs of the up-regulated DEPs in Lice(PBS) and COS lists displayed a single peak below 1 log2 FC. Down-regulated DEPs in Lice(PBS) and COS characteristically showed mild log2 FCs above -1, whereas in Lice(ASAL) and ASAL(lice), they presented some log2 FCs below -1. ASAL(no lice) presented no down-regulated probes.

Of the 4,998 DEPs in the COS list (i.e., 1,878 up + 3,120 down), 3,198 (64% of the total) were COS-exclusive and 1,800 (36%) were shared with other lists (Figure 2C and Supplemental Table S2). Within the shared DEPs, 1,526 were also found in Lice(PBS), 222 in ASAL(lice), 74 in Lice(ASAL), and 24 in ASAL(no lice). Lice(PBS) list comprised 999 exclusive DEPs (39% of the total) and 1,535 DEPs (61%) shared with other lists. Lice(ASAL) had 11 (13%) exclusive and 74 (87%) shared DEPs. ASAL(lice) presented 52 (18%) exclusive and 231 (82%) shared DEPs. ASAL(no lice) list was composed of 3 (11%) exclusive and 24 (89%) shared DEPs. No DEPs were shared between Lice(ASAL) and ASAL(no lice) lists.



Functional Analysis of the Skin Transcriptome Responses

The GTEA found 230 over-represented biological process GO terms (Figure 3A and Supplemental Table S3) in the Lice(PBS) list: 134 (58%) metabolic processes, 75 (33%) cellular processes, and 21 (9%) immune/stress processes. The over-represented metabolic processes in Lice(PBS) focused on nucleic acid (e.g., “mRNA metabolic process”) and protein metabolism (e.g., “protein modification process”). The over-represented cellular processes in Lice(PBS) included organelle organization and biogenesis (e.g., “ribosome biogenesis”), RNA and protein localization and transport (e.g., “intracellular protein transport”), and the regulation of cell signaling (e.g., “regulation of signal transduction by p53 class mediator”) and cell cycle (e.g., “regulation of cell cycle”). Several over-represented immune/stress processes in Lice(PBS) were related to viral infection (e.g., “defense response to virus”); others were related to responses to cytokines (e.g., “positive regulation of response to cytokine stimulus”), and different abiotic stressors (e.g., “cellular response to abiotic stimulus”).




Figure 3 | Network GO term enrichment analysis of the differentially expressed genes (DEGs) in (A) the Lice(PBS) list, and (B) the Lice(ASAL) list. Nodes represent over-represented GO terms (right-sided hypergeometric test; adjusted p-value < 0.05). Nodes are colored according to their assigned functional theme. Highly related terms (kappa coefficient > 0.4) are connected with grey lines. Single GO terms (i.e., single node) and GO networks are grouped and colored by functional theme (e.g., metabolic process, immune/stress) and arranged to fit the pie chart sectors representing the proportion of GO terms in each functional theme. Some GO groups comprised terms from different themes; in such cases, the group is colored according to the theme with the highest number of GO terms.



In the Lice(ASAL) list, mostly immune/stress and development/healing processes were over-represented [9 (43% of all 21) and 4 (19%) processes, respectively; Figure 3B and Supplemental Table S4]. All immune/stress processes were related to neutrophil-mediated immunity (i.e., “myeloid leukocyte activation”), whereas all development/healing processes were related to skin development (i.e., “skin development”). The 5 over-represented cellular processes (24%) were grouped with the neutrophil-mediated immunity-related processes [e.g., “exocytosis” in group 4 (Supplemental Table]. The 3 over-represented metabolic processes included proteolysis (e.g., “positive regulation of proteolysis”) and RNA 3’-end processing (e.g., “mRNA 3’-end processing”).

ASAL(lice) presented 77 (26%) and 173 (58%) over-represented cell and immune/stress processes, respectively (Figure 4A and Supplemental Table S5), whereas ASAL(no lice) had 8 over-represented cell processes (36% of all 22) and 14 immune/stress processes (64%) (Figure 4B and Supplemental Table S6). In ASAL(lice), there were cellular processes involved in endocytosis and apoptosis (e.g., “positive regulation of receptor-mediated endocytosis” and “regulation of cell death”, respectively). Some cell processes in ASAL(no lice) were related to cellular ion homeostasis (e.g., “ion homeostasis”). Many cellular processes in ASAL(lice) and ASAL(no lice) were grouped with processes of different themes (e.g., immune/stress processes, development/healing processes) and spanned over various cell signaling pathways, such as the MAPK/ERK pathway [e.g., “regulation of MAPK cascade”, group 7 of the ASAL(lice) list (Supplemental Table S5); “signal transduction”, groups 0 and 7 of the ASAL(no lice) list (Supplemental Table S6)], exocytosis [e.g., “secretion by cell”, group 16 of the ASAL(lice) list (Supplemental Table S5)], and cell chemotaxis [e.g., “cell migration”, group 32 of the ASAL(lice) list (Supplemental Table S6)]. Other immune/stress processes over-represented in ASAL(lice) were related to anti-bacterial responses (e.g., “response to bacterium”), inflammatory response (e.g., “I-kappaB kinase/NF-kappaB signaling”), and lymphocyte activation (e.g., “positive regulation of lymphocyte activation”). Also, ASAL(lice) had over-represented metabolic and development/healing processes, whereas ASAL(no lice) did not (Figure 4B). Most over-represented metabolic processes in ASAL(lice) were associated with proteolysis and regulation of endopeptidase activity (e.g., “positive regulation of proteolysis”). Over-represented development/healing processes in ASAL(lice) related to wound healing and hemostasis (e.g., “regulation of wound healing”), angiogenesis (e.g., “regulation of vasculature development”), and extracellular matrix (ECM) organization (e.g., “extracellular matrix organization”) (Figure 4A).




Figure 4 | Network GO term enrichment analysis of the differentially expressed genes (DEGs) in (A) the ASAL(lice) list, and (B) the ASAL(no lice) list. Nodes represent over-represented GO terms (right-sided hypergeometric test; adjusted p-value < 0.05). Nodes are colored according to their assigned functional theme. Highly related terms (kappa coefficient > 0.4) are connected with grey lines. Single GO terms (i.e., single node) and GO networks are grouped and colored by functional theme (e.g., metabolic process, immune/stress) and arranged to fit the pie chart sectors representing the proportion of GO terms in each functional theme. Some GO groups comprised terms from different themes; in such cases, the group is colored according to the theme with the highest number of GO terms.



The GTEA found 223 biological processes over-represented by the COS list (Figure 5 and Supplemental Table S7): 116 (52%) were classified as metabolic processes, 55 (25%) as cellular processes, 45 (20%) as immune/stress processes, and 7 (3%) as development/healing processes. Similar to Lice(PBS), most over-represented metabolic processes in the COS list were directly or indirectly related to the metabolism of nucleic acids (e.g., mRNA, ncRNA, DNA) and proteins. Further, the cellular processes spanned over cell organelle organization and biogenesis (e.g., “ribosomal large subunit biogenesis”), RNA and protein localization and transport (e.g., “establishment of RNA localization”), cell signaling (e.g., “regulation of signal transduction by p53 class mediator”), and cell cycle regulation (e.g., “regulation of cell cycle G1/S phase transition”). Among the over-represented immune/stress processes, there were many related to innate and adaptive immune responses (e.g., groups 19 and 27, led by “innate immune response” and “regulation of adaptive immune response”, respectively). Also, there were processes related to viral infection (e.g., “viral process”), neutrophil-mediated immune processes (e.g., “regulated exocytosis”), and response to stress (e.g., “regulation of response to stress”). The development/healing processes involved platelet formation (i.e., group 21, led by “platelet formation”) and endothelial cell migration (e.g., “positive regulation of endothelial cell migration”).




Figure 5 | Network GO term enrichment analysis of the differentially expressed genes (DEGs) in the COS list. Nodes represent over-represented GO terms (right-sided hypergeometric test; adjusted p-value < 0.05). Nodes are colored according to their assigned functional theme. Highly related terms (kappa coefficient > 0.4) are connected with grey lines. Single GO terms (i.e., single node) and GO networks are grouped and colored by functional theme (e.g., metabolic process, immune/stress) and arranged to fit the pie chart sectors representing the proportion of GO terms in each functional theme. Some GO groups comprised terms from different themes; in such cases, the group is colored according to the theme with the highest number of GO terms.



Regardless of the theme, down-regulated DEGs were predominant in all the over-represented biological processes of the Lice(PBS) list (Figure 6A). Conversely, all biological processes of the Lice(ASAL), ASAL(no lice), and ASAL(lice) were mostly or exclusively represented by up-regulated DEGs (Figures 6B–D).




Figure 6 | Stacked bar plots showing the relative frequency of differentially expressed genes (DEGs) detected by up-regulated (red) and down-regulated (blue) microarray probes or by both up and down-regulated probes (light grey) for the GO terms over-represented in the (A) Lice(PBS), (B) Lice(ASAL), (C) ASAL(lice), (D) ASAL(no lice), and (E) COS lists. The GO terms are arranged based on their functional theme (e.g., metabolic process, immune/stress; see horizontal bars below the stacked bar plots).



Metabolic and cellular processes in the COS list were predominantly represented by down-regulated genes, except for 2 cellular processes: “regulated exocytosis” and “exocytosis” (both in group 32, together with several immune/stress processes), which were represented by up-regulated genes in a slightly higher proportion than down-regulated genes (Figure 6E; for details see Supplemental Table S7). The up-regulated:down-regulated DEG ratio varied among groups of immune/stress processes. For example, processes involved in viral infection, parasite-host interaction, and regulation of stress response were represented by down-regulated genes mostly. On the other hand, the proportion of up-regulated genes was over that of down-regulated in processes related to, e.g., antigen processing and presentation, cytokine production, innate immune response, negative regulation of adaptive immune response, and neutrophil activation. Development/healing processes related to platelet formation and angiogenesis had somewhat more down-regulated than up-regulated representative DEGs, whereas “vascular endothelial growth factor receptor signaling pathway” was represented by a slightly higher number of up-regulated DEGs (Figure 6E and Supplemental Table S7).



qPCR Analysis of Microarray-Identified Transcripts

The log2 FCs calculated using the qPCR data of the same individuals selected for microarray analysis were significantly linearly correlated with the microarray log2 FCs [Supplementary Figure S2 (‘selected samples’ linear regression model); r2 = 0.838]. Adding more biological replicates to the qPCR log2 FC calculation decreased the correlation with the microarray log2 FCs [Supplementary Figure S2 (‘all samples’ linear regression model); r2 = 0.703], but the linear regression model remained highly significant (p < 0.0001).

The co-stimulated salmon (i.e., ASAL/lice) showed higher transcript levels of the putatively immune-related GOIs toll-like receptor 13 (tlr13), C-type lectin domain family 1 member B (clec1b), hepcidin antimicrobial peptide A (hampa), cathelicidin antimicrobial peptide B (campb), saa5, tyrosine-protein kinase Lyn (lyn), B-cell lymphoma 6 protein (bcl6), interleukin 4 receptor (il4r), and chloride intracellular channel 2 (clic2) than the other injection/infection groups (EMM pairwise comparisons; Figures 7A, D, J, L, M, S, U, V, Y). The mRNA levels of C-type lectin domain family 1 member A (clec1a) and mannose receptor, C type 1 (mrc1) were higher in the ASAL/lice salmon than in the non-infected salmon (i.e., PBS/no lice and ASAL/no lice; Figures 7C, E). Interleukin-8 (cxcl8) and mannose binding lectin 2 B (mbl2b) had higher expression levels in the ASAL/lice salmon than in the PBS-treated salmon (i.e., PBS/no lice and PBS/lice; Figures 7G, O). ASAL/lice salmon had higher arachidonate 5-lipoxygenase activating protein (alox5ap) mRNA levels than ASAL/no lice salmon (Figure 7I). These patterns result from the additive (i.e., for tlr13, clec1a, clec1b, mrc1, cxcl8, mbl2b, bcl6, and clic2) and synergistic (i.e., stronger effects than with the sum of the individual factors; for alox5ap, hampa and il4r) effects of ASAL injection and lice infection (GLM results; Figure 7Z). For tlr5a, il1b, campb, and saa5, GLM analyses showed close to significant effects (i.e., 0.05 < p < 0.1; Figure 7Z) for one of the stimuli: ASAL (i.e., campb, saa5, il1b) or lice (i.e., tlr5a). Pairwise comparisons suggest ASAL+lice additive effects on lyn mRNA levels (Figure 7S), but the GLM results were not significant for lice (p = 0.147; Figure 7Z). tlr5a showed an overall ASAL induction (Figure 7Z), but no significant pairwise differences were found between groups (Figure 7B). Regarding the single-stimulus exclusively responsive GOIs, ASAL up-regulated haptoglobin (hp), interferon regulatory factor 1 A (irf1a), nuclear factor kappa B subunit 2 (nfkb2), and programmed cell death 1 ligand 1 (cd274), regardless of lice infection (Figures 7K, Q, R, X, Z). ASAL alone (i.e., ASAL/no lice) up-regulated hampa, lyn, and clic2 compared with the PBS-treated salmon (Figures 7J, S, Y). On the other hand, lice infection up-regulated mannose binding lectin 2 A (mbl2a) and HLA class II histocompatibility antigen gamma chain (cd74), and down-regulated helicase with zinc finger 2 (helz2), regardless of ASAL treatment (Figures 7N, T, W, Z). The complement C1q C chain (c1qc) transcript levels were higher in PBS/lice salmon than in ASAL/no lice salmon (Figure 7P). Total lice load counts were significantly negatively correlated with tlr13 (Figure 7Z) and close-to-significantly negatively correlated with il1b (p = 0.091; Figure 7Z).




Figure 7 | qPCR results of lice, ASAL, and lice+ASAL-responsive genes putatively involved in (A–F) pathogen/damage-associated molecular pattern recognition, (G–I) inflammatory responses, (J–P) innate immune responses, (Q–U) transcriptional regulation in innate and adaptive immune responses, and (V–Y) adaptive immunity-related processes. qPCR data are represented with scatter plot/boxplot overlays (n = 8-9 per injection/infection group). The scatter plot differentiates the additional biological replicates included in the qPCR validation (solid dots) from those selected for microarray analysis (empty dots). Lowercase letters indicate significant differences between groups, as determined by estimated marginal means. (Z) Summary of the results from the generalized linear model (GLM) analysis of the qPCR data and Pearson coefficients (r) for significant gene transcript levels and total lice count correlations. Upward and downward arrows indicate significant up and down-regulation, respectively. Asterisks are used instead of arrows when a significant lice and ASAL interaction (i.e., lice*ASAL) was detected. Asterisks also indicate a significant Pearson correlation. The statistical significance threshold was p < 0.05 for all statistical analyses. il1b’s Pearson coefficient is indicated due to its closeness to statistical significance (i.e., 0.05 < p < 0.10) and physiological relevance.



Among the GOIs putatively involved in cell adhesion, wound healing and mucosal barrier constitution, vascular cell adhesion molecule 1 B (vcam1b), matrix metallopeptidase 2 A (mmp2a), cathepsin B (ctsb), ER membrane protein complex subunit 10 (emc10), calreticulin 3 A and B (calr3a, calr3b), annexin A4 (anxa4), and mucin 2 (muc2) were up-regulated by lice (GLM results; Figure 8R). Lice-infected salmon groups showed higher mmp2a and muc2 mRNA levels than the non-infected (Figures 8D, Q). For vcam1b and anxa4, ASAL/lice salmon showed higher transcript levels than the non-infected salmon (Figures 8B, L). ASAL showed a trend (i.e., close to statistical significance; p = 0.07; Figure 8R) towards ctsb down-regulation, which resulted in significantly lower mRNA levels in ASAL/no lice salmon than lice-infected salmon (Figure 8H). The same pairwise differences were found for calr3a (Figure 8J), and similar pairwise differences for emc10 (i.e., non-infected < PBS/lice; Figure 8I) and calr3b (i.e., ASAL/no lice < PBS/lice; Figure 8K); however, no ASAL effects were detected by the GLM analysis for these genes (Figure 8R). The transcript levels of matrix metallopeptidase 14 (mmp14) and plasminogen activator inhibitor 1 (serpine1) showed an overall induction by ASAL (Figure 8R). ASAL/lice salmon had higher mmp14 expression levels than PBS-injected salmon (Figure 8G). serpine1 did not present significant pairwise differences between groups (Figure 8M). As a result of ASAL*lice interaction, lice infection up-regulated glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine kinase (gne) only in the ASAL-injected salmon (i.e., ASAL/lice > ASAL/no lice; Figures 8C, R), and down-regulated mmp13a only in the PBS-injected salmon (i.e., PBS/lice < PBS/no lice; Figures 8E, R), and PBS/lice salmon showed higher sesn1a mRNA levels than the rest of the injection/infection groups (Figures 8P, R). The GOIs vascular cell adhesion molecule 1 A (vcam1a), matrix metallopeptidase 13 B (mmp13b), actinin alpha 1 (actn1), and heme oxygenase 1 (hmox1) did not show significant ASAL or lice effects. Total lice load counts were significantly negatively correlated with ctsb, calr3b, and actn1 (Figure 8R).




Figure 8 | qPCR results of lice, ASAL, and lice+ASAL-responsive genes putatively involved in (A–C) cell adhesion, (D–L) tissue remodeling and development, (M, N) hemostasis and platelet activation, (O, P) heme degradation and protection against oxidative stress, and (Q) constitution of the mucosal barrier. qPCR data are represented with scatter plot and boxplot overlays (n = 8-9 per injection/infection group). The scatter plot differentiates the additional biological replicates included in the qPCR validation (solid dots) from those selected for microarray analysis (empty dots). Lowercase letters indicate significant differences between groups, as determined by estimated marginal means. (R) Summary of the results from the generalized linear model (GLM) analysis of the qPCR data, and the Pearson correlation analysis of gene transcript levels and total lice counts. Upward and downward arrows indicate significant up and down-regulation, respectively. Asterisks are used instead of arrows when significant lice and ASAL interaction (i.e., lice*ASAL) was detected. Asterisks also indicate significant Pearson correlation. The statistical significance threshold was p < 0.05 for all statistical analyses. emc10’s, calr3a’s, and anxa4’s Pearson coefficients are indicated due to their closeness to statistical significance (i.e., 0.05 < p < 0.10) and physiological relevance.





Identification of Gene Expression Patterns

The first two principal components of the PCA explained 54.3% of the variance in the qPCR-analyzed transcripts’ RQs and separated the treatment groups in the multivariate space (Figure 9A). Principal component 1 (PC1) segregated the ASAL/lice salmon (right) from the PBS/lice and ASAL/no lice salmon (center), and the PBS/no lice (left). Principal component 2 (PC2) segregated the PBS/lice salmon (top) from the other three groups (bottom). The top 10 transcripts contributing to PC1 comprised namely transcripts up-regulated by lice infection and ASAL injection in an additive (e.g., clec1a, clec4b, mrc1) or synergistic (e.g., alox5ap, clic2, il4r) fashion (Figure 9B). All transcripts except for sesn1a (lice-induced only in PBS-injected salmon) and helz2 (lice-repressed) had positive PC1 loadings (Figure 9D). Hence, ASAL/lice salmon presented the highest PC1 scores. On the other hand, the top 10 transcripts contributing to PC2 were either up-regulated by lice (positively correlated with PC2 scores; e.g., emc10, ctsb, mmp2a) or ASAL (negatively correlated with PC2 scores; e.g., nfkb2, irf1a, cxcl8) (Figure 9C). Consequently, PBS/lice salmon showed the highest PC2 scores, and ASAL/no lice the lowest. As shown in Figures 9F–H, ASAL and lice-derived effects on PC1 and PC2 scores were statistically significant.




Figure 9 | Principal component analysis (PCA) of the microarray validation qPCR data. (A) PCA plot illustrating the distribution of all salmon included in the qPCR validation experiment (n = 33) in the multivariate space. The dots on the plot represent salmon and are colored based on the injection/infection group to which they belong. (B, C) Bar plot representing the top 10 GOIs contributing (%) to the PC1 and PC2 variances, respectively. Each GOI’s bar is colored based on their correlation with the variance explained by PC1 (B) and PC2 (C). (D, E) Loading vector plot showing the association of each GOI with the variance explained by PC1 and PC2. Vectors are colored based on their correlation with PC1’s (D) and PC2’s (E) variances. (F, G) Scatter plot/boxplot overlays representing individual/group PC1 and PC2 score data, respectively. Lowercase letters indicate significant differences between groups, as determined by estimated marginal means. (H) Summary of the results from the generalized linear model (GLM) analysis of the PC1 and PC2 score data. The significance threshold was p < 0.05 for all statistical analyses.





Complementary qPCR Experiment (Att vs. Adj Skin Sites)

None of the selected transcripts showed significantly different expression levels between louse attachment (Att) and adjacent skin sites (Adj) (Figures 10A–F). All transcripts except for saa5 (Figure 10C) were significantly up-regulated by ASAL.




Figure 10 | (A–E) Scatter plot/boxplot overlays representing individual/group data of the complementary qPCR experiment examining the differences in the expression levels of a selection of immune-relevant biomarker genes between louse-attachment (Att) and adjacent (Adj) skin sites. Lowercase letters indicate significant differences between groups, as determined by estimated marginal means. (F) Summary of the results from the generalized linear model (GLM) analysis of the qPCR data. The significance threshold was p < 0.05 for all statistical analyses.






Discussion


Skin Transcriptome Response to Lice Infection and Its Modulation by the ASAL Bacterin Stimulus

Pre-adult L. salmonis infection provoked extensive transcriptomic changes (i.e., 2,534 DEPs; Figure 2) in the skin of the PBS-injected salmon [i.e., Lice(PBS) list], characterized by the predominance of repressed transcripts putatively involved in housekeeping metabolic and cellular processes such as nucleic acid/protein metabolism (Figure 6). Umasuthan et al. (34) reported similar biological processes as dysregulated by L. salmonis chalimus I in the fins of Atlantic salmon, although some of these processes were represented mainly by induced genes. The overwhelming over-representation of housekeeping biological processes highlights the lesser representation of transcripts with putative roles in immune/stress processes. Furthermore, most immune/stress response-related transcripts were repressed as well. As confirmed by qPCR analysis, lice infection did not induce the inflammation biomarker genes il1b, cxcl8, and cox2 (52–55) at the louse attachment and/or adjacent dorsal skin sites of PBS-injected salmon (Figures 7, 10). The transcription of il1b and cxcl8 had not shown a significant response to pre-adult L. salmonis infection in Atlantic salmon intact dorsal skin (56), nor had they been microarray-detected in L. salmonis-damaged skin compared with intact skin (24). Sea lice infection has repeatedly been described as immunosuppressing Atlantic salmon directly –via secretion of inflammation response-inhibitory substances– and indirectly –via chronic stress effects– (9, 11, 57). Chronic stress can also force fish into adaptive physiological changes (58–60), which could be responsible for the aforementioned repression of metabolic and cellular processes. Also, Atlantic salmon have shown opposed transcriptomic responses depending on the sea lice life stage (11), which may explain the discrepancy between the present study and Umasuthan et al. (34). Further research is required to determine whether such repression response reflects a physiological coping mechanism by the salmon upon lice infection or the salmon’s metabolism reprogramming by the parasite.

The present microarray and qPCR analyses evidenced pre-adult L. salmonis immunosuppressive effects on the transcript levels of interferon (IFN)-stimulated genes in the PBS-injected salmon (Figure 7 and Supplemental Table S2); for example, radical S-adenosyl methionine domain-containing 2 (rsad2, alias viperin) (46, 61, 62), interferon-induced protein with tetratricopeptide repeats 5 (ifit5) (46, 63, 64), or helz2 (46, 65). In fact, 6 of the GO terms over-represented in Lice(PBS) referred to antiviral processes (e.g., “defense response to virus”). The available literature demonstrates that L. salmonis parasitism hinders Atlantic salmon antiviral responses, thus increasing their susceptibility to viral infection [e.g., to infectious salmon anemia virus (ISAv)] (11, 66). In addition to IFN-dependent signaling pathways, L. salmonis infection in the PBS-injected salmon repressed many genes involved in mitogen-activated protein kinase (MAPK) pathways [e.g., TNF receptor-associated factor 2 (traf2), mapk8, interleukin-1 receptor-associated kinase 4 (irak4)] and stress response [e.g., several heat shock protein (HSP)-encoding genes].

Despite the absence of a clear pro-inflammatory gene expression profile, the Lice(PBS) list presented several up-regulated transcripts putatively involved in fish skin immune defense against pathogens (Figure 7 and Supplemental Table S2). For example, the increased expression of c1qc and mbl2a suggests the activation of both classical and lectin complement systems, respectively (67, 68). The qPCR analyses also confirmed the slight up-regulation of cd74 by L. salmonis infection, which may suggest enhanced MHCII molecule transport for endocytic antigen capture (69). Increased mucus production is a typical feature in Atlantic salmon skin’s response to L. salmonis infection (11). In agreement with the latter, muc2 –encoding a constituent of fish skin mucus (70)– was one of the most intensely induced genes in the Lice(PBS) list. Also, some dysregulated metabolic or cellular processes in Lice(PBS) (e.g., “protein modification process”) can be linked to stress response through the up-regulated genes representing them [e.g., hypoxia-inducible factor 1-alpha (hif1a), a hypoxia biomarker in fish (71); mapk8, reported as responsive to hypotonic stress in Lateolabrax maculatus (72); sesn1a, involved in cell protection against oxidative stress (73)].

The Lice(PBS) list was also characterized for the lack of over-represented development/healing-related biological processes (Figure 3). The list, nevertheless, included some up-regulated genes putatively related to wound healing (Figure 8 and Supplemental Table S2): e.g., anxa4 [tissue regeneration (74)], calr3a and calr3b [hypertrophy-like and thrombopoiesis processes (75, 76)], periostin [postn; ketatinocyte proliferation, myofibroblast differentiation, and fibrillogenesis (77, 78)], and mmp2a [scarring resolution (79)]. In the present study, mmp2a was the only microarray-detected matrix metalloproteinase-encoding gene up-regulated by L. salmonis infection in PBS-injected salmon –mmp13a was lice-repressed–. Umasuthan et al. (34) found decreased transcript levels of mmp2 in Atlantic salmon fins infected with chalimus L. salmonis. Discrepancies in mmp (e.g., mmp13, mmp9, mmp2) transcriptional patterns are common in L. salmonis infection research (24, 27, 28, 34, 80), especially when different sea lice life stages are considered. Like Skugor et al. (24), the protease-encoding transcript ctsb was lice-induced in the Atlantic salmon dorsal skin. ECM degradation by CTSB enables the recruitment of keratinocytes in the wound area in mammals (81). The up-regulation of emc10 by lice infection supports the endothelial cell migration promotion hypothesis (i.e., mmp2a up-regulation) and may suggest new blood vessel formation in the PBS-injected fish (i.e., angiogenesis), based on the mammalian literature (82). Angiogenesis is a necessary process during the proliferative phase of wound healing (78). Some parasites are known to stimulate angiogenesis in their human (83) and fish (84) hosts. However, it seems unlikely that ctsb and emc10 up-regulation could favor L. salmonis infection since ctsb was negatively correlated with total lice counts, while emc10 showed a similar trend (i.e., almost significantly correlated; p = 0.06). Alternatively, increasing the skin’s microvessel density could be a protective mechanism to improve the recruitment of cells with anti-parasitic and wound healing roles (85). In sum, the above results may suggest the occurrence of molecular changes in the intact skin to support wound healing at the louse attachment sites.

Compared with the PBS-injected salmon, lice infection had a substantially lesser effect on the skin transcriptome in the ASAL-injected salmon [i.e., 85 DEPs in the Lice(ASAL) list vs. 2,534 in the Lice(PBS) list; Figure 2]. Furthermore, in contrast with Lice(PBS), Lice(ASAL) was mostly composed of lice-induced transcripts putatively involved in immune/stress and development/healing-related processes (Figure 6). Additionally, the microarray results suggest ASAL injection mitigated lice repressive effects on these genes [i.e., not detected in the Lice(ASAL) list]. As evidenced by ASAL(lice) lists, the ASAL bacterin injection induced a strong immune response in the lice-infected salmon skins (discussed in the next section).

The ASAL-injected salmon showed signs of a more robust immune response to L. salmonis infection than the PBS-injected fish. The Lice(ASAL) list presented highly lice-induced genes (i.e., fold-change >2; Figure 7 and Supplemental Table S2) with roles in APRs [i.e., saa5 (86)], eicosanoid synthesis [i.e., arachidonate lipoxygenase 3 (aloxe3) (87)], antiviral responses [e.g., interferon-induced protein 44 (ifi44) (62, 65)], and T helper 2 (Th2)-type immune response [i.e., interleukin-13 receptor subunit alpha-2 (il13ra2) (88)]. Besides, the Lice(ASAL) list over-represented biological processes related to neutrophil degranulation (Figure 3), which is a key process in innate immune responses (89). Moreover, a pronounced influx of neutrophils in the inflammation site seems to be one of the main features of lice-resistant coho salmon (7, 9, 90). In this sense, the microarray analysis also identified several lice-induced genes potentially encoding neutrophil granule proteins (91) such as antimicrobial peptides (e.g., camp), proteases [ctsb, mmp2a, disintegrin and metalloproteinase domain-containing protein 9 (adam9)], and heat shock 70 kDa protein 4L (hspa4l). Like the PBS-injected salmon, cxcl8 –which encodes a known neutrophil chemoattractant (88, 92)– was not significantly lice-induced in the ASAL-injected salmon. Yet, cxcl8 was one of the main contributors to the segregation of PBS/lice salmon (i.e., no-inflammatory-response phenotype) from the other groups in the PCA (Figure 9). Also, as Braden et al. (90) argued, the induction of acute-phase protein (APP)-encoding genes in the skin –saa5 in the present study– could be behind the recruitment of inflammatory cells in lice-infected Atlantic salmon. Another finding suggesting anti-lice properties for the ASAL treatment was the up-regulation of hampa, which was only observed in the ASAL-stimulated salmon. HAMP decreases the availability of iron in plasma (93), thus constituting an effective defense mechanism against hematophagous parasites like L. salmonis. Indeed, lice-resistant salmonid species and Atlantic salmon fed an anti-lice functional diet showed a strong induction of genes encoding iron-binding proteins (26, 94). Finally, Th2-type gene expression signatures have also been found in the skin of L. salmonis-resistant salmonid species (90). The lice-induction of il13ra2, which encodes an IL13 decoy receptor (88), could be interpreted as a sign of Th2 polarization inhibition. However, the concomitant up-regulation of il4r [Th2 cell biomarker (88)] and genes involved in wound healing (discussed below) may suggest the contrary.

The much smaller size of the Lice(ASAL) list compared with Lice(PBS) may be due to the ceasing of the lice-repressing effects on genes involved in cell housekeeping processes. The dissolution of such extensive transcriptomic changes within the ASAL-injected group made skin development-related transcripts proportionally more important in the Lice(ASAL) list. In addition, 3 of these genes [i.e., aloxe3, desmocollin-2 (dsc2), and fibroblast growth factor receptor 1 (fgfr1)] had induction fold-changes amply above (e.g., 15-fold up-regulation for aloxe3) those of any of the lice-induced genes in the Lice(PBS) list (Supplemental Table S2). ALOXE3 participates in forming the skin permeability barrier in humans (86) and was induced upon thermal stress in the Antarctic fish Notothenia coriiceps (95). DSC2 is a desmosomal cadherin that mediates in mammalian and fish tissue development processes involving cell-cell adhesion (96) and has been found up-regulated in human venous ulcers (97). FGFR1 knockout in murine keratinocytes impaired their migration at the wound edge (98). Other up-regulated tissue regeneration-relevant genes in Lice(ASAL) may imply the stimulation of the canonical Wnt pathway and epithelial-mesenchymal transition [i.e., catenin beta-1 (ctnnb1) (99)], cornification [i.e., keratin 8 (krt8) and envoplakin (evpl) (100)], and cell-cell and cell-ECM adhesions [i.e., integrin subunit alpha V (itgav) (101), fibrillin-1 (fbn1) (102), adam9 (103), and ctsb (81)]. In sum, as a transient activator of the skin’s immune defenses, it could be hypothesized that ASAL injection could have mitigated some of the adverse physiological effects of L. salmonis infection [e.g., immunosuppression, impaired wound healing (11)].



Skin Transcriptome Response to ASAL Bacterin and Its Modulation by Lice Infection

The present study provides the first insights into Atlantic salmon’s skin transcriptomic response 24 h after an intraperitoneal injection of an A. salmonicida bacterin vaccine (ASAL) and its modulation by L. salmonis parasitism. Similar ASAL preparations elicited strong anti-bacterial gene expression responses in the spleen and head kidney of IP-treated steelhead trout (Oncorhynchus mykiss) (104) and Atlantic cod (29–31). Herein, the transcriptome of Atlantic salmon’s skin showed significant changes in response to ASAL (Figure 2), mostly comprised of up-regulated transcripts putatively related to immune/stress processes (Figure 6). The magnitude of these responses was markedly influenced by the absence/presence of L. salmonis infection, with the lice-infected showing a larger number of DEPs than the non-infected [i.e., 283 DEPs in the ASAL(lice) vs. 27 in the ASAL(no lice)]. Nevertheless, and in alignment with previous studies on fish systemic response to ASAL (29–31, 104), both lists shared up-regulated genes encoding proteins putatively involved in iron homeostasis [i.e., hampa (93)], inflammation [e.g., cd274 (alias pdl1), an M1 macrophage biomarker (105)], and proteolysis-mediated immune processes [i.e., cathepsin L (ctsl), with roles in apoptosis, ECM degradation, antigen processing, and mucosal immunity (106–108)] (Figure 7 and Supplemental Table S2). In general, L. salmonis-infected and non-infected salmon shared gene expression signatures suggesting enhanced leukocyte recruitment [i.e., C-C motif chemokine 2 (ccl2, alias mcp-1), lyn, and clic2 (109–111)] and infiltration [i.e., high affinity immunoglobulin gamma Fc receptor I (fcgr1a) (112)], possibly aided by increased angiogenesis and vessel permeability [i.e., G-protein coupled receptor 4 (gpr4) (112, 113)].

The larger number of ASAL-responsive DEPs in the skin of sea lice-infected salmon [i.e., ASAL(lice)] may signify a more vigorous response to the bacterin and the overcoming of some of the lice immunosuppressive effects discussed above. The microarray data from the PBS/lice salmon suggested changes in the skin’s cell composition (e.g., enrichment in keratinocytes and fibroblasts) and increased angiogenesis, which could be a contributing factor to the higher magnitude of the ASAL response in the lice-infected salmon. The limited number of GO terms over-represented in ASAL(no lice) prevented identifying sea lice modulatory effects on the Atlantic salmon skin’s response to ASAL at the biological process level. In any case, the list of over-represented biological processes in ASAL(lice) provided a well-defined picture of the anti-bacterial skin transcriptome response to ASAL in the L. salmonis-infected salmon (Figure 4).

ASAL response in L. salmonis-infected salmon dysregulated molecular pathways related to PAMP detection by pathogen recognition receptors (PRRs; Figure 4). Contributing to the over-represented GO term “toll-like receptor signaling pathway”, there were genes encoding proteins involved in NF-κB activation via myeloid differentiation primary-response protein 88 (MyD88)-dependent signaling [irak4 (114), baculoviral IAP repeat-containing protein 3 (birc3, alias ciap2) (115)] and TRIF-dependent [TRAF family member-associated NF-kappa-B activator (tank) (116)] toll-like receptor (TLR) cascades (Supplemental Table S5). The over-representation of the terms “response to lipopolysaccharide” and “defense response to Gram-positive bacterium” suggests that the detection of different A. salmonicida PAMPs [e.g., lipopolysaccharides (LPS), peptidoglycans] contributed to the observed transcriptomic response to ASAL. The qPCR analysis found two PRR-encoding transcripts tlr5a [bacterial flagellin detection (117)] and tlr13 [bacterial 23S rRNA detection (118)] induced in ASAL/lice compared with PBS/lice salmon (Figure 7). The ASAL induction of TRAF-interacting protein with FHA domain-containing protein A (tifa) and C-type lectin domain family 4 member D (clec4d) may imply the dysregulation of two additional PRR pathways: the α-kinase 1 (ALPK1)-TIFA signaling pathway (119); and the C-type lectin receptor (CLR)/tyrosine-protein kinase (SYK) signaling pathway (120) (Supplemental Table S2).

NF-κB and MAPK pathways activation after PAMP detection induce the production of pro-inflammatory cytokines by innate immune cells (114, 117, 121), such as TNFA, IL1B, IL6, and IL18; and pro-inflammatory prostaglandins via increased COX2 expression. ASAL-injected lice-infected salmon showed up-regulated mRNA levels of il1b and cox2 (Figure 10) and il18 (Supplemental Table S2), as well as multiple genes over-representing “response to interleukin-1” and “response to interleukin-6” (Supplemental Table S5). Previous studies of ASAL-challenged fish showed tnfa and il1b mRNA levels in the spleen and head kidney decreased rapidly after peaking at 3-6 h post-exposure (31, 104). Considering that the skin samples were collected 24 h post-PBS/ASAL treatment, the slight il1b and absence of tnfa and il6 induction observed here may reflect the normal progression of the molecular response of Atlantic salmon skin to ASAL. Nevertheless, as discussed below, a cascade of molecular events triggered by these pro-inflammatory cytokines could be inferred based on the ASAL(lice) list.

IL1B, IL6, and lipid mediators synthesized by the COX2 pathway alter the surrounding cells’ and tissues’ function and structure and cause increased vascular permeability, swelling, cell adhesion, and angiogenesis while promoting the activation, proliferation, and differentiation of leukocytes in mammals and fish (52, 85, 122). The ASAL(lice) list suggests that ASAL treatment in L. salmonis-infected salmon activated pathways promoting angiogenesis and endothelial barrier permeability [e.g., G-protein coupled receptor 4 (gpr4) up-regulation (112, 113)], and cell adhesion [i.e., the induction of intercellular adhesion molecule 1 (icam1) and E-selectin (sele) (85, 113, 123)] (Supplemental Table S2). The ASAL(lice) list also showed a slight up-regulation of serpine1 (Figure 8), which is involved in blood coagulation (hemostasis), and cell adhesion and migration (124, 125). Flavobacterium columnare infection induced serpine1 expression in the skin of channel catfish (Ictalurus punctatus) (126). ECM degradation by MMPs and other proteinases enables angiogenesis and cell migration –hence, it facilitates leukocyte recruitment at the infection/inflammation site (85, 127). Here, ASAL up-regulated mmp14 in the skin of lice-infected salmon (Figure 8). Zebrafish MMP14 has been determined as collagenolytic and necessary for scar resolution (128). The intestine of Japanese flounder (Paralichthys olivaceus) showed high mmp14 induction after immersion vaccination with live attenuated Edwardsiella tarda, which was proposed as a means of enhancing cell migration (129). Taken together, the aforementioned ASAL-induced genes depict putative changes in the skin microvasculature and endothelial function consistent with inflammation and increased leukocyte recruitment.

Within the L. salmonis-infected salmon, and besides serpine1, the ASAL treatment activated the transcription of other genes involved in hemostasis (Supplemental Table S2) such as fibrinogen alpha chain (fga) and P2Y purinoceptor 1 (p2ry1). Fibrinogen is cleaved by thrombin into fibrin, a major component of blood clots, which also assists in tissue repair and immune processes by accumulating phagocytes, endothelial cells, and fibroblasts, as well as cytokines and growth factors (130, 131). As for p2ry1, mammalian P2RY1 (alias P2Y1) is known to exert pro-coagulant effects by mediating in platelet aggregation (132). On the other hand, the ASAL(lice) list also revealed increased mRNA levels of thrombomodulin (thbd), a gene known in mammals for the anti-coagulant function of its protein product (133). ASAL also up-regulated coagulation factor V (f5) in the lice-infected salmon. Post-translational modifications can confer the mammalian F5 either pro- or anticoagulant activity (134). All in all, these results suggest that the coagulation cascade was activated by A. salmonicida bacterin in the intact skin of lice-infected salmon, agreeing with previous studies on fish mucosal tissues exposed to live bacterial pathogens and antigens (126, 129, 135).

Several of the hemostasis-relevant proteins discussed above (e.g., SERPINE1, FGA) fall within the category of APPs in many vertebrates, including fish (136). Although APPs are predominantly expressed by hepatocytes to be secreted into the blood, they can also be produced by endothelial cells and leukocytes activated by pro-inflammatory cytokines (e.g., IL1B and IL6) at the site of infection (136, 137). The ASAL(lice) list showed induced saa5 transcript levels in the lice-infected salmon (Figure 7 and Supplemental Table S2). SAAs are some of the best-known APPs in vertebrates and play various roles in APRs (e.g., lipid metabolism regulation, immunomodulatory activity) (136, 137). The ASAL induction of hampa and, at a much lower extent, hp may have been intended to reduce iron availability for bacterial growth (93, 138). Proteins and transcripts in the complement system –often referred to as involved in APRs (136)– have been identified as responsive to bacterial infection in the fish skin mucus (139). The ASAL(lice) list showed up-regulated transcript levels of mbl2b, complement component C7 (c7), and C3a anaphylatoxin chemotactic receptor (c3ar1). Interestingly, mbl2a only responded to L. salmonis infection, which may suggest regulation divergence between the two mbl2 paralogues and, possibly, different functions [e.g., complement pathway activation after binding lice (MBL2A) or A. salmonicida-specific (MBL2B) carbohydrate PAMPs]. In mammals, C7 takes part in the lysis of target pathogen’s membranes as a component of membrane attack complex (MAC) (68, 140), whereas C3 promotes chemotaxis, degranulation, and reactive oxygen species (ROS) production in C3AR1-expressing myeloid cells (e.g., granulocytes, macrophages) (68). Outside the complement system, ASAL also up-regulated the transcription of lysozyme C (lyz) and campb within the L. salmonis-infected salmon. Fish LYZ and CAMP functional characterization has evidenced bacterial cell wall-lysing activity (141, 142), and both proteins are part of fish skin bactericidal weaponry (70, 139, 143).

In sum, the ASAL-injected Atlantic salmon’s skin transcriptome showed traits of M1/Th1 (i.e., cytotoxic) or M2 (macrophage)/Th2 (i.e., tissue repair)-type immune responses. The activation of M1/Th1 marker genes by ASAL [e.g., ccl2, cd274, cxcl11, cxcl8, cxcl11 (88, 105, 144–146)] was unequivocal (Figure 7 and Supplemental Table S2). However, the present microarray analyses also revealed the putative activation of molecular countermeasures to keep skin’s inflammation and cytotoxic responses to ASAL in check, as inferred from the increased mRNA levels of tank, interleukin-1 receptor type 2 (il1r2), pyrin (mefv), and guanylate-binding protein 1 (gbp1). The anti-inflammatory mechanisms represented by these genes involve the inhibition of 1) pro-inflammatory cytokine production [for tank (116)], 2) IL1B signaling [for il1r2 (147) and mefv (148)], and 3) pro-inflammatory feedback loops [for gbp1 (149)]. The fish skin was previously described as naturally skewed towards the Th2 phenotype (150), possibly for protection against ectoparasites and inflammation-derived self-damage.



Atlantic Salmon Skin Transcriptome Response to Lice and ASAL Co-Stimulation

The discussion of the L. salmonis infection and ASAL injection co-stimulated genes (i.e., COS list, corresponding to the ASAL/lice vs. PBS/no lice comparison) is tightly interwoven with that of the single-stimulus DEP lists, given their large proportion of overlapped DEPs (Figure 2).

Lice(PBS) and COS lists were enriched with genes involved in basic housekeeping metabolic and cellular processes such as gene expression regulation and organelle biogenesis (Figure 5). However, the ratio of up-regulated/down-regulated genes was more balanced in the COS over-represented metabolic and cellular processes than those corresponding to the Lice(PBS) list. As also suggested by the Lice(ASAL) list, the ASAL treatment appeared to have partially mitigated L. salmonis repressive effects on these biological processes. Short-term acute stress challenges (e.g., A. salmonicida bacterin treatment) can revert the detrimental physiological effects of long-term chronic stress (e.g., lice infection) (60).

Lice infection alone did not affect the transcript levels of the pro-inflammatory cytokines il1b, ccl2, cxcl8, and il18 (52, 53, 109); however, lice-infected salmon showed a stronger ASAL induction of these genes compared with the non-infected salmon [i.e., significant differences in ASAL(lice), not in ASAL(no lice)] (Figure 7 and Supplemental Table S2). The COS list also identified significantly increased expression levels for these cytokine-encoding genes; however, their COS fold-changes were relatively lower than those of the ASAL(lice) list. The higher ASAL-induction in ASAL(lice) vs. COS lies in the fact that the first list emphasized ASAL effects over those of lice [i.e., PBS/lice as the reference group in ASAL(lice)]. This phenomenon does not apply to the COS list, which still captures some of the deleterious effects of the parasites on the skin’s physiology (i.e., PBS/no lice fish as the reference group).

The COS list conserves the lice-elicited down-regulation of key antiviral IFN-stimulated genes [e.g., rsad2, ifit5, helz2 (46, 61–65)] detected in the Lice(PBS) list (Figure 7 and Supplemental Table S2). Based on ASAL(lice) and ASAL(no lice) lists, ASAL stimulus did not seem to affect the transcription of these antiviral genes. This lack of responsiveness to bacterial stimuli was previously reported for rsad2 in the Atlantic cod spleen and leukocytes challenged with formalin-killed A. salmonicida and LPS (29, 151). Nevertheless, in contrast to Lice(PBS), the COS list over-represented biological processes related to the activation of innate immune response and myeloid cells (e.g., neutrophils).

Similar to Lice(ASAL) –but to a much greater extent–, the COS list included tens of up-regulated genes encoding proteins found in human neutrophil granules (91) (Figure 7 and Supplemental Table S2). That is the case of the antimicrobial peptides CAMPA and LYZ [cell wall-lysis (141, 142)], the proteinases MMP2A and MMP14 [tissue remodeling and repair via ECM degradation (81, 128)], and the hemoglobin-binding protein HP [bacterial growth hampering (138)]. The COS list presented genes for additional neutrophil granule proteins involved in tissue remodeling and wound healing [e.g., ctsl, ctsz (107)], cell process protection against stress [e.g., hsps (152)], and adaptive immune responses such as T cell activation and differentiation [e.g., plastin-2 (lcp1), fcer1g (153, 154)]. The COS list also evidenced the co-stimulation of integrin beta-3 (itgb3) transcript levels. ITGB3 was previously found in human neutrophil granules (91) and was described to participate in blood coagulation via platelet activation (155).

The neutrophil-related genes in the COS list support the notion that ASAL+lice may have activated key wound healing, angiogenesis, and hemostasis processes –as discussed above for Lice(ASAL) and ASAL(lice) lists. Further, 3 GO terms related to endothelial cell migration –a process only hinted at as lice-activated by mmp2a and emc10 in Lice(PBS) (as previously discussed)– were over-represented by 48-89 DEGs in the COS list (Figure 5 and Supplemental Table S7). Among these COS DEGs, there were up-regulated genes with putative roles in endothelial cell migration promotion [e.g., itgb3, fgfr1, tumor necrosis factor receptor superfamily member 5 (cd40) (156–159)], and down-regulated genes putatively involved in endothelial cell migration inhibition [for example, various histone deacetylases (e.g., hdac2, hdac7) (160)]. Furthermore, the COS list over-represented “angiogenesis”, which included DEGs shared with ASAL(lice) and ASAL(no lice) lice [e.g., gpr4 (112, 113)], but also COS-exclusive DEGs [e.g., vascular endothelial growth factor receptor 2 (kdr) (157)]. Inflammatory and healing processes are enabled by the binding of migrating cells (e.g., leukocytes, platelets) to the damaged or infected tissue (85, 161). Similar to ASAL(lice), the COS list presented several up-regulated genes encoding adhesion molecules for cell-ECM [e.g., itgav (101)], leukocyte-endothelium [e.g., icam1, vcam1b (123)].

As seen for ASAL within the lice-infected salmon [i.e., ASAL(lice)], ASAL+lice co-stimulation (i.e., COS) increased the mRNA levels of several hemostasis-related genes [e.g., serpine1, fga, p2ry1, itgb3 (124, 125, 130, 132, 155)] (Supplemental Table S2). Interestingly, several other DEGs in the COS list over-represented 2 biological processes related to platelet formation, which may suggest thrombocyte involvement in the skin response to ASAL+lice. This list of DEGs included the up-regulation of tyrosine-protein phosphatase non-receptor type 6 (ptpn6) and actn1. Mammalian PTPN6 has been described to promote platelet activation through its mediation in different signaling pathways, including CLEC1B (alias CLEC-2), FCER1G, and ITGB3 (162). Upon binding to their ligands, platelet activation signaling continues its course via protein-tyrosine phosphorylation reactions catalyzed by tyrosine-protein kinases such as LYN (162). This molecular pathway is yet to be described in fish thrombocytes. However, the up-regulation of fcer1g, clec1b, itgb3, and lyn observed in the COS list and its potential thrombocyte connection deserves further investigation. Non-mammalian thrombocyte and mammalian platelet activation involves changes in their morphology that require the reorganization of the actin cytoskeleton (163). qPCR analyses could not confirm actn1 co-stimulation, although it revealed its negative correlation with lice infection level. Although it is unclear how actn1’s unresponsiveness would have affected the hemostatic system of salmon, L. salmonis antithrombotic actions on Atlantic salmon have previously been reported (34).

The present analyses revealed ASAL+lice additive effects on the Atlantic salmon skin transcriptome, which resulted in over-representation of some of the COS-exclusive physiological features discussed above (e.g., platelet-like cell activation), and others involved in innate immune mechanisms. Regarding the complement system (68, 140), ASAL+lice co-stimulation induced mbl2b, c3ar1, c3, c4, C4b-binding protein alpha chain (c4b), and c7 mRNA levels more intensely than single-stimulus exposures (Figure 7 and Supplemental Table S2). The induction of several C-type lectin receptors was also strengthened by co-stimulation, thus alluding to pathways involved in platelet activation and dendritic cell motility (i.e., clec1b), as well as pathogen recognition and Th1/Th17 polarization [i.e., C-type lectin domain family 4 member D (clec4d, alias mcl) and clec1a] (120, 162, 164, 165). An anti-bacterial PRR-encoding gene, tlr13 (118), also showed ASAL+lice additive interaction effects. One of the most highly up-regulated COS-exclusive genes was troponin C (tnnc2), which could be interpreted as an indication of a higher presence of pericyte-like cells (166). Since tnnc2 was previously reported as L. salmonis-repressed in the skin of Atlantic salmon (27), its ASAL+lice co-stimulation provides additional evidence to ASAL enhancement of wound healing in lice-infected salmon. Like ASAL(lice) list, the COS list suggested lice infection boosted ASAL activation of antimicrobial (e.g., hampa, campb), chemotactic (e.g., lect2), and local acute phase (e.g., saa5) responses (53, 93, 136, 137, 141). Furthermore, some genes such as hampa, the Th2 cell biomarker il4r (88), and the M2 macrophage biomarker alox5ap (145) showed synergic (i.e., greater than additive) ASAL and L. salmonis interactive effects.

As suggested by the ASAL(lice) list and observed again in the COS list (Figure 7 and Supplemental Table S2), the presence of increased mRNA levels of M1/Th1 (e.g., cxcl8, lect2, clec4d, cd274, cxcl11) and M2/Th2 (e.g., il4r, ccr8, alox5ap, il1r2) markers suggests a dual nature (i.e., anti-bacterial and tissue repair/protection) for Atlantic salmon’s skin response to ASAL+lice (88, 105, 144, 145, 164, 167). It could be argued that this intermediate phenotype could be beneficial for the fish skin since it would maintain its tissue repair capacity while fortifying its antimicrobial defenses.

Another important feature of the COS list is the exceptionally high presence (compared to the other lists) of genes involved in the adaptive immune system (Figure 5). ASAL+lice up-regulated the transcript levels of class I major histocompatibility complex (MHC) components and antigens [e.g., beta-2-microglobulin (b2m), HLA class I histocompatibility antigens hla-a], and components of immunoproteasomes [e.g., proteasome subunit alpha type-6 (psma6), beta type-5 (psmb5)] (88, 168). These DEGs collectively over-represented the GO term “antigen processing and presentation of peptide antigen via MHC class I”. At the same time, the COS list over-represented GO terms associated with negative regulation of B cell and immunoglobulin mediated processes (e.g., “negative regulation of B cell-mediated immunity”). The observed equilibrium in the ratio of up and down-regulated genes representing those processes suggests a fine-tuned control over antibody-mediated immune response to ASAL+lice co-stimulation. The present qPCR analyses confirmed the ASAL and L. salmonis synergic induction of bcl6 (Figure 7), one of the better-characterized genes/proteins over-representing those GO terms. BCL6 is known in mammals as a transcriptional repressor of germinal center B cell differentiation into plasma cells while promoting B cell proliferation and the formation of high-affinity antibodies (169, 170). The development of vaccines has been and still represents a challenge in the immunization of farmed Atlantic salmon against sea lice (11). Given the present results, the potential use of bacterial PAMPs as sea lice vaccine adjuvant warrants further investigation.

Overall, the COS list contributed to defining the ongoing physiological changes in the dorsal skin of the Lice/ASAL salmon compared with the Lice/PBS (Figure 11). First, ASAL attenuated –but did not resolve– some L. salmonis repressive effects on the transcript levels of antiviral biomarker genes and genes putatively involved in metabolic and cellular processes. Concomitantly, Lice/ASAL salmon showed increased transcriptomic changes suggesting increased leukocyte recruitment and the activation of innate (e.g., neutrophil degranulation) and adaptive (e.g., antibody formation) immune processes, which were not detected in the Lice/PBS salmon. Lastly, ASAL+lice co-stimulation also seemed to promote wound-healing (e.g., hemostasis) and developmental processes (e.g., angiogenesis).




Figure 11 | Summary of the main biological processes putatively regulated in response to sea lice infection in the skin of PBS-injected (Lice/PBS; top) and ASAL-injected (Lice/ASAL; bottom) Atlantic salmon, as explained in the Discussion. Biological processes’ names are colored based on whether they were inhibited (blue) or activated (red); their font sizes are proportional to their inhibition/activation extent. The stylized skin section used as the background was colored with a blue-red gradient color scheme representing the proportion of down-regulated/up-regulated genes in the Lice/PBS and Lice/ASAL salmon.






Concluding Remarks

The present study revealed significant interacting effects of L. salmonis and ASAL stimulation in the dorsal skin of Atlantic salmon. ASAL strengthened the immune gene expression response to L. salmonis infection (e.g., APR-and neutrophil degranulation-related genes) and mitigated lice repressive effects on fundamental cellular processes and some antiviral gene levels compared with the PBS controls [Lice(ASAL) vs. Lice(PBS)]. Vice versa, lice-infected salmon showed a more vigorous response to ASAL than the non-infected [ASAL(lice) vs. ASAL(no lice)], possibly due to lice-induced tissue-level changes in the skin (e.g., increased angiogenesis). The ASAL+lice co-stimulation (i.e., COS list) had additive and synergistic effects on the induction of genes involved in innate (e.g., additive: tlr13, clec1a, mbl2b; synergistic: hampa, alox5ap) and adaptive (e.g., additive: bcl6; synergistic: il4r) immune responses, and induced several genes related to wound healing (e.g., hemostasis) and antibody formation.

Experiment replication –preferably with infected and non-infected groups housed in the same facility– and histological analyses in the future will help validate the present study’s findings. Furthermore, salmonid species such as Atlantic salmon show a high retention rate of paralogues from a whole-genome duplication event ~80 Mya (171). This fact represents both an opportunity to advance in evolutionary physiology knowledge and a challenge for interpreting transcriptomics results due to functional divergence between duplicated genes in Atlantic salmon. The differential regulation of mbl2a (lice-inducible) and mbl2b (ASAL-inducible) might be a potential example of functional specialization of two gene copies. The present microarray results may have been influenced by cross-hybridization between paralogous transcripts. Nevertheless, microarray hybridization and paralogue-specific qPCR data showed a high correlation, thus proving the robustness of the study’s claims.

As one of the first transcriptomics studies in the field of co-infection in Atlantic salmon, the present study may serve as a reference for future research with sea lice-infected salmon challenged with other vaccines, PAMPs, or live pathogens. Furthermore, it provides candidate gene biomarkers and putative biological processes responding to sea lice and bacterial single- and co-infection in the skin of Atlantic salmon. Future studies and industrial applications may take advantage of the knowledge generated by this study and evaluate the potential of bacterial compounds and extracts as supplements for clinical feeds and vaccine adjuvants for fish. In sum, these results contribute to improving our understanding of the molecular mechanisms governing the Atlantic salmon’s skin response to sea lice and bacteria co-infection and will help in the improvement of disease management in Atlantic salmon aquaculture.
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Gill damage represents a significant challenge in the teleost fish aquaculture industry globally, due to the gill’s involvement in several vital functions and direct contact with the surrounding environment. To examine the local and systemic effects accompanying gill damage (which is likely to negatively affect gill function) of Atlantic salmon, we performed a field sampling to collect gill and liver tissue after several environmental insults (e.g., harmful algal blooms). Before sampling, gills were visually inspected and gill damage was scored; gill scores were assigned from pristine [gill score 0 (GS0)] to severely damaged gills (GS3). Using a 44K salmonid microarray platform, we aimed to compare the transcriptomes of pristine and moderately damaged (i.e., GS2) gill tissue. Rank Products analysis (5% percentage of false-positives) identified 254 and 34 upregulated and downregulated probes, respectively, in GS2 compared with GS0. Differentially expressed probes represented genes associated with functions including gill remodeling, wound healing, and stress and immune responses. We performed gill and liver qPCR for all four gill damage scores using microarray-identified and other damage-associated biomarker genes. Transcripts related to wound healing (e.g., neb and klhl41b) were significantly upregulated in GS2 compared with GS0 in the gills. Also, transcripts associated with immune and stress-relevant pathways were dysregulated (e.g., downregulation of snaclec 1-like and upregulation of igkv3) in GS2 compared with GS0 gills. The livers of salmon with moderate gill damage (i.e., GS2) showed significant upregulation of transcripts related to wound healing (i.e., chtop), apoptosis (e.g., bnip3l), blood coagulation (e.g., f2 and serpind1b), transcription regulation (i.e., pparg), and stress-responses (e.g., cyp3a27) compared with livers of GS0 fish. We performed principal component analysis (PCA) using transcript levels for gill and liver separately. The gill PCA showed that PC1 significantly separated GS2 from all other gill scores. The genes contributing most to this separation were pgam2, des, neb, tnnt2, and myom1. The liver PCA showed that PC1 significantly separated GS2 from GS0; levels of hsp70, cyp3a27, pparg, chtop, and serpind1b were the highest contributors to this separation. Also, hepatic acute phase biomarkers (e.g., serpind1b and f2) were positively correlated to each other and to gill damage. Gill damage-responsive biomarker genes and associated qPCR assays arising from this study will be valuable in future research aimed at developing therapeutic diets to improve farmed salmon welfare.




Keywords: moderate gill damage, environmental stressors, transcriptomic response, wound healing, immune response



1 Introduction

Aquaculture is considered as one of the proposed food production sectors capable of filling the current and future gaps between production and rising demand for protein owing to the increasing human population (1). Salmon farming is one of the most successful aquaculture industries with high economic importance in several countries (e.g., Norway, Chile, and Canada) (2). Most farmed salmon are raised in open-net pens from smolts to harvestable size. Although the open-net pens provide aquaculture with the advantage of not competing with livestock on land, they may expose the fish to various environmental stressors including abiotic stressors (e.g., changes in temperature and dissolved oxygen) and biotic stressors (e.g., algal blooms and sea lice) (Figure 1A) (3–5).




Figure 1 | Overview of the field trial and the microarray experimental design. (A) Abiotic and biotic stressors potentially contributing to gill damage of farmed Atlantic salmon. (B) Common reference design microarray experiment. Arrows represent microarrays with the numbers of biological replicates shown next to the arrows. The base of the arrow shows the Cy3-labeled sample (i.e., common reference pool), and the arrowhead shows the Cy5-labeled sample (i.e., experimental sample). This figure was constructed using BioRender (https://biorender.com/).



Environmental stress events can damage salmon organs, including the gills, skin, and gut, which are the main mucosal organs in contact with the external environment (6). The teleost fish gill is a multifunctional organ involved in several physiological processes such as oxygen uptake, salt balance, carbon dioxide clearance, and ammonia excretion (7). To perform those functions, the gill has highly vascular, thin, and long structures (lamellae) that directly receive the entire cardiac output (8). The gill epithelium is a semipermeable barrier that controls the flux of both the water and ions (9), normally preventing pathogen entry. Gills have a packed lamellar structure which provides a large surface area (approximately 0.1-0.4 m2 per kg of body mass) (8). While the gill structure (e.g., large surface area with high permeability) allows this organ to perform its main functions, it may also allow the entry of some toxins (e.g. resulting from harmful algal blooms) and toxicants (e.g. detergents and industrial chemical effluents) (10). Also, damaged gills due to environmental events may favor the entry and colonization by several fish pathogens (e.g., Piscichlamydia salmonis and Tenacibaculum maritimum) (11–13), which may cause systemic infections. Counteracting this, teleost fishes have an aggregation of lymphoepithelial cells at the base of primary gill filaments (i.e., gill-associated lymphoid tissue (GIALT)), that is capable of mounting an adaptive immune response (14). However, frequent gill damage might act as a threat regardless of GIALT’s ability to control infection, due to the organ’s high vascular perfusion (8).

Gill disorders are attracting the attention of aquaculture research, especially with the global environmental changes affecting water quality at open-net pen operations (e.g., changes in temperature and dissolved oxygen) (15). Complex gill disease (CGD) is one of the terms describing the clinical signs occurring in the gill, typically from the end of summer to early winter (11). CGD causative agents are proposed as a mixture of environmental insults, pathogenic agents, and farm management practices (11). Any disorder that affects the gill’s health will have deleterious impacts on its function. Although algae exist in the food web throughout the year, they may grow out of control, causing harmful algal blooms (HABs), which might negatively affect the gill’s health (16). For example, Chrysochromulina polylepis, Chaetoceros convolutus, Chaetoceros concavicornis and Heterosigma akashiwo can cause damage and clogging of the gills (17, 18). Those effects are more prominent in aquaculture pen-confined fish (with no or limited ability to escape the event) than in open-water areas. In addition, HABs are often accompanied by a lethal reduction of dissolved oxygen. Also, toxins (e.g., brevetoxins), reactive oxygen species (ROS), and hypoxia have been proposed as causes of severe gill damage leading to fish mortality during and after HAB events (19). Gill damage caused by environmental insults such as HABs might be followed by infection [e.g., T. maritimum (20)], which could lead to more severe gill damage and disease.

The west coast of Canada [i.e., British Columbia (BC)] is currently an important area for Atlantic salmon aquaculture production. HABs are a leading cause of mortality to cultured salmon in BC (21), with millions of dollars in estimated annual losses (18). It has been reported that H. akashiwo was responsible for a bloom in BC that killed 280,000 Atlantic salmon in 2014, and another HAB in 2018 caused the loss of 250,000 Atlantic salmon (22). Also, both C. convolutus and C. concavicornis were known to cause fish losses in BC (18). Although the occurrence of algal blooms might be regular in BC, in 2015, an algal bloom with unusual characteristics in terms of duration (May to August) and area (from California to Alaska) occurred (23). This draws the attention to the progression of algal bloom events and the concurrent economic losses, which highlights the necessity of studying the associated effects on aquaculture.

Król et al. (8) found that differences in proliferative gill disease (PGD) scores based on macroscopic examination were not associated with gill transcript expression changes; however, they found that gill histopathology (based on microscopic examination) could be used with RNA-seq data to identify differentially expressed genes associated with multifactorial gill disease (8). The integration of RNA-seq Ingenuity Pathway Analysis and the histopathology highlighted mainly two processes, which were immune/inflammatory response and tissue damage and repair (8). It is likely that different environmental stressors induce different gene expression patterns in fish gills (24). Investigating the transcriptomic response of gills damaged by a distinct set of environmental stressors (i.e., stressors at a different geographical location) might help to identify the common molecular mechanisms involved. Also, it could provide a more robust set of biomarkers associated with gill damage. Complementing this with investigating the response of an internal organ that plays key roles in inflammation and acute phase response (APR; i.e., liver) may enhance our understanding of fish systemic response to gill damage and environmental stress. The consortium for Genomic Research on All Salmonids Project (cGRASP)-designed Agilent 44K salmonid oligonucleotide microarray platform (25) was utilized in the current transcriptome profiling. For the present study, we collected samples of gills presenting different degrees of damage (i.e., from intact to severely damaged) from farmed Atlantic salmon of an open-net production site located in BC. We aimed to identify the global gene expression patterns associated with gill damage due to a combination of environmental factors (including HABs) using 44K microarrays. In addition, we used real-time quantitative polymerase chain reaction (qPCR) to investigate the impact of the gill damage on the transcript levels of different APR, stress, and inflammation-relevant biomarker genes in the liver. The current study improves our understanding of the molecular pathways associated with gill damage in fish and will be valuable in future research and development efforts to improve farmed Atlantic salmon welfare.



2 Materials and Methods


2.1 Case History, Animals, and Sample Collection

Atlantic salmon smolts with an average initial weight of 102 g were stocked into net pens on a commercial aquaculture site on the west coast of Vancouver Island over the first week of March 2017. This population, prior to smolt entry, had screened negative for Infectious Hematopoietic Necrosis Virus (IHNV), Viral Hemorrhagic Septicemia Virus genotype IVa (VHSV IVa), Renibacterium salmoninarum, Yersinia ruckeri, Vibrio anguillarum, Vibrio ordalii, Aeromonas salmonicida, and Piscine orthoreovirus (PRV). This diagnostic screening was part of the license requirement by Fisheries and Oceans Canada (i.e., minimum of 30 fish sampled per smolt group per hatchery).

As part of the company’s water quality management strategy, the personnel at the farming site monitored water temperature, dissolved oxygen saturation, and salinity at 1, 5, 10, and 15 m, twice daily: once in the morning and once in the afternoon (Supplementary Figure 1). The daily monitoring of these water quality physical parameters was often accompanied by water sample collection for visual characterization of the phytoplankton community as part of the Harmful Algae Monitoring Program. These water samples were taken at the same depths and times as the water temperature, dissolved oxygen, and salinity measurements. The phytoplankton identification was outsourced to Microthalassia Consultants Inc. Mortalities were recorded daily and classified based on the most probable cause of death. The most relevant categories in terms of the number of dead fish were: “environmental” for all mortalities attributed to environmental stress (e.g., algal blooms, hypoxia events); “ Mouth rot “ for all mortalities with clinical signs suspected to be caused by T. maritimum infection [causative agent of ulcerative stomatitis (also called mouth rot disease) in salmonids; note: infection was visually diagnosed]; “non-performers”, for those salmon euthanized due to their poor growth performance; and “old” for all cases where the fish carcass was too deteriorated to be classified. The recorded environmental mortalities were associated with poor gill condition (B. Milligan, personal communication). Supplementary Figure 2 shows an example of the observed gill condition. The water temperature, dissolved oxygen, and salinity data for the period June 1 - November 26, 2017, phytoplankton identification (at the species level) and concentration (cell/mL) data for the period June 1-October 31, 2017 and the fish mortality records for the period June 1-December 4, 2017, are shown in Supplementary Figure 1.

The fish were sampled on the 13th and 14th of November 2017. The gill and liver samples were collected from the net pen-grown Atlantic salmon located in BC. Fish were randomly netted then euthanized using 400 mg L−1 tricaine-methane sulfonate bath (TMS; Syndel Laboratories, Nanaimo, BC, Canada) after 24 h of fasting. The sampled fish were weighed, fork length-measured, and their gills were scored following the farm’s protocol (see section Gill Scoring Method). Gill and liver samples were collected for gene expression analyses. Five to ten gill filament fragments (~25-30% of the filament length from the tip) were collected from the medial region of the first gill arch on the left side of each salmon. For salmon presenting gill lesions, we sampled gill filaments that had not been severely eroded (i.e., retained ~75% of their original length, based on adjacent intact gill filaments). Samples around 50-100 mg of each tissue were preserved in 1 mL of RNAlater® solution (Ambion, Inc., Austin, TX, USA) and kept at 4°C overnight, then moved to -20°C until the shipping date to the Ocean Sciences Centre, Memorial University.



2.2 Gill Scoring Method

Criteria for routine macropathological (i.e. gross) scoring of gill condition in live fish were developed based on previous studies assessing nonspecific gill lesions (e.g., gill scoring in (26, 27)). Gill scores of 0 (i.e., no lesions visible) and 1 (i.e., single necrotic filament or spot; <1% total gill filament surface area may be affected) from references (26, 27) were combined into one score (i.e., GS0) as the reliability between assessors differentiating scores of 0 or 1 (from references (26, 27)) was poor. Gills showing affected filament surface area up to 10% of the total gill filament were scored as GS1, while GS2 was defined as gills having damage affecting ~10% to 25% of the total filament surface area. Gill scores of 4 (i.e., 20-50% of the gill filament surface area damaged) and 5 (i.e., > 50% of the gill filament surface area) from references (26, 27) were combined into one score (i.e., GS3; > 25% of the total fill filament surface area affected) in the current study’s scoring method. Fish with more than 50% of the total gill filament surface area affected were routinely observed but generally in mortalities or very moribund fish and not in healthy fish (B. Milligan, personal communication). The above gill scoring methodology is summarized in Table 1.


Table 1 | Descriptive gill lesions corresponding to each assigned gill score.





2.3 RNA Extraction, DNase Treatment, and Column Purification

Gills were homogenized in 800 µl TRIzol (Invitrogen/Life Technologies, Carlsbad, CA, USA) with stainless steel beads (5 mm; Qiagen, Mississauga, ON, Canada) using a TissueLyser (Qiagen), and subjected to RNA extraction following manufacturers’ instructions. Liver samples were subjected to the homogenization and extraction procedure followed by a second extraction using the phenol-chloroform phase separation method as described previously (28). The total RNA of 40 µg was DNase (6.8 Kunitz units; RNase-Free DNase Set, Qiagen)-treated and column-purified using RNeasy Mini Kit (Qiagen) following the manufacturer’s protocols. RNA integrity and purity were evaluated using 1% agarose gel electrophoresis and NanoDrop spectrophotometry (Thermo Fisher, Mississauga, ON, Canada), respectively. All the column-purified RNA samples showed high integrity and purity (i.e., A260/230 and A260/280 ratios >1.8; and tight 18S and 28S ribosomal RNA bands).



2.4 Sample Selection Using qPCR

We selected 12 immune, tissue damage, and wound healing biomarkers (Table 2; named as preliminary qPCR in Figures 7, 8) for a preliminary qPCR study on the gill RNA samples (i.e., not on the liver) to compare damaged groups (i.e., GS1, GS2, and GS3) with the pristine gill group (i.e., GS0). Those biomarkers (i.e., mmp19, mmp13b, gpx2, hif1aa, hsp70, il1b, c1qtn3, mucin5ac, ladderlectin-like, sdhb, ctsd, and hceb) were selected based on our group’s experience and relevant literature (8, 29, 32, 33). All the RNA samples were included in this preliminary qPCR. The obtained qPCR data were analyzed via linear discriminant analysis (LDA) to select the gill damage group to include in the microarray study (together with GS0) and the most representative biological replicates within each group (i.e., closely clustered in the multivariate space; Supplementary Figure 3). Moderately damaged gill (i.e., GS2) was selected as the gill damage group for the microarray analysis. The preliminary qPCR results for the targeted biomarkers relevant to gill remodeling and wound healing and immune and stress response are described in section Sample Selection for the Microarray Experiment. The preliminary qPCR for the sample selection, was performed as described in section Real-Time Quantitative Polymerase Chain Reaction (qPCR) Analysis for the Gill. The experimental design of the current study is summarized in a schematic diagram (Supplementary Figure 4).


Table 2 | Primers used in the gill either in the preliminary qPCR or the microarray validation experiment, including comparison between microarray Rank Products and qPCR fold-change results for Atlantic salmon transcripts responsive in moderately damaged gill.





2.5 Microarray Hybridization and Data Acquisition

The gill total RNA of five individuals from each GS0 and GS2 were included in the microarray analysis using a common reference design (Figure 1B). The microarray experiment was designed and performed according to the MIAME guidelines (34). These analyses were carried out using the consortium for Genomic Research on All Salmonids Project (cGRASP)-designed Agilent 44K salmonid oligonucleotide microarray (25) as described in Xue et al. (28). Briefly, anti-sense amplified RNA (aRNA) was in vitro transcribed from 1 µg RNA of each sample using the Amino Allyl MessageAmp II aRNA Amplification kit (Ambion/Life Technologies), following the manufacturer’s instructions. The aRNA quality and quantity evaluations were assessed using 1% agarose gel electrophoresis and NanoDrop spectrophotometry (Thermo Fisher, Mississauga, ON, Canada), respectively. From each sample used in the experiment, 5 µg of aRNA were collected to generate a common reference pool (Figure 1B). Following a standard molecular procedure, 20 µg of aRNA were precipitated overnight for each individual and resuspended in 9 µl coupling buffer (Ambion/Life Technologies). The aRNA pool was then divided into three aliquots and precipitated and resuspended following the same approach as the individual samples. The aRNA was labeled with Cy3 fluor (GE HealthCare, Mississauga, ON, Canada) for the common reference pool and Cy5 fluor for the experimental individuals, following the manufacturer’s instructions. The labeling efficiency for the dye was measured with the “microarray” function of the NanoDrop spectrophotometer. Equal quantities (825 ng) of each labeled aRNA from one experimental sample and the common reference were pooled, fragmented following the manufacturer’s instructions, then co-hybridized to an Agilent 44K salmonid oligonucleotide microarray (GEO accession # GPL11299) (28) following the manufacturer’s instructions (Agilent, Mississauga, ON, Canada). The arrays were hybridized at 65°C for 17 h at 10 rpm using an Agilent hybridization oven. After hybridization, the array slides were immediately washed as recommended by the manufacturer. Each microarray slide was scanned at 5 µm resolution using a SureScan D Microarray Scanner (G2600D, Agilent Technologies) using Agilent Scan Control Software (v9.1.11.7, Agilent Technologies) by applying a built-in protocol (Agilent_HD_GX_2color). The photomultiplier tube sensitivity for Cy3 and Cy5 dye channels were adjusted at 100%. The signal intensity data were extracted and Loess-normalized using Agilent Feature Extraction Software v12.0 (Agilent).



2.6 Microarray Data Analysis

The microarray data were processed using GeneSpring v14.9 (Agilent). Probes with low or marginal quality and absent values in more than 25% of all 10 arrays were removed from the dataset, and the missing values were imputed. Rank Products (RP), a non-parametric statistical method (35) was used to determine the differentially expressed probes (DEPs), as this method is less sensitive to high biological variability within groups than Significance Analysis of Microarrays (SAM) (36–38). The RP was performed at 5% percentage of false-positives (PFP) using the Bioconductor package, RankProd (35). The DEPs were annotated using the contiguous sequences (contigs) from which the 60mer oligonucleotide probes on the array were designed against the Swiss-Prot database (April 2019 version). The BLASTx searches of NCBI’s non-redundant (nr) amino acid sequence and Swiss-Prot databases (E-value < 1e-05) were performed using Blast2GO software (BioBam Bioinformatics S.L., Valencia, Spain) (39, 40). Then, each DEP annotation was manually confirmed using the best BLASTn and BLASTx hit with E-value < 1e-05. HUGO Gene Nomenclature Committee (HGNC; https://www.genenames.org/) and/or GeneCards (https://www.genecards.org/) databases were used to assign human gene symbols. The 44K redundancy (i.e., multiple probes targeting the same gene) was accounted for, to reduce the DEP list to a list of differentially expressed genes (DEGs). The DEG list was then used for Gene Ontology (GO) term enrichment analysis. Over-represented biological process (BP), molecular function (MF), and cellular component (CC) GO terms were identified through right-sided hypergeometric tests using the human GO database (UniProt: 27.02.2019), with a Benjamini-Hochberg method-corrected p-value threshold of 0.05. This analysis was carried out using ClueGO (41) plugin in Cytoscape (v3.5.1), which allowed GO term interconnection/clustering based on kappa statistics. The kappa coefficient threshold for the analysis was 0.4.



2.7 Real-Time Quantitative Polymerase Chain Reaction (qPCR) Analysis for the Gill

Twenty-seven microarray-identified genes were selected for the microarray confirmation using qPCR (Figures 7, 8; named as microarray-identified biomarkers). As mentioned in section Sample Selection Using qPCR, another 12 genes (Figures 7, 8; named preliminary qPCR) were used for the preliminary qPCR on the gill RNA, and used for sample choice. The following procedure was used for both the preliminary qPCR (see Section Sample Selection Using qPCR) and the qPCR confirmation of microarray results. Both the preliminary qPCR and validation qPCR were performed using  all sampled fish (i.e. all the RNA samples). The first-strand cDNA templates for qPCR were synthesized following the manufacturer’s instructions, using 1 µg of DNase-treated and column-purified total RNA, random primers (250 ng; Invitrogen/Life Technologies), dNTPs (0.5 mM final concentration; Invitrogen/Life Technologies), and M-MLV reverse transcriptase (200 U; Invitrogen/Life Technologies) in 1 X first strand buffer and DTT (10 mM final concentration) at 37°C for 50 min. The qPCR amplifications were performed in 13 µl reaction volumes containing 1× Power SYBR Green PCR Master Mix (Applied Biosystems/Life Technologies), 50 nM of both the forward and reverse primers and 4 µl of cDNA [corresponding to 5 ng input total RNA; dilution performed using DNase/RNase-free distilled water (Invitrogen/Life Technologies)]. The qPCR analysis program consisted of 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 steps. The qPCR reactions were performed in triplicates, no-template controls were included and the dissociation curve analysis was performed for each plate.

All primers in the current study used for the gill are presented in Table 2. Primers were designed using the PrimerQuest design tool (www.idtdna.com/Primerquest/Home/Index) or adopted from previous studies (29, 33). Primer quality checks were performed as previously described (42). Primer pairs passing quality testing showed amplification of a single product and no signs of primer-dimers (dissociation curve analysis). All the amplification efficiencies were tested using equal quantity of input total RNA of the gill cDNA pools from individuals designated in GS0 (n=14; pool 1) and GS2 (n=10; pool 2). Average amplification efficiencies from the two pools' standard curves are reported (Table 2). The standard curves were generated using 1:3-fold serial dilution and using 5 points starting with cDNA synthesized from 10 ng of total RNA input.

Five normalizers polr2a (RNA polymerase II subunit A), rpl32 (60S ribosomal protein), ef1a (elongation factor 1α), pabpc1 (polyadenylate-binding protein 1), and eif3d (eukaryotic translation initiation factor 3 subunit D) were tested on the gill cDNA. The Ct values of all individuals (i.e., for the gill: n=14 GS0, n=11 GS1, n=10 GS2, n=9 GS3) for all candidate normalizer genes were analyzed using geNorm (qBASE plus, Biogazelle NV, Belgium) (43). Pabpc1 and ef1a1 were determined as the best normalizers with M-values of 0.21 and 0.25, respectively.

The relative quantities (RQs) of all genes of interest (GOIs) were calculated for each gill score using all the gill samples (n=44). The RQs were determined using the qBase relative quantification framework (44, 45). This was performed by using the Ct values measured for GOIs, with normalization to both pabpc1 and ef1a1 for the gill tissue, and with the amplification efficiencies incorporated. The sample with the lowest normalized expression was used as an internal calibrator for each GOI (i.e., RQ value= 1.0). The RQs values are presented as mean ± SE.



2.8 qPCR Analysis for the Liver

Twenty-one biomarkers involved in APR and other damage-relevant biological processes (e.g., wound healing, immunity, transcription factors and stress relevant biomarkers) were targeted in the liver qPCR (Table 3). Those biomarkers were chosen based on the identified dysregulated pathways in the gill tissue (overlapping biomarkers were chtop, strip2, igkv3, olfm4, ugt2c1, and ddit4; Table 3) and other possible systemic dysregulated pathways (e.g., APR). All the steps for the qPCR were performed following the described methods in section 2.7. All the amplification efficiencies were tested using liver cDNA pools from individuals designated in GS0 (n=32; pool 1) and GS2 (n=10 pool 2) (Table 3). Average amplification efficiencies from the two pools' standard curves are reported (Table 3). Also, five normalizers (same used in the gill study; mentioned above in section Microarray Data Analysis) were tested on the liver cDNA. The Ct values of all individuals (i.e., for the liver: n=32 GS0, n=9 GS1, n= 10 GS2, n=7 GS3) and all candidate normalizers were analyzed using geNorm (qBASE plus, Biogazelle NV, Belgium) (43). Eif3d and rpl32 were determined as the best normalizers with an M-value of 0.41 for both. Primers used for the liver qPCR, either newly designed or adopted from previous studies (28, 42, 46), are presented in Table 3. All the steps for the qPCR were performed following the described methods in section qPCR Analysis for the Gill. The Ct values of all 58 samples of the liver were used to calculate the RQs of all GOIs following the same method described in section Real-time Quantitative Polymerase Chain Reaction (qPCR) Analysis for the Gill.


Table 3 | Primers used in the liver tissue qPCR across all gill scores of Atlantic salmon.





2.9 Statistical Analyses

Transcript expression differences between specified gill scores in the gill and liver were analyzed using one-way ANOVA, followed by Tukey’s post-hoc test for pairwise comparisons between gill score groups (i.e., GS0, GS1, GS2, GS3) using SPSS (IBM SPSS Statistics, Version 25, Armonk, NY, USA). All residuals were examined for normality and homoscedasticity (i.e., Shapiro–Wilk and Levene’s tests, respectively) for each gene separately. Furthermore, QQ-plots were generated to check the data normality. All the reported data fulfilled the assumptions of normality and homoscedasticity. To compare the statistical difference between GS0 and GS2, a Student’s t-test was performed for both gill and liver qPCR studies. Due to the observed gradient responses (e.g., campa and pparb1a) of the targeted transcripts in the liver tissue, we performed another Student’s t-test to compare GS0 and GS3 (i.e., only for the liver qPCR study). The fold-change (FC) from the microarray log2 ratios and the log2 FC of qPCR RQs were analyzed using linear regression to validate the microarray results (28–30). The significance level was designated as p-value ≤ 0.05; however, GOIs displaying p-values between 0.05 and 0.10 (i.e., response trend in the gill either using one-way ANOVA or Student’s t-test) were also considered for multivariate analyses and Pearson’s correlation analyses of the gill qPCR study. LDA was the multivariate analysis used on the preliminary qPCR data for gill score groups and biological replicate selection for the microarray analysis (i.e., samples closely clustered were selected for the microarray; Supplementary Figure 3). Principal component analysis (PCA) was used for the identification of expression patterns among the GOIs selected for the gill qPCR (i.e., transcripts with p-value ≤ 0.1) and liver qPCR studies (i.e., all targeted transcripts). The LDA was conducted using the “MASS” package (47, 48) in the R environment. The PCA was performed using the procomp function and plotted using “ggbiplot” R package (49). PC1 and PC2 scores were analyzed via one-way ANOVA and Tukey’s post-hoc test for differences among gill score groups. Also, the contribution of the top 10 genes to PC1 and PC2 was plotted. Correlations among GOIs and between GOIs and fish performance parameters (e.g., fish weight, condition factor) were analyzed using “ggcorr()” function of the R package GGally.




3 Results


3.1 Animals, Environmental Stress-Relevant Data and Mortalities

The average weight (with standard deviation) for all of the collected fish in November 2017 was 1348 ± 398 grams. Figure 2 shows the time series of the water temperature, salinity, and oxygen saturation values that could pose a threat to Atlantic salmon production, i.e., the daily maximum water temperature (Figure 2A) and the minimum salinity (Figure 2B) and oxygen saturation (Figure 2C). Maximum water temperatures did not reach values above the range considered optimal for Atlantic salmon growth (16-18°C; based on what is mentioned in (50)) from June 1 to November 26, 2017. According to the data provided by the farm, the daily maximum water temperature increased from June (~12°C) to August (~14.5°C) and did not start to decrease until early October. The highest maximum water temperature, 16°C, was recorded on August 1st at 1 m depth, and the maximum water temperature on the sampling dates (i.e., November 13-14) was 11-11.6°C. Fluctuations in minimum salinity values showed more abrupt changes from June 1 to November 26; e.g., on June 2-3, the minimum salinity decreased from 25 ppt to 16 ppt (56% reduction). The daily minimum salinity also appeared to increase from June to August and to increase from October onwards; however, the trend was less evident than with the maximum water temperature. The daily minimum oxygen saturation showed a progressive decrease from June (85-90%) to August (75-80%). Minimum oxygen saturation levels that could be considered moderate hypoxia [i.e., 70%; reduced growth of Atlantic salmon was previously reported with 70% oxygen saturation (51)] were recorded on November 3-4. At the sampling dates (i.e., November 13-14), the minimum oxygen saturation was 78-80%. Figure 2D shows the time series of the maximum cell concentration of 6 known harmful phytoplanktonic algae detected at the farm site at levels higher than 100 cell/mL for the period June 1-October 30. Most instances in which harmful algal species were identified were between June and September. Five episodes with maximum Asterionella japonica cell concentrations > 500 cell/mL (1,200 cell/mL on July 12) were recorded during this period. Chrysochromulina sp. cell concentrations were > 100 cell/mL for most days in August, with two episodes of significance: one on August 4, when cell concentration reached 1,800 cell/mL; and another on August 16-18, a period during which cell concentration stayed > 500 cell/mL. Maximum cell concentrations < 150 cell/mL were detected on different dates in October (~one month before the sampling date) for Rhizosolenia setigera, Dictyocha speculum, Chaetoceros concavicorne, Asterionella japonica, and Heterosigma akashiwo (ordered from the most frequently detected/highest maximum cell concentration to the least frequently detected/lowest maximum cell concentration). Figure 2E corresponds to the time series of the fish mortality for the period June 1-December 4. The most significant mortality events (> 2,000 dead fish) were 2 classified as “Mouth rot” [i.e., fish showed clinical signs compatible with ulcerative stomatitis (alias mouth rot disease)] occurring on June 21 and July 8; 8 classified as “environmental” [i.e., putatively caused by environmental stressors (e.g., harmful algae)], scattered throughout late July and early September; and one event classified as “old” (i.e., the cause of death could not be assessed due to the deterioration of the fish carcass) on July 21. The closest mortality events to the sampling point, with 1000-1700 dead fish, were classified as "environmental" and occurred on November 1, 2 and 4.




Figure 2 | Time series of maximum water temperature (A), minimum salinity (B), minimum oxygen saturation (C) recorded at the farm site during the period June 1–November 26, 2017; concentration (cells/mL) (D) of various phytoplanktonic algae species potentially harmful for farmed Atlantic salmon, recorded at the farm site from June 1–October 26, 2017; and fish mortality (E) recorded at the farm site during the period June 1–December 4, 2017. Fish mortalities were classified into different categories depending on the putative cause of death; i.e., mortalities attributed to environmental stress (e.g., algal blooms, hypoxia events) were classified as “environmental”; mortalities suspected to be caused by Tenacibaculum maritimum infection [causative agent of ulcerative stomatitis (also known as mouth rot disease) in salmonids; note: infection was not analytically confirmed] were annotated as “Mouth rot”; salmon euthanized due to their poor growth performance were designated as “non-performers”; fish carcasses too deteriorated to be classified were named “old”.





3.2 Sample Selection for the Microarray Experiment

The majority of GS0 individuals were loaded negatively on LD1, while most of GS2 individuals were loaded positively on LD1, showing delineation between the biomarker transcript expression responses of the fish in these two groups (Supplementary Figure 3). Also, the majority of GS1 individuals were loaded positively on LD1 with some overlapping with GS3 (Supplementary Figure 3). While all four gill scores (using all available individuals) were included in the qPCR experiments, we decided to exclude GS1 and GS3 samples from the microarray study and focus on GS0 vs. GS2 over concern that: 1) GS1 may be difficult to differentiate from GS0 at the transcriptome level; and 2) there may be high variability in the transcriptomes of heavily damaged gills, with transcript expression signatures of GS3 potentially dominated by cell death (e.g., apoptosis, necrosis). For the microarray experiment, we selected individuals (bold in Supplementary Figure 3) that clustered together (within the gill score group) in the LDA and segregated from those of the other groups.



3.3 Transcriptomic Changes in Response to Moderate Gill Damage

To investigate the global transcript expression response of moderately damaged gill (i.e., GS2), caused by several environmental factors [the most notable likely cause being successive HABs (Supplementary Figure 1)], compared with pristine gill (i.e., GS0) subjected to the same environmental conditions, we used a 44K cGRASP salmon microarray platform (25). Using RP statistical analysis, we identified 254 upregulated and 34 downregulated probes in GS2 gills compared with GS0 gills (Figure 3). These 288 DEPs, the corresponding appropriate gene symbols, p-values, PFP, and the FC values from the RP, are listed in Supplementary Table 1. The 288 DEPs were visualized in a volcano plot showing log2-transformed fold-changes (log2FC) vs. –log10(PFP) (Figure 3). The lowest PFP from the downregulated probes were chtop, abhd10, and art4, while the lowest PFP from the upregulated probes with gene annotation were tuba1b, tpm2, tspan1, myh7, jph2, and igkv3.




Figure 3 | Volcano plot reporting -log10 percentage of false-positives (pfp) against Rank Products log2 fold-changes (log2FC; calculated using the Bioconductor package, RankProd.). The colored dots represent the highest –log10 pfp≤0.001 from the upregulated and downregulated probes (red and green, respectively) (Supplemental File 1). Probes are labeled with the gene symbols of the putative human orthologues, and one uncharacterized probe is labeled with the probe identifier (ID).



All the log2 ratio (Cy5/Cy3) data of the identified microarray probes were used to generate a PCA plot (Figures 4A, C). Although the PC1 and PC2 did not completely separate the GS0 and GS2 individuals (Figure 4A) in the two-dimensional plot, utilizing a 3-dimensional approach (i.e., using PC1, PC2 and PC3 scores) more clearly separated the responses of GS0 and GS2 fish (Figure 4C). The percentage of the explained variance for each PC dimension were plotted on Figure 4B. Then, all the DEPs (i.e., upregulated, and downregulated) were subjected to GO term enrichment analysis. The analysis defined 148 enriched GO terms (Supplementary Table 2) classified into two main themes: gill remodeling and wound healing (green shades; Figure 5), or immune and stress-relevant (purple shades; Figure 5). The most significant enriched GO terms were actin-myosin filament sliding (GO:0033275) and muscle filament sliding (GO:0030049) (using p-value corrected with Bonferroni step-down ≤ 0.05). Within the immune and stress-relevant theme, adaptive immune response (GO:0002250) was the most significantly enriched GO term.




Figure 4 | Results of principal component analysis (PCA) plotted on two dimensions (Panel A) for the gill differentially expressed microarray log2 ratio (Cy5/Cy3). PC1 explained 50.72%, PC2 explained 25.49%, and PC3 explained 7.46% of the variability. Panel (B) Bar-plot of the percentage of the explained variance for each PC (dimension). Panel (C) PCA plotted on three dimensions for the gill differentially expressed microarray log2 ratio (Cy5/Cy3) data.






Figure 5 | Gene-Ontology (GO) term enrichment and pathway term network analysis of DEGs. 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. Terms related to gill remodeling and wound healing are colored in different shades of green, while terms related to immunity and stress are colored in different shades of purple. A complete list of the enriched GO terms is found in Supplementary Table 2, while the leading GO terms are also labeled in the figure.



All the identified DEPs were classified manually as either immune and stress-relevant (purple; Figure 6) or gill remodeling and wound healing-relevant (green; Figure 6). The density plot (Figure 6) shows the upregulated and the downregulated probes from the two main themes. Both pathways had more upregulated probes than downregulated probes. The majority of the upregulated probes present were with log2FC values below 2 (Figure 6). Only few probes related to gill remodeling and wound healing were higher than log2FC of 3. Also, most of the downregulated probes present were higher than -2 log2FC. Few probes related to gill remodeling and wound healing were below log2FC of -3.




Figure 6 | Histogram of the frequency density of log2-transformed fold-changes (log2FC) for the differentially expressed probes of the “immune- and stress-relevant” and “gill remodeling and wound healing” themes. Purple and green colors indicate the two manually defined themes, immune and stress relevant, and gill remodeling and wound healing, respectively.





3.4 Preliminary and Confirmation qPCR of Selected Transcripts in the Gill

The preliminary (named as preliminary qPCR in Figures 7, 8) and the confirmation qPCR (named as microarray-identified biomarkers in Figures 7, 8) results are shown in Figures 7, 8. Twelve GOI (as described in Section Sample Selection Using qPCR) were targeted in the preliminary qPCR and 27 GOI (i.e., microarray identified) were chosen to qPCR-validate the microarray results. The targeted transcripts for the qPCR confirmation of microarray-identified biomarkers were chosen based on their FC (i.e., highest FC values), representation of different pathways, and enriched GO terms. All of the collected gill samples, including GS0, GS1, GS2, and GS3, were included in the preliminary and qPCR confirmation studies.




Figure 7 | Bar plot of gill transcripts related to gill remodeling and wound healing (panel A–U). On the lower right side, Panel (V) shows a scatterplot of log2 fold-change from Rank Products microarray data vs. qPCR log2 fold-change. Different letters indicate a significant difference between groups using one-way ANOVA. Asterisk (*) shows significance (p< 0.05) between GS0 and GS2 using t-test. Gene symbols followed by a dagger (†) are associated with p-values between 0.05 and 0.10 using either t-test (GS0 vs GS2; i.e., mmp19) or one-way ANOVA (i.e., tnnt2).






Figure 8 | Bar plot of gill transcripts related to the immune and stress-relevant theme (A–R). Different letters indicate a significant difference (p< 0.05) between groups using one-way ANOVA. Asterisks (*) are used to identify significance between GS0 and GS2 using t-test. Gene symbols followed by a dagger (†) are associated with p-values between 0.05 and 0.10 using t-test (GS0 vs GS2; i.e., ugtc1 and cxcr5).



In Figure 7, RQs of transcripts related to gill remodeling and wound healing were plotted (for both the preliminary qPCR and microarray-identified biomarkers). The preliminary qPCR results showed no significant difference between gill scores for mmp19 and mmp13b (Figures 7A, B). The qPCR analysis of the microarray-identified biomarkers showed that the transcript levels of des, neb, klh14b and abi3bp (Figures 7G, H, K, R) were higher in GS2 than all other gill scores. The mRNA levels of eln and myom1 were significantly higher in GS2 than GS1 and GS3 (Figures 7I, U). The levels of pgam2 were higher in GS2 than GS1 (Figure 7T). Although there was high intragroup variability in the qPCR results, the microarray log2FC (identified by the RP analysis) showed significant positive correlation to qPCR log2 FC (calculated using each individual GS2 RQ value divided by the average GS0 RQ value; R=0.59, p-value<0.001; Figure 7V).

The RQs of transcripts related to immune and stress-relevant pathways were plotted in Figure 8 (for both the preliminary qPCR and microarray-identified biomarkers). The preliminary qPCR results showed that gpx2 mRNA expression was significantly higher in GS0 and GS3 compared with GS2 (Figure 8A). The levels of hif1aa were significantly lower in GS2 when compared with GS0 (t-test; Figure 8B), while the levels of hsp70 were higher in GS1 when compared with GS2 (Figure 8C). The levels of il1b were lower in GS2 when compared with GS3 (Figure 8D). The qPCR results of the microarray-identified novel biomarkers showed that the transcript levels of snaclec 1-like mRNA were lower in GS2 compared with GS0 (t-test; Figure 8L). The transcript levels of igkv3 were significantly higher in GS2 when compared with GS0 (t-test; Figure 8N). The levels of ddit4 were significantly higher in GS3 compared with the three other gill scores (Figure 8Q). All the remaining genes did not have differential expression between groups.



3.5 Multivariate Analysis for All Gill RQs with p-Value ≤ 0.1 and Correlation Analyses

The PCA was performed using RQs from all the investigated transcripts (preliminary and microarray-identified) with p-value < 0.1 studied in the gill tissue (Figure 9). PC1 explained 29.2% of the variance across groups, while PC2 explained 14.0% of the variance. The PC1 scores significantly separated GS2 from all other gill scores (p-value= 0.0003; Figure 9B). The top 10 transcripts contributing to this significant separation were plotted in Figure 9D. The highest five transcripts contributing to this separation were pgam2, des, neb, tnnt2, and myom1 (Figure 9D). Individuals from GS0 and GS1 showed more overlap than GS0 and GS3. The PC2 significantly separated GS2 from GS0 (p-value=0.03; Figure 9C). The top ten transcripts contributing to this significant separation were plotted with the highest five contributors (i.e., gpx2, cxcr5, sdhb, hsp70 and igkv3) highlighted in red (Figure 9E). A vector representing snaclec 1-like was plotted closer to GS0 and GS1 individuals. Vectors representing cxcr5, igkv3 and mmp19 were plotted negatively on PC2 (Figure 9A).




Figure 9 | Principal component analysis (PCA) using gill RQ values of targeted transcripts with p-value≤ 0.1 between at least two gill scores. (A) PCA of individuals and vectors. The length and direction of arrows (vectors) indicate the loading of each transcript on the PC axis. (B, C) Scatter dot plots of PC dimensions 1 and 2 scores for individual samples. (D, E) Bar plot of the top ten variables contributing to each PC (D, E). The top five contributing genes on each PC are highlighted in red.



In order to detect significant correlations between transcript levels and the degree of gill damage (i.e., score), we excluded GS3 individuals from the correlation matrix (Figure 10). We attempted to include GS3 individuals in the correlation analysis, and no significant correlations were observed (data not shown). Also, the microarray-identified novel biomarkers were part of the moderately damaged (i.e., GS2) transcriptomic signature (in other words, GS3 individuals did not share in identifying those biomarkers). Gill scores (i.e., GS0-GS2) were significantly negatively correlated with weight, length and CF. Also, gill scores were positively correlated with gill remodeling and wound healing biomarkers (i.e., des, abi3bp, neb, pgam2, myom1 and klh141b). Furthermore, gill scores were negatively correlated with most immune and stress-relevant biomarkers (i.e., gpx2, hif1aa, il1b, snaclec 1-like and sdhb), except for cxcr5, which showed a significant positive correlation with gill damage scores. Many wound healing biomarkers (i.e., neb, pgam2, myom1 and klh141b) were positively correlated with one another. The levels of eln were correlated positively with tnnt2. In addition, stress-relevant biomarkers (i.e., hsp70, gpx2 and hif1aa) were positively correlated with one another. Cxcr5 was negatively correlated with gpx2 and sdhb, and positively correlated with ugt2c1 and igkv3.




Figure 10 | Correlation matrix using gill damage scoring (GS0, GS1, and GS2 only; GS3 individuals excluded), weight, length, condition factor (CF), and gill RQ values of targeted transcripts with p-value≤ 0.1 between at least two gill scores. Transcript names are colored based on the pathway (i.e., gill remodeling and wound healing in green; and immune and stress-relevant pathway colored in purple.





3.6 Liver qPCR

The RQs of the targeted transcripts in the liver are presented in Figure 11. In the functional categories of wound healing, apoptosis, and blood coagulation/APR, three genes (chtop, bnip3l, and serpind1b) were significantly upregulated (as shown by one-way ANOVA) in the liver of GS2 salmon compared with GS0 salmon with intermediate expression in GS1 and GS3 liver samples (Figures 11A, C, G). Using the t-test, the mRNA levels of f2 were significantly higher in GS2 compared with GS0 (Figure 11F). In the functional category related to immunity, the transcript levels of ddit4 and campa were lower (using T-test) in GS3 compared to GS0 (Figures 11N, O). In the transcription factor and stress-relevant categories, the mRNA levels of pparg and cyp3a27 were higher (as shown by one-way ANOVA; Figures 11P, 11R) in GS2 than GS0. Also, cyp3a27 levels were higher in GS2 than in GS3 (Figure 11R). All the remaining genes did not have differential expression between groups.




Figure 11 | Bar plots of transcript expression levels of genes related to wound healing, apoptosis, blood coagulation, inflammation-associated proteins, immunity, transcription factors, and stress relevant biomarkers in the liver tissues of salmon with all four gill scores. The underlined gene symbols are the overlapping biomarkers between the gill and the liver qPCR. Different letters indicate a significant difference (p< 0.05) between groups using one-way ANOVA. Asterisks (*) are used to identify significance (p< 0.05) between GS0 and GS2, or between GS0 and GS3, using a t-test. Gene symbols are shown in the bottom of each figure panel (A–U).





3.7 Multivariate Analysis and Correlations for Liver

The PCA was performed using all the targeted transcripts in the liver tissue (Figure 12). The PC1 explained 38.6% of the variance, while the PC2 explained 9.4% of the variance. The PC1 scores significantly separated GS2 from GS0 (p-value= 0.007; Figure 12B). The top 10 transcripts contributing to this significant separation were plotted, with the highest five transcripts contributed to this separation being hsp70, cyp3a27, pparg, chtop and serpind1b (Figure 12D). The PC2 did not significantly separate the gill score groups in terms of RQs of the targeted transcripts (Figure 12C). Vectors representing cyp3a27, hsp70, bnip3l, pparg, and hpx were plotted positively on PC1 (Figure 12A). The majority of GS2 individuals were plotted positively on PC1, while the majority of GS0 and GS1 individuals were plotted negatively on PC1 (Figure 12A).




Figure 12 | Principal component analysis (PCA) using all targeted transcript relative quantities (RQs) in the liver tissue. (A) shows a PCA of individuals and vectors. The length and direction of arrows (vectors) indicate the loading of each transcript on the PC axes. (B, C) Scatter dot plots of PC dimensions 1 and 2 scores for individual samples. (D, E) Bar plot of the top ten variables contributing to each PC. The top five contributing genes on each PC are highlighted in red.



The significant correlations were shaded in red (positive) or blue (negative) in Figure 13, using all gill scores. To summarize, the gill score was positively correlated with chtop, bnip3l, serpind1b, f2, and pparg (Figure 13). Both chtop and ugt2c1 were significantly and positively correlated with olfm4, bnip3l, serpind1b, f2, crp, hif1aa, cyp3a27, hsp70, pparg and pparb1a. In addition, the transcript levels of chtop were significantly positively correlated with bnip3l, serpind1b, lect2, pparg, and cyp3a27. The levels of ugt2c1 and igkv3 were negatively correlated with ddit4. Both bnip3l and serpind1b were positively correlated with hpx, f2, crp, lect2, hif1aa, cyp3a27, hsp70, gpx3, pparg and pparb1a. In addition, the transcript levels of bnip3l were positively correlated with serpind1b. Also, hpx was positively correlated with f2, lect2, hif1aa, cyp3a27, hsp70, gpx3, pparg, and pparb1a. The transcript levels of cyp3a27, hsp70, gpx3, pparg, and pparb1a were significantly and positively correlated.




Figure 13 | Correlation matrix using gill damage scoring, weight, length, condition factor (CF), and liver transcript expression data (RQ values). The significant correlations (p <0.05) were shaded in red (positive) or blue (negative), using all gill scores (i.e., GS0-GS3).






4 Discussion

Compromised gill health [i.e., with regard to multifactorial stressors affecting gill tissue integrity (physical integrity assessed by visual inspection)] presents a significant challenge in the teleost fish aquaculture industry as it can lead to production losses and compromised fish welfare (10, 52, 53). This is supported in the current study, in which we demonstrated a negative correlation between level of gill damage and fish growth parameters (i.e., Figure 13). Of the causes of gill damage, HABs (e.g., blooms of H. akashiwo) are considered some of the main non-infectious threats to gill health (54). The transcriptomic response of damaged Atlantic salmon gill tissues impacted by multiple environmental stressors (e.g., HABs, elevated temperature) has not been well investigated. Moreover, Atlantic salmon in open-ocean aquaculture pens are exposed to highly variable and complex environments (15, 55). Research in gill transcriptome correlates of environmentally associated tissue damage may help identify relevant pathways and biomarker genes associated with multifactorial gill pathologies. The present study found many wound healing and immune/stress-related genes differentially expressed in moderately damaged gills (i.e., GS2; compared to healthy appearing gill, i.e., GS0) of Atlantic salmon grown in open-ocean pens.

Our qPCR analyses confirmed the microarray results as both datasets showed significant positive correlation using linear regression analysis (p-value<0.001; qPCR log2FC vs. RP log2FC; Figure 7V). However, for some of the microarray-identified genes [e.g., calsequestrin 2 (casq2)], the qPCR analyses did not find a statistically significant response to moderate gill damage (i.e., GS2 vs. GS0; t-test). This lack of significance was likely caused by the addition of more biological replicates for GS2 and GS0 groups in the qPCR analysis (i.e., 14 GS0 and 10 GS2 in the qPCR study vs. 5 GS0 and 5 GS2 in the microarray study). Furthermore, the RP method is less sensitive to high biological variability than other statistical methods to detect differentially expressed probes within a microarray dataset (e.g., SAM) (30, 36, 38, 56). Interestingly, some of the genes found to be non-significantly altered in the qPCR analysis showed significant correlation with gill damage scores [e.g., C-X-C chemokine receptor type 5 (cxcr5)] or contributed notably to gill group segregation in the PCA [e.g., troponin T, cardiac muscle isoform-like (tnnt2)].


4.1 Gill Remodeling and Wound Healing

More than 70% of the enriched GO terms were classified into the gill remodeling and wound healing theme (Supplementary Table 2), representing genes with functional annotations relevant to wound contraction, glycolysis, and extracellular matrix remodeling. In the next sections, the results related to these gill damage associated biological processes are discussed.


4.1.1 Wound Contraction and Remodeling

A high proportion of enriched GO terms identified as responsive to moderate gill damage were related to tissue remodeling and wound healing (Figure 5). The GO terms “actomyosin” and “muscle filament sliding” were two of the most significantly enriched GO terms. Actomyosin is the actin-myosin complex forming the filaments responsible for muscle contraction. The contraction of the supracellular actomyosin ring around the wound is crucial for its closure, which allows the tissue to regain its structure and function (57–59). The “actomyosin” GO term was represented by gill damage-induced transcripts such as actin, alpha skeletal muscle 2-like (acta2), actin, alpha cardiac-like (actc1), myosin heavy chain, fast skeletal muscle-like (myh), and tropomyosin beta chain (tpm2). Although these transcripts were not statistically significant in the qPCR confirmation experiment (Figures 7C–F), they agreed in the direction of change (i.e., upregulation in GS2 compared with GS0, Table 2) and showed similar expression profiles (i.e., highest in GS2, lowest in GS1 and GS3, and intermediate in GS0). Similarly, another myosin (i.e., myosin heavy chain 7) was previously found to be upregulated in Atlantic salmon gills with moderate histopathology (8). Other actomyosin-related transcripts (e.g., actin alpha skeletal muscle, tropomyosin alpha 3 chain-3) were upregulated in Atlantic salmon skin at 22 and 33 days post sea lice (Lepeophtheirus salmonis) infestation (dpi) (60). In the same study, myh was lice-induced at 22 dpi but downregulated at 33 dpi. Differences between the current study and what was observed in (60), might be attributed to salmon’s skin gene expression response to L. salmonis, as it is was previously described as changing drastically during the parasite’s development (61); therefore, discrepancies with the present study can be expected. Overall, these previous investigations and the current study agree that actomyosin-associated genes are induced in Atlantic salmon’s mucosal tissues (i.e., gill and skin) in response to damage.

In addition to actin, myosin, and tropomyosin, other genes encoding proteins associated with the “muscle filament sliding” GO term were microarray-identified as differentially expressed in the current study. The mRNA levels of desmin-like (des), nebulin (neb), and kelch-like protein 41b (klhl41b) were significantly higher in GS2 than all the other gill scores (Figure 7), and constituted some of the top contributing biomarkers in separating GS2 fish from the rest on PC1 (Figure 9D). DES is a key protein of the intermediate filaments (IF) [a component of the cytoskeleton (62)] in skeletal, cardiac, and smooth muscle cells (63). Genes encoding IF proteins have been reported in mammals to be upregulated during the remodeling phase of wound healing (reviewed in (62)). DES binds to the sarcomere through its high affinity to NEB (64). NEB stabilizes muscle thin filaments structure (65), which is necessary for normal contraction. As well, it has been proposed that Kelch proteins like KLHL41 have a role in cytoskeletal organization, cell motility, and modulating cellular architecture (66, 67). The knockdown of klhl41 in zebrafish resulted in skeletal muscle myopathy and reduced motor function (reviewed in (68)). Furthermore, the inhibition of KLHL41 in mice caused a fatal muscle sarcomere disarray and failure in NEB stabilization (69), which underlines its physiological importance. Here, des, neb, and klhl41b were positively correlated with one another and gill scores (Figure 10, which includes GS0, GS1, and GS2), suggesting that they might be co-regulated in response to moderate gill damage in Atlantic salmon.

The GO term “sarcoplasmic reticulum membrane” was a leading term within the wound healing and gill remodeling theme (Figure 5). In the current study, probes representing casq2 and klhl41b contributed to this GO term enrichment. Despite the lack of statistical significance (p-value= 0.13; Figure 7J), qPCR results for casq2 agreed with the microarray results in direction (GS2 fold-change > GS0 fold-change; Table 2). As mentioned above, klhl41b was significantly upregulated in GS2 compared with the other groups (Figure 7K). The sarcoplasmic reticulum (SR) is a membrane-bound structure within the muscle cell, with the primary function of storing calcium (70). CASQ2 acts as a buffer for calcium storage in the SR (70). Recently, fish sarcoplasmic proteins have attracted research interest as they are considered relevant proteins to wound healing (71). Further research is needed to understand the putative role of casq2 in Atlantic salmon healing processes and evaluate its potential as Atlantic salmon gill healing biomarker gene.

Myomesin 1 (myom1), contributed to the enrichment of many GO terms (i.e., 46 GO terms, e.g., “sarcomere” GO term; Supplementary Table 2). The qPCR results showed that the levels of myom1 were significantly higher in GS2 compared with GS1 and GS3 (one-way ANOVA; Figure 7U). A trend of upregulation was observed comparing GS2 with GS0 (t-test; p-value= 0.08). Also, the PCA showed that myom1 was one of the top contributing biomarkers to separate GS2 from all other gill scores individuals on PC1 (Figure 9D). MYOM is one of the required proteins incorporated in the assembly of the sarcomere, suggesting that the activation of this gene is involved in rebuilding and repairing the sarcomere after damage (72). Also, myom1 expression levels have previously been proposed to detect muscle damage in zebrafish (Danio rerio) (72). Altogether, several transcripts encoding muscle structure and function-related proteins were differentially expressed, supporting the hypothesis that wound contraction is part of the proposed mechanism of healing in moderately damaged gill.

Myh, tropomyosin beta chain (tpm2), and tnnt2 contributed to the enrichment of the GO term “regulation of ATPase activity” (Supplementary Table 2). The transcript levels of tnnt2 showed a trend of upregulation in GS2 compared with GS0 individuals (p=0.07). Also, tnnt2 was one of the top contributing biomarkers to separate GS2 individuals from all other gill scores on PC1 (Figure 9D). Atlantic halibut (Hippoglossus hippoglossus) tnnt2 transcription regulation was suggested to be involved in calcium-driven muscle contraction during metamorphosis in this flatfish (73). Several troponins (e.g., troponin T, cardiac muscle and troponin T, fast skeletal muscle) were found downregulated with sea lice infestation in the skin of Atlantic salmon (74). Also, in human skin subjected to 10% lactic acid stinging test, Tropomyosin 1 (alpha) was found downregulated (75). The differences between the current study and the results reported in the skin of lice-infected Atlantic salmon (74), and in human skin (75), might be due to the nature of the examined tissues as well as the specific causes of the damage. Interestingly, TNNT2 mRNA levels were suggested as a possible marker for wound age estimation in rats (76). However, whether the observed muscle-associated transcript expression is related to wound age would require further research (e.g., tank-based controlled trial) with gill tissues samples for analyses (e.g., histopathology; gene expression) at various time points.



4.1.2 Metabolism During Wound Healing

Wound closure (e.g., through actomyosin contraction) was concurrent with elevated glycolysis during zebrafish larval wound healing and tail regeneration (77). In the current study, glucose-metabolism related genes, phosphoglycerate mutase 2 (pgam2) and aldolase a, fructose-bisphosphate 1 (aldoa), were microarray-detected as responsive to moderate gill damage. Only pgam2 was qPCR confirmed; the transcript levels of pgam2 were significantly higher in GS2 when compared with GS1 (one-way ANOVA, Figure 7T), and a trend of upregulation was observed when comparing GS2 to GS0 (t-test, p-value= 0.067). Also, the PCA showed that pgam2 was the top contributing biomarker on separating GS2 individuals from all other gill scores on PC1 (Figure 9D). In pufferfish (Takifugu fasciatus) and in hybrid yellow catfish “Huangyou-1”, higher mRNA levels of pgam2 and other glycolysis-related biomarkers were observed responding to hypoxia in the liver and brain tissues (78, 79), posing a question to whether the gill pgam2 upregulation found in the present study points to impaired tissue oxygenation due to injury. Conversely, pgam2 was downregulated in the skin of Atlantic salmon infected with sea lice (80). Again, the disagreement between the current study and the skin response to sea lice observed in (80) might be attributed to the host response to sea lice infestation, type of tissue (i.e., skin vs. gill) and/or age of wound. A member of the same family, pgam5, was found to encode a protein related to oxeiptosis, an anti-inflammatory-regulated cell death response to reactive oxygen species (ROS) (81). It should be noted that ROS, phycotoxins, and fatty acids might play an important role in ichthyotoxicity of Chattonella marina, a marine raphidophyte associated with red tides (82). To summarize, the present findings may suggest changes in glucose metabolism in the gill tissues as a result of damage.



4.1.3 Extracellular Matrix Remodeling

In the current study, elastin (eln) was microarray-detected (Supplementary Table 1) and showed higher mRNA levels in GS2 compared with GS1 and GS3 according to the qPCR results (Figure 7I). Also, eln was associated with several enriched GO terms related to muscle development (e.g., muscle tissue development, striated muscle tissue development; Supplementary Table 2). Both collagen and elastin fibers (e.g., ELN) are important components in the extracellular matrix (ECM) and essential for skin integrity in mammals (83). ELN mitigates wound contraction and enables dermal regeneration (84). Eln was found upregulated in the damaged skin of Atlantic salmon infested with sea lice 33 dpi (60); alongside the current results, this collectively suggests that eln may respond to tissue damage irrespective of its cause.

A transcript related to cell movement and ECM binding, abi family, member 3 [nesh] binding protein (abi3bp), was microarray-identified and qPCR-validated as upregulated in GS2 compared with all other gill scores (Figure 7R). ABI3BP is an ArgBP/E3B1/Avi2/NESH family protein involved in inhibiting cell movement and metastasis (85, 86). It promotes cellular senescence and cell-ECM binding interactions (87). ABI3BP downregulation by miR-183 suppressed proliferation, activity, and migration of human esophageal cancer cells (88). Research is required to investigate ABI3BP's potential function during tissue healing processes in fish.

Although matrix metalloproteinases (mmps) were not identified by the microarray (GS2 vs. GS0), we included matrix metalloproteinase-19 (mmp19) and matrix metalloproteinase-13 b (mmp13b) during the preliminary qPCR (Figures 7A, B) because they were previously found differentially expressed with damage (8, 29). The levels of mmp19 showed a trend (t-test; p-value=0.07) of downregulation in GS2 vs. GS0, whereas mmp13b showed no significant response or trend. MMPs play a key role in skin wound healing; however, prolonged dysregulation (although we do not have evidence that this is the case in the current study) of mmps might lead to hindered wound healing and persistent inflammation (89). In Atlantic salmon, while sea lice infection caused mmp19 downregulation in the fin (29), moderate gill histopathology showed induced expression of mmp13 (8). The mammalian literature regards MMP19 as an ECM-degrading enzyme involved in wound-healing (90); however, MMP19 might be involved in immune-related function (91). In mice, MMP19 showed involvement in epithelial cell migration (92) and cutaneous T-cell development (91). Furthermore, in the current study mmp19 was positively correlated with four stress and immune relevant genes (i.e., hsp70, gpx2, hif1aa, and il1b) and negatively correlated with one potential remodeling related gene (i.e., klhl41b) (Figure 10). This might indicate its involvement in both gill damage repair and immune and stress responses.




4.2 Immune and Stress Response Theme

The second theme identified in the current study is the immune and stress response. In this theme, the leading GO terms were “tertiary granule lumen”, “detection of chemical stimulus”, “cell-cell recognition”, “phagocytic vesicle membrane”, and “immunoglobulin complex, circulating” (Figure 5). It should be noted that wound healing (as a general term) is a complex biological process that does not separate between remodeling (or tissue restoration and wound closure) and the inflammatory/immune response. For example, tertiary granules are typically found in activated human neutrophils and contain cathepsins and metalloproteinases, which mediate their migration and their pro-inflammatory and antimicrobial activity (93, 94).

More than 25% of the enriched GO terms were classified in the immune and stress response theme (Supplementary Table 2), representing genes with functional annotations relevant to innate and adaptive immune responses, as well as stress responses. In the next sections, the results related to these gill damage associated biological processes are discussed.


4.2.1 Stress-Relevant

In the current study, several probes representing members from the heat shock protein family (known as stress proteins and extrinsic chaperones, reviewed in (95)) were found to be upregulated (i.e., hspb1 and dnajb6 (alias hsp40)) in GS2 compared to GS0 (Supplementary Table 1). During the preliminary qPCR, we also targeted stress-relevant biomarkers glutathione peroxidase 2-like (gpx2) and hypoxia-inducible factor 1 alpha (hif1aa), and they were significantly downregulated in GS2 compared with GS0 (t-test; Figures 8A, B). Also, both gpx2 and hif1aa were significantly negatively correlated with gill scores (Figure 10, not including GS3). The transcript levels of another stress-relevant biomarker, heat shock protein 70 (hsp70), were significantly lower in GS2 than in GS1 (Figure 8C; preliminary qPCR) and were significantly positively correlated with those of gpx2 and hif1aa (Figure 10). Also, gpx2 and hsp70 were top contributors in significantly separating GS2 from GS0 on PC2 (Figure 9E). In mammals, vascular damage can create a hypoxic microenvironment at the injured tissue site, prompting the induction of HIF-1 (96). However, the observed hif1a downregulation in the current study seems not to support the tissue hypoxia hypothesis but rather may suggest HIF1A signaling pathway involvement in promoting tissue fibrosis (96, 97). Furthermore, the local stabilization of HIF-1 promoted mammalian intestinal epithelial healing and controlled intestinal inflammation (98). Therefore, this might be part of a molecular mechanism to prevent excessive scarring, promoting healing and preserving gill function (97, 99).

The glutathione peroxidase family has a well-known antioxidant function through the reduction of hydrogen peroxide, which is involved in different signaling mechanisms (e.g., apoptosis, cell differentiation, and proliferation) (100). GPX2 knockout mice showed increased apoptosis at colonic crypt bases (101). Apoptosis promotes cell removal in wounded or infected tissue (102). Therefore, gpx2 downregulation in the moderately damaged salmon gills may have been part of a molecular mechanism to promote apoptosis. Previously, Król et al. (8) reported glutathione peroxidase 6-like upregulation in Atlantic salmon gills with moderate histopathology. Altogether, the current study microarray results (i.e., upregulation of hspb1 and dnajb6), and the preliminary qPCR results (i.e., dysregulation of gpx2, hif1aa and hsp70), together with Król et al. (8), might suggest that there may be different responses of stress-relevant biomarker genes between aquaculture sites/environments, i.e., dependent on multiple factors such as different stressors causing or predisposing damage, wound chronicity, and salmon epigenetics and population. However, all the mentioned results did not explore the progression of the healing process (i.e., represent snapshots of an overall process).

The GO term “detection of chemical stimulus” was enriched in our list of moderate gill damage-responsive genes (Figure 5), among which we found UDP-glucuronosyltransferase 2C1 (ugt2c1). The transcript levels of ugt2c1 showed a trend of upregulation in GS2 compared with GS0 (p-value=0.076). In mammals, glucuronidation reactions catalyzed by UGT are important to detoxify lipophilic compounds in the liver (103). The recorded HAB data prior to the gill sampling showed the salmon in the present study were exposed to high cell concentrations of ichtyotoxic microalgae like Heterosigma akashiwo and Chrysochromulina sp (104, 105) (Figure 2D). Even during non-toxic HAB events, lysed algal cells can release metabolites (e.g., free fatty acids and free radicals), causing gill damage in open-ocean aquaculture fish (106). Also, needle-shaped diatoms can physically damage and clog fish gills (17), which might facilitate toxin entry. The significant upregulation in the microarray and the qPCR trend of ugt2c1 upregulation in GS2 vs. GS0 led us to consider that algal toxins could be one of the contributing factors to the observed gill damage.

Microarray and qPCR analyses found snaclec 1-like (snake C-type lectins-like, named based on the proposed nomenclature in (107)) to be significantly downregulated in GS2 compared with GS0 (Supplementary Table 1, Figure 8L). Also, it was found to be negatively correlated with gill score (Figure 10). Snaclec, together with other genes encoding toxins, were identified during the genome assembly of the Chinese yellow catfish (Pelteobagrus fulvidraco) (108). Genes encoding toxins (e.g., Snaclec) in animals undergo more accelerated evolution than non-toxin related genes (109). However, the functional characterization of those genes in teleosts has not been well studied (108). SNACLECs produced by snakes can affect hemostasis and thrombosis, and may alter the normal function of endothelial and smooth muscle cells, keratinocytes, and inflammatory processes by promoting the overproduction of pro-inflammatory cytokines (110, 111). Considering the bioactivity of such proteins in snakes, the molecular function of fish produced SNACLECs and involvement in gill damage warrants future research.

In the current study, DNA damage-inducible transcript 4 (ddit4) was significantly induced only in severely damaged gills (i.e., GS3 vs. the rest) (Figure 8Q). Mammalian Ddit4 has been identified as a responsive gene to UV-induced DNA damage (112, 113), as well as oxidative stress, hypoxia, and endoplasmic reticulum stress (114–116). Furthermore, it has been suggested that DDIT4 might induce autophagy and apoptosis through the mTOR signaling pathway in cardiomyocytes (117). In red seabream, Pagrus major, DNA damage and oxidative stress were reported due to Cochlodinium polykrikoides dinoflagellate during a HAB (118). Also, ddit4 was found upregulated in the muscle of red cusk-eel (Genypterus chilensis) in response to thermal stress (119). Taken together, the upregulation of ddit4 in GS3 gills aligns well with our environmental observation suggesting the salmon were exposed to a series of HAB episodes (Figure 2; Supplementary Table 3). Also, its involvement in apoptosis and/or autophagy suggests those pathways may be part of the gill response to severe damage, which further justifies our concern of including GS3 individuals in the microarray study.



4.2.2 Immune Response

The transcript levels of interleukin 1 beta (il1b) were significantly upregulated in GS3 when compared with GS2. Also, il1b showed a trend towards downregulation in GS2 compared with GS0 (t-test; p-value= 0.087). IL1B is a well-known cytokine secreted by activated phagocytes (e.g., macrophages) to trigger an inflammatory response in the surrounding tissue in response to injury or infection (120–122). Also, il1b was found upregulated, in the fins of Atlantic salmon infested with sea lice (29). The observed difference in direction of il1b transcript expression response between GS2 vs. GS0 and GS3 vs. GS0 might indicate the gill’s inflammatory response is regulated based on the degree of the damage.

According to our qPCR results, the mRNA levels of the microarray-identified cxcr5 did not differ significantly among gill score groups. Nevertheless, cxcr5 expression levels were positively correlated with gill damage (Figure 10), as it showed a trend of upregulation in GS2 compared with GS0 (p-value= 0.068). Moreover, cxcr5 was one of the top contributors that significantly separated GS2 from GS0 on PC2 (Figure 9E). Chemokines play a crucial role in various stages of the healing and immune processes (123, 124). Chemokine signaling pathways are proposed as a therapeutic target to decrease wound fibrosis, chronic wound development, and pathological scarring (125). Also, CXCR5 and its ligand CXCL13 act on the recruitment of B and T lymphocytes trafficking to and within secondary lymphoid tissue (126). Cxcr5 was previously characterized and found expressed in the gill tissue of grass carp (Ctenopharyngodon idella) (127). The observed correlation of gill damage (i.e., GS0- GS2) might suggest the involvement of CXCR5 in the protection against pathogens in slightly-to-moderately damaged gill.

The microarray experiment found 39 enriched GO terms related to immunoglobulin-mediated processes (Supplementary Table 2) and 126 probes representing immunoglobulins were upregulated in GS2 compared with GS0 (Supplementary Table 1). For qPCR confirmation, a transcript representing ig kappa chain V-III region mopc 63, igkv3 [best hit of GenBank accession number was 96.61% identical to “BT046734.1”] was targeted. The transcript levels of igkv3 were higher in GS2 compared with GS0 (Figure 8N; t-test). Also, igkv3 was one of the top contributors separating GS2 from GS0 on PC2 (Figure 9E). Immunoglobulins (IGs) are essential for adaptive mucosal immunity as reviewed in (128). Microbe detection in the fish gill mucosa induces B cells’ immunoglobulin production in GIALTs (129–131). Also, IG (i.e., IgT as the predominant IG induced in the gill mucosa) response in the gill tissue to parasitic (i.e., Ichthyophthirius multifiliis) and bacterial (i.e., Flavobacterium columnare) infection were previously reported in rainbow trout (Oncorhynchus mykiss) (132). Immunoglobulins are known to neutralize pathogens and promote their elimination in the mucosa (133). Damaged gills (e.g., due to HAB) can act as a port of entry for pathogens, which might induce IGs production to neutralize the pathogens before they establish infection. Additionally, the GIALT role in producing algal toxin-neutralizing antibodies has not been well studied (134).

Two microarray probes representing cd209 antigen-like protein c (cd209c) and matrix-remodeling-associated protein 5-like (mxra5) were upregulated in GS2 compared with GS0. CD209 is a Ca2+-independent C-type lectin-like receptor that recognizes a wide range of pathogens (e.g., viruses, bacteria, and parasites) and participates in activating T and B lymphocytes (135). CD209 has been reported as a marker for anti-inflammatory M2 macrophages, in large yellow croaker (136). MXRA5 has anti-inflammatory and anti-fibrotic properties in mammals (137). The observed consistent upregulation of anti-inflammatory biomarkers in moderately damaged gills may suggest the activation of mechanisms aiming to mitigate inflammation.




4.3 Liver qPCR

In order to study the systemic response associated with different gill damage scores, we targeted the liver. The liver was an appropriate organ for this study as it is considered as a key systemic regulator for relevant processes [e.g., APR (including blood coagulation, inflammation-associated), apoptosis, and immune response; Figure 11]. In salmonids, liver physiology has been found to respond to infections by skin ectoparasites (60), pathogenic bacteria (138) and viruses (139), as well as exposure to toxicants (e.g., hydrogen peroxide (140), chromium (141)), high temperatures, and hypoxia (142). Therefore, we aimed to investigate the liver response associated with gill damage by qPCR-analyzing the expression levels of a selection of biomarker genes putatively involved in wound healing, apoptosis, APR, immunity, and stress response. The selection of these genes of interest was guided by the gill microarray DEP and well-known biomarkers related to the aforementioned biological processes.


4.3.1 Acute Phase Response (Including Blood Coagulation and Inflammation-Associated) and Apoptosis

Several biomarkers with putative roles in the APR (143–145) were targeted in the liver, classified to “blood coagulation”, and “inflammation-associated” in Figure 11. Some of those biomarkers showed significant positive correlation to damage (i.e., score; Figure 13; including all gill scores GS0-GS3) and to each other [i.e., heparin cofactor 2 B (serpind1b) and prothrombin (f2; alias: coagulation factor II)]. Also, hemopexin-like (hpx) was significantly positively correlated with f2 and leukocyte cell derived chemotaxin 2 (lect2). This indicates the relevance of the hepatic APR to gill damage.

Genes encoding proteins involved in the coagulation cascade were found differentially expressed in the liver tissue of salmon of different gill scores. Two genes related to blood clotting, serpind1b and f2, presented higher mRNA levels in GS2 than GS0 (Figures 11F, G). Also, the PCA showed that serpind1b was one of the top contributors separating GS2 from GS0 in PC1 (Figure 12D). While coagulation was initially considered to be a transient and acute response (as part of the APR (144, 146)) during tissue injury (143), the coagulation cascade is also involved in subsequent wound healing stages (e.g., inflammatory and fibro-proliferative responses) (147). Members of the serpin family are known for their ability to inhibit serine proteases involved in regulating different biological processes such as hemostasis and inflammatory responses (148). Also, plasma SERPIND1 is considered to be part of the APR signaling pathway (144). Prothrombin can be cleaved to form the activated serine protease thrombin (149), which catalyzes fibrinogen conversion into fibrin once it reaches blood circulation, activates platelets, and increases endothelial permeability to stop blood loss at the site of injury (150). The consistent upregulation of these two coagulation-relevant biomarkers and their significant correlation with gill score suggest hepatic assistance in salmon gill repair. These results suggest potential applications of coagulant-enhancing therapeutics and feed additives (e.g., vitamin K) in the development of clinical diets designed to mitigate moderate gill damage.

The hepatic transcript levels of bnip3l (gene encoding the protein known as BCL2/adenovirus E1B 19 kDa protein-interacting protein 3) were upregulated in GS2 compared with GS0 (Figure 11C). BNIP3L is a member of the Bcl-2 family and one of the pro-apoptotic proteins that induce apoptosis, necrosis, or autophagy (151, 152). BCL2 family proteins are known to regulate both mitochondrial physiology and cell death in mammals (151). Apoptosis plays a major role in inducing a cascade of biochemical events that changes the cell morphology and leads to cell death (153). Fibroblast apoptosis was previously reported during wound healing (154). In mammals, autophagy is induced by BNIP3 through the Jun N-terminal kinases (JNK), mitogen-activated protein kinases (MAPK), and hypoxia-induced ROS-mediated p38 stimulation, which promotes the migration of epidermal keratinocytes during wound healing (155). Also, the APR was reported to induce apoptosis (156). This is supported with significant positive correlation of bnip3l with several APR biomarkers (e.g., serpind1b, hpx, f2, and lect2). The relevance of hepatic bnip3l upregulation to both apoptosis and/or autophagy pathway(s) with APR during gill damage in in teleosts requires further study. Nevertheless, mammalian and piscine bnip3l are known to be responsive to environmental stressors (e.g., hypoxia (157, 158)). Rainbow trout embryos showed increased mRNA levels of various bnip3l paralogues after being exposed to hypoxic stress for 24 h, an effect that seemed to persist throughout development [at least until fry stage (159)]. Interestingly, liver bnip3l was significantly positively correlated with several stress-relevant biomarkers (e.g., hif1aa, and hsp70), which might further draw attention to the possible systemic impacts associated with hypoxia as a resultant of gill damage. However, hif1aa (a well-known hypoxia biomarker) transcription did not respond to gill damage; further research is necessary to test these hypotheses.



4.3.2 Hepatic Stress Response

The hepatic transcript levels of cytochrome P450 3A27 B (cyp3a27) were higher in GS2 than GS0 (Figure 11R). Also, the liver PCA showed that cyp3a27 was one of the top contributors in separating GS2 individuals from GS0 on PC1 (Figure 12D). Cytochrome P450 (CYP) is a heme-containing enzyme superfamily that has a major role in metabolizing foreign compounds (e.g., pollutants and drugs) (160). Several cytochrome p450s (including cyp3a27) were found expressed in the liver tissue of rainbow trout (O. mykiss) (161). In rainbow trout, CYP3A27 was capable to metabolize steroid hormone (160). Furthermore, cyp3a27, together with other pregnane X receptor relevant genes, were upregulated in the liver of rainbow trout exposed to the insecticide chlorpyrifos (162). Moreover, CYP3A27 was increased in the liver of coho salmon (Oncorhynchus kisutch) with salinity acclimation (163). Changes in the expression of genes encoding enzymes related to metabolite clearance (e.g., cyp3a27) might modulate the liver’s ability to clear toxicants (164). In support of a hepatic toxin clearance activation hypothesis associated with gill damage (as a port of entry), monitoring the phytoplankton composition and abundance at the farm site prior to sampling revealed the blooms of Heterosigma akashiwo and Chrysochromulina sp., which are known for producing toxins (165). Several stress-relevant transcripts qPCR-analyzed in the present study (e.g., cyp3a27, hif1aa, and hsp70) were significantly positively correlated with one another, thus suggesting co-regulation and/or possible response to environmental changes. The question remains open for several hypotheses (e.g., whether these genes responded to toxins from phytoplanktonic algae; gill function impairment concurrent with possible tissue hypoxia).



4.3.3 Hepatic Immune Response and Inflammation

The levels of ddit4 and cathelicidin A (campa) were significantly lower in GS3 than GS0 (Figures 11N, O; t-test). As previously mentioned in section Immune and Stress Response Theme, DDIT4 may be involved in apoptosis induction (117) through its regulatory activity of mitochondrial function (166). Furthermore, DDIT4 acts as a negative regulator of mammalian rapamycin mTOR (114), which mediates in the mounting of the innate defense response (167). Cathelicidins are short cationic peptides that are known for their immunomodulatory functions (168). In teleost fish, cathelicidins may regulate transcripts with pro-inflammatory relevant function (e.g., some interleukins), however, this is species and cell type specific (169). Furthermore, they showed antibacterial and IL8 stimulating activity in salmonid species (170). Also, cathelicidins were reported as leukocyte chemoattractants in mice (171), and they might contribute to the inflammatory process through the activation of mast cells to release histamine (172). Cathelicidin-NV, a member of the cathelicidin family, showed a wound-healing promoting activity by directly enhancing keratinocyte proliferation to accelerate epithelization and fibroblast to myofibroblasts differentiation for wound contraction in mice (173). The observed downregulation of hepatic ddit4 and campa in GS3 fish of the current study might suggest a possible immunomodulatory role of the liver tissue during the response to severe gill damage (i.e., GS3) (e.g., modulating inflammation at the damaged gill tissues). This is further supporting the previously proposed hypothesis with pparg upregulation. Taken together, the systemic (i.e., liver) response concomitant with gill damage warrants a high-throughput transcriptomic study to elucidate concurrent dysregulated pathways.

The transcription factor peroxisome proliferator-activated receptor-gamma (pparg) was found significantly upregulated in the liver of the moderately damaged (i.e., GS2) compared with GS0 (Figure 11P). Also, it was one of the main contributors in separating GS2 from GS0 on PC1 (Figure 11D), and it was positively correlated with gill damage scores (Figure 13). PPARG is a nuclear receptor that belongs to the nuclear hormone receptor family and is responsible for regulating the expression of genes involved in the homeostasis of glucose, lipid metabolism, and regulation of cell growth, inflammation, and connective tissue biology (159). Also, PPARG plays a key role in immune defense and anti-inflammatory mechanisms (174), as it is involved in the inhibition of NF-κB, AP1, and STAT transcription factors (175). In orange-spotted grouper (Epinephelus coioides), pparg was found upregulated with Vibrio alginolyticus challenge and the administration of PPARG antagonist (GW9662) upregulated the expression of pro-inflammatory cytokines (e.g., il1b, il6) (174). In Atlantic salmon a novel allele of pparg was associated with salmon resistance to Aeromonas salmonicida (176). The pparg upregulation in the current study might be part of a hepatic response to regulate systemic inflammation or maintain whole-body homeostasis in salmon with moderate gill damage. Due to known pparg functions, significant correlation with damage and several APR relevant genes (e.g., serpind1b, f2, hpx; Figure 13), and its hepatic induction in salmon with moderately damaged gills, this gene could be an important biomarker in future research aimed at developing gill healing-promoting therapeutics.

The liver qPCR results showed that the transcript levels of chromatin target of PRMT1 protein-like (chtop) were higher in GS2 than GS0 (Figure 11A). Also, the PCA showed that chtop was one of the top contributing biomarkers separating GS2 individuals from GS0 on PC1 (Figure 12D), and it was significantly correlated with gill damage score (i.e., including all gill scores; Figure 13). Interestingly, chtop was microarray identified as downregulated in the gill tissue, but it did not show significant difference in the gill qPCR confirmation (Figure 7). CHTOP is an intracellular protein that regulates the transcriptional activation of several oncogenic genes in mammals (177). CHTOP knockdown reduced the migration and the invasion of malignant ovarian cancer cell lines (177). The observed upregulation in GS2 in the current study might suggest the involvement of chtop’s encoded protein in the systemic response of the liver during gill damage, possibly influencing cellular migration as recorded in (177). Although cell recruitment at the wound site is an essential step during wound healing, there is a paucity of information on the liver’s involvement in cell recruitment at the wound site (e.g., gill) in teleosts.





5 Conclusion

The present study highlighted dysregulated pathways and biomarkers in moderately damaged gill tissues of Atlantic salmon farmed in open-ocean nets and exposed to environmental stress (possibly HABs, based on environmental data collected). Gill damage would likely impact its function, and consequently salmons’ welfare and growth performance. This study identified pathways that could be classified into two themes: 1) gill remodeling and wound healing, and 2) immune and stress response. The list of wound healing-related genes differentially expressed in the damaged gills was dominated with muscle structure and/or contraction relevant biomarkers, supporting the wound contraction hypothesis, and showed some overlap with previous findings in Atlantic salmon skin healing. Future comparative studies of wound healing across mucosal tissues could be valuable for fish aquaculture research and production. Immunoglobulin-mediated processes dominated the list of immune pathways responding to the gill damage. A limitation of the current study is that it did not screen for pathogens (e.g., infection or carrier state) at the time of tissue sampling for transcript expression analyses. We suggest that future transcript expression studies related to salmon gill health include pathogen screening, as the correlation of pathogen presence with gill damage and associated biomarker gene expression may be valuable in developing therapeutic strategies. Moderate gill damage also provoked the repression of well-known hypoxia (hif1aa) and oxidative stress (gpx2) biomarker genes, which may refer to the putative participation of their encoded proteins in healing processes (based on the mammalian literature). Finally, some gill damage-induced genes (e.g., ugt2c1) supported the hypothesis the observed gill damage may have been associated with previous toxic algal blooms.

The liver response of the explored biomarkers (e.g., APR relevant biomarkers, pparg) showed a more robust correlation with all gill scores (i.e., GS0, GS1, GS2, and GS3), compared with the gill transcriptional response correlation to the severity of gill damage (i.e., only included GS0, GS1, and GS2). As demonstrated by the present study and Król et al. (8), transcriptomics of diseased gills from fish in open-ocean aquaculture remains a challenging area of research due to multiple reasons (e.g., many potential stressors and pathogens causing gill damage; progression of wound development, resolution and severity). Notwithstanding, the study of the gill transcriptome changes throughout the healing process in fish warrants further investigation. The environmental stressors and predominant pathogens vary over time (e.g., seasonality) and space (i.e., from a fish aquaculture site to another) (178). Multi-site studies and meta-analyses will be necessary to identify common and site/experiment-specific gill gene expression responses to various combinations of stressors/infections. The present study represents one of the first steps towards a better understanding of gill damage (arising from complex environment) and provides resources (e.g., biomarker genes and associated qPCR assays) that will be valuable in the development of gill health-promoting strategies for the Atlantic salmon aquaculture industry.
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To help prevent foodborne enteritis in aquaculture, several feed additives, such as herbal medicine, have been added to fish diets. Predictions of effective herb medicines for treating fish foodborne enteritis from key regulated DEGs (differentially expressed genes) in transcriptomic data can aid in the development of feed additives using the Traditional Chinese Medicine Integrated Database. Seabuckthorn has been assessed as a promising candidate for treating grass carp soybean-induced enteritis (SBMIE). In the present study, the SBMIE zebrafish model was used to assess seabuckthorn’s therapeutic or preventative effects. The results showed that intestinal and hepatic inflammation was reduced when seabuckthorn was added, either pathologically (improved intestinal villi morphology, less oil-drops) or growth-related (body fat deposition). Moreover, seabuckthorn may block the intestinal p53 signaling pathway, while activating the PPAR signaling pathway and fatty acid metabolism in the liver. 16S rRNA gene sequencing results also indicated a significant increase in OTU numbers and skewed overlapping with the fish meal group following the addition of seabuckthorn. Additionally, there were signs of altered gut microbiota taxa composition, particularly for reduced TM7, Sphingomonas, and Shigella, following the addition of seabuckthorn. Hindgut imaging of fluorescent immune cells in SBMIE larvae revealed the immune regulatory mechanisms at the cellular level. Seabuckthorn may significantly inhibit the inflammatory gathering of neutrophils, macrophages, and mature T cells, as well as cellular protrusions’ formation. On the other hand, in larvae, seabuckthorn inhibited the inflammatory aggregation of lck+ T cells but not immature lymphocytes, indicating that it affected intestinal adaptive immunity. Although seabuckthorn did not affect the distribution of intestinal CD4+ cells, the number of hepatic CD4+ cells were reduced in fish from the seabuckthorn supplementation group. Thus, the current data indicate that seabuckthorn may alleviate foodborne gut-liver symptoms by enhancing intestinal mucosal immunity and microbiota while simultaneously inhibiting hepatic adipose disposition, making it a potential additive for preventing fish foodborne gut-liver symptoms.
Keywords: herb therapy, anti-inflammation, intestinal microbiota, fatty acid metabolism, immune crosstalk
INTRODUCTION
Due to the high cost and limited supply of fishmeal, the increased inclusion of plant proteins in aquafeeds has become a common practice (Li et al., 2019). Given the importance of plant proteins as fish meal substitutes in aquaculture, consequential side effects such as foodborne enteritis and hepatic symptoms should be avoided or treated. Though carnivorous fish species are much more sensitive to plant-sourced proteins like soybean meal (SBM) (Booman et al., 2018), herbivorous and omnivorous species like grass carp (Ctenopharyngodon idella) and zebrafish (Danio rerio) can also develop enteritis and liver pathologies (Wu et al., 2018; Wu et al., 2020). Recently, additives or probiotics have been used to prevent decreased digestion, enteritis, and poor growth performance caused by over-substitution with plant proteins.
With advancing transgenic techniques, fluorescent proteins can be used with zebrafish lines to label various immune cell populations, including T cells (Kasheta et al., 2017; Coronado et al., 2019; Li et al., 2020a), macrophages (Ellett et al., 2011) and neutrophils (Brugman et al., 2009; Oehlers et al., 2011; Okuda et al., 2015; Enya et al., 2018). At approximately 1 week of age (6 to 9 dpf), the early phases of intestinal innate immune cells, including neutrophils and macrophages, can be detected (Bravo-Tello et al., 2017; Ikeda-Ohtsubo et al., 2020). At an adaptive level, intestinal lymphocytes, including mainly T and B lymphocytes can also be observed at a very early age (5 dpf), and later the response related to T cell subpopulations could be observed in 3- to 4- week-old larva (before intestinal pigments cover) (Coronado et al., 2019). Thus, zebrafish may be an excellent model organism for screening and demonstrating the processes of innovative and effective additions.
Additionally, computational approaches to medicine selection have shed light on veterinary research and its applications. Herb medicines have been used to treat animal diseases and can occasionally be used in place of antibiotics to improve animal health. The bioinformatics database TCMID (Traditional Chinese Medicines Integrated Database) contains comprehensive information on the interactions of compounds, proteins and herbs (Qu et al., 2019a; Zhang et al., 2020a). The database can provide formula, herbal medicine, herbal ingredients, and herbal ingredients-target information. In aquaculture, herbs have also been used to enhance fish immunity and growth performance (Zhang et al., 2009; Abarike et al., 2019).
Dietary supplements containing Astragalus membranaceus, Angelica sinensis, and Crataegus hupehensis can increase the expression of immune genes such as beta-defensin, lysozyme, and heat shock protein 70 in both the intestine and the head-kidney, enhancing growth performance and disease resistance in tilapia (Oreochromis niloticus) (Abarike et al., 2019). Propolis and Herba Epimedii extracts may promote respiratory burst activity, phagocytosis of phagocytic cells in the blood, and lysozyme activity in plasma in Chinese suckerfish (Myxocyprinus asiaticus) (Zhang et al., 2009). As a result of its widespread usage in systematic pharmacology and the recent findings on effective herbs (Zhang et al., 2020b; Wang et al., 2021; Ye et al., 2021; Yu et al., 2021) for treating enteritis (Yu et al., 2021), TCMID may also serve as a platform for predicting successful medications or feed additives in aquaculture.
The protective effect of dietary ingredients affects both the gut and liver of fish via the biofluid network (Roques et al., 2020). This includes bile acid, intestinal mucus, and microbiota, as well as metabolites and immune cells found in the blood. Hepatic disease can result in dysfunction of the intestinal barrier and host-microbiome imbalances (Tranah et al., 2021). Thus, the fish gut-liver immune axis has been proposed (Wu et al., 2016) and has been demonstrated to be involved in the development of foodborne gut-liver symptoms (Wu et al., 2018) in a variety of commercial species. While zebrafish are a commonly used animal model in aquaculture research, it was discovered that hepatic health also affects the intestine mucosa. For instance, the hepatotoxicity of palmitic acid alters the intestinal microbiota (Ding et al., 2018).
Gut microbiota are essential for the gut-liver axis’ immune homeostasis (Yang et al., 2020). Diet may have a significant impact on the complex interplay between the gut microbiota, the intestinal barrier, the immune system, and the liver (Martín-Mateos and Albillos, 2021). In fish, the gut microbiota is involved in intestinal barrier function, such as intestinal immune reactions and intestinal integrity (Li et al., 2019). The fact that not only effective additives but also fermented soybean meal (FSBM) are utilized to complement the diet may help alleviate foodborne enteritis in the fish (Catalán et al., 2018; Li et al., 2019; Liu et al., 2019; Li et al., 2020b), indicating the bacteria’s functional role in intestinal homeostasis. FSBM was discovered to improve the health and growth physiology of salmon by increasing the growth of intestinal lactic acid bacteria, resulting in a prebiotic-like effect (Catalán et al., 2018). SBM fermented with Enterococcus faecium (Li et al., 2020b) or the addition of the commensal bacterial Shewanella sp. MR7 (Li et al., 2019) is effective against the typical SBMIE (soybean meal induced enteritis) in turbot. Supplementation of Bacillus’ metabolite sodium butyrate in a high-soybean meal fish diet (40% fish meal protein replaced by soy protein) may alter the composition of the intestinal microbiota whilst regulating intestinal gene expression, such as by downregulating TNF-alpha and NF-kappaB and upregulating genes involved in the intestinal epithelium’s tight junction (Liu et al., 2019).
Seabuckthorn (Hippophae rhamnoides), a traditional Mongolian and Tibetan medicine, has been shown to protect against liver disease by regulating the liver metabolome and abundance of gut microbiota (Ran et al., 2021). Its protective effect on the liver has been well established, not only in diet-induced but also in toxicant-induced hepatic symptoms (Kwon et al., 2017; Wang et al., 2018; Zhao et al., 2020). However, research on its intestinal effect is still in its infancy. As a result of the gut-liver axis, the gut microbiota may be influenced, when seabuckthorn supplementation in the diet increases the ratio of Firmicutes/Bacteroidetes (Guo et al., 2020). For treating intestinal damage or inflammation, seabuckthorn oil downregulated intestinal mRNA levels of inflammatory factors, including TNF-α, IL-1β, IL-6 and IL-8 in mice (Shi et al., 2017). Additionally, seabuckthorn berry juice may increase the antioxidant capacity of rats in a simulated gastrointestinal tract (Zhao et al., 2020). As a result, seabuckthorn was hypothesized to affect fish gut-liver symptoms. TCMID was used to screen drugs for SBMIE in this study, and it was predicted that seabuckthorn, as well as the target genes, may aid in the treatment of fish SBMIE.
MATERIALS AND METHODS
Prediction of Effective Herb Against Fish SBMIE
The current study used the TCMID (http://www.megabionet.org/tcmid/) to predict the target drug to investigate in the treatment of fish enteritis. The STRING database was used to obtain information on protein-protein interactions. To identify key fish SBMIE genes, we used the Page Rank algorithm to access previously published grass carp SBMIE transcriptomic DEG data (Wu et al., 2018), which included gene ID, fold change, and expression level (Morrison et al., 2005). The importance of a gene in this algorithm was determined by the network’s structure and its initial importance. The structure of the network can be determined by the gene dependence network, and the initial significance of the gene can be determined by its differential expression.
Fold-change was used to calculate its differential expression: fd = log2 a − log2 b. Where “a” was the expressional value of a gene in the diseased intestine and “b” was the expressional value of the gene in the control. Therefore, when fd > 0, it showed that the gene was upregulated by fd times in disease tissues, and if fd < 0, it showed that the gene was downregulated by fd times. On this basis, the following formula was used to calculate the importance of each gene: [image: image] (Morrison et al., 2005). Where “[image: image]” was the calculated importance value of gene “j.” “[image: image]” was the initial value of gene “j.” “[image: image]” was the dependence in the gene dependence network, if gene “i” depended on gene “j,” then [image: image] = 1, otherwise it was 0.“[image: image]” was the value of the “i” gene after the “n−1” iteration. “[image: image]” was the degree of the vertex “i.” The parameter “d” (0 < = d < 1) was a constant, and “d” represented the proportion of gene dependence in the calculation process.
The formula indicated that the relevance of vertex “j” was dependent on two values: the initial importance of the gene (the differential expression value of gene I and the importance of all vertices pointing to vertex “j” (the second term on the right of the formula). If “d” was greater, it indicated that the genes’ importance was more dependent on gene dependence. When “d” was less than one, it indicated that the genes were more reliant on their initial importance. In this case, “d” prioritized 0.5. The DEGs (differentially expressed genes) of SBMIE can be sorted according to their relevance from highest to lowest using the above calculation.
The top 300 Generank-ranked genes in grass carp SBMIE DEGs (Wu et al., 2018) were used as the drug’s target genes, and the herbal components that can target these genes were determined using the TCMID database’s information on the relationships between effective compounds and genes (Huang et al., 2018). Herbal medicines containing the herbal ingredients discovered using the aforementioned methods were mined using the TCMID database’s information on herbal ingredients. The top herbal medicine was chosen for follow-up experimental verification based on the number of ingredients.
Zebrafish, Diets and Feeding Trial
In the current study, wild-type zebrafish (AB strain), as well as several ZFIN (the Zebrafish Information Network, http://zfin.org/) included transgenic zebrafish lines, including Tg(lyz:DsRED2) (with neutrophils labeled, https://zfin.org/ZDB-TGCONSTRCT-071109-3), (Campbell et al., 2021), Tg(mpeg1:EGFP) (with macrophages labeled, http://zfin.org/ZDB-TGCONSTRCT-120117-1), (Li et al., 2020a), Tg(rag2:DsRed) (with lymphocytes labeled, http://zfin.org/ZDB-TGCONSTRCT-131022-4), (Cheng et al., 2020) and Tg(lck:lck-eGFP) (with T cells labeled, https://zfin.org/ZDB-TGCONSTRCT-070117-48), (Jerison and Quake, 2020), were purchased from CZRC (China Zebrafish Resource Center, http://en.zfish.cn/) and were maintained according to standard protocols (Renshaw et al., 2006). The transgenic zebrafish used in this study included innate immune cell labeled Tg(lyz:DsRED2); Tg(mpeg1:EGFP), as well as adaptive immune cell labeled Tg(rag2:DsRed) or Tg(lck:lck-eGFP). Specifically, since the zebrafish rag2+ cells could respond to inflammatory signals (Li et al., 2014) and the rag2E450fs mutant even lacked mature T cells (Moore et al., 2016), Tg(rag2:DsRed) was used to analyze the lymphocytes’ response with SBMIE modeling. The Institute of Hydrobiology of the Chinese Academy of Sciences approved the use of animals in this study. All experiments followed the committee’s guidelines.
Shaanxi Tengmai Biotechnology Co., Ltd. in China supplied the seabuckthorn fruit powder, which was made using a low-temperature continuous vacuum belt dryer. The frozen fruit was squeezed to extract juice after thawing and was then left to settle. Then the juice, excluding the oil, was concentrated and dried using the low-temperature continuous vacuum belt dryer. After this process, the seabuckthorn fruit powder was obtained. The negative (FM diet) and positive (SBM diet) zebrafish diets were created using a previously published zebrafish SBMIE modeling formula (Bravo-Tello et al., 2017). To test the modifying effect of seabuckthorn as an effective additive, 5,000 ppm of seabuckthorn was added to the positive control (SBM diet) in the diet formulation. A previously published method was used to conduct a feeding trial in adult fish to model soybean-induced enteritis (SBMIE) with modifications (Wu et al., 2020). In brief, 270 3-month old wide type zebrafish (with the initial weight 0.175 ± 0.05 g) were fed the FM diet for 2 weeks. Then, 6-week feeding trials of experimental diets, including FM (negative control), SBM (positive control), as well as the drug (seabuckthorn) groups (SBM +35ppm seabuckthorn fruit powder) (Table 1), were carried through feeding twice a day. The feeding trials for the SBMIE larvae model followed our recently published protocol (Xie et al., 2021). In brief, a 4-day feeding trial of experimental diets from 5 to 8 dpf using larvae of Tg(lyz:DsRED2); Tg(mpeg1:EGFP) was completed for examining the response of innate immune cells. A 10-day feeding trial of experimental diets from 17 to 27 dpf using Tg(rag2:DsRed) or Tg(lck:lck-eGFP) larvae was completed for adaptive immune cells.
TABLE 1 | Formulation of experimental diets.
[image: Table 1]Sampling
Adult zebrafish hindgut, a third of the whole intestine, from bend 2 to the anus (Lickwar et al., 2017), were used for sampling. Tissue samples were collected for quantitative PCR, HE staining, oil-red staining, immunohistochemistry, and transcriptome analysis (Wu et al., 2018). We used the hindgut tissue from both female and male fish for the omics investigation to prevent sex-biased differences. The complete hindgut contents were collected in sterile tubes and preserved at −80°C for 16S rRNA gene sequencing (Deng et al., 2020). For the sampling of larvae, only the caudal part of 27 dpf larvae has been sampled for HE (Hematoxylin–eosin) staining, during the imaging of the adaptive immune cells.
Evaluation of Growth Performance
To evaluate growth performance, the 3 months old zebrafish of wide type used for SBMIE modeling were randomly distributed and fed in 9 tanks. For every group, there were three repetitions and 30 fish in each tank. In the tank, the water temperature was 28 ± 0.5°C, and the pH was 7.2–7.6. Meanwhile, DO (dissolved oxygen) was kept above 5.0 mg/L. To obtain more accurate growth parameters, zebrafish were fed the experimental diet at a rate of 3% of their body weight per meal, with two meals per day and a half-hour satiety interval. Each meal was fed 6 times, with the dosage gradually decreasing to ensure that the feed for each meal was consumed by the experimental fish. During this process, we discovered that zebrafish could consume the feed without any waste.
As most of the ordinary parameters of growth performance were found to not be significantly changed (data not shown), a 3D micro-CT (Bruker SkyScan 1276 Micro-CT Scanner) was used to measure the volume of total adipocyte tissue in the zebrafish just after the feeding trial using the previously described method (Hasumura et al., 2012; Zang et al., 2018). To prevent motion interference, the zebrafish were anesthetized with tricaine methanesulfonate (MS222, Sigma-Aldrich, USA), before being put into the scanner (Xiong et al., 2017). Insta-Recon software was used to reconstruct and visualize the fish images, and CT analyzer software was used to analyze areas of fish adipose tissues and their entire trunk (Ondruš et al., 2021).
Histological and Immunohistochemistry Analyses
For all the histological and immunostaining analyses, the tested hindgut tissues were from three fish and there were at least 3 slice repetitions for the tissue from each fish. HE staining was used to show the structure of the mucosal fold in the hindgut (in both adult zebrafish and 27 dpf larvae) as well as the reticuloendothelial structure in the liver to demonstrate basic pathology (in adult zebrafish). According to previously published methods, oil-red staining was used to visualize the oil droplets in the liver (Wu et al., 2018). For both HE and oil-red staining analysis, the last third of the intestinal tissues from three fish in each group were used to make sections (10 μm), and at least ten sections per fish were observed in a bright field under a microscope. To observe the adult zebrafish intestine and liver tissue, a microscope (Olympus, BX53) with a magnification of 20-fold was used. Meanwhile, for the larva tissue, the Aperio VERSA Slide Scanner (Aperio VERSA 8, Leica) with a magnification of 40-fold was applied. The zebrafish anti-CD4-1 antibody (GeneTex, USA, GTX16589) was used in immunohistochemistry analysis to label mainly T helper cells in the gut and liver to further illustrate the inflammation at the lymphocyte level, as previously described (Wu et al., 2018). DAPI was also used to stain the nuclei in parallel.
RNA Extraction and qPCR Validation
The RNA extraction and qPCR analysis were carried out following the procedures outlined in our previously published paper (Wu et al., 2018; Wu et al., 2020). All RNA extractions were performed immediately following the sampling of either the hindgut or liver tissues or at the same time as the sampling for the transcriptomic study. Supplementary Table S1 lists the primers used to quantify intestinal or hepatic DEGs. The tested hindgut or liver tissues for qPCR analysis were from 6 fish which contained 3 repetitions. In each repetition, hindgut or liver tissues from a female fish and a male fish were mixed.
Library Preparation and Sequencing for Transcriptomic Data
Transcriptomic analysis was used to determine the gene expression profile of distal intestine and hepatic RNA (n = 3) in adult fish from all groups, including the negative control (FM group), the positive control (SBM group), and the tested drug inclusion group (SB group). The process for preparing the gene library and sequencing the transcriptome was consistent with previously described methods (Johnson and Hofmann, 2016). To summarize, sequencing libraries were prepared using the NEBNext RUltraTM RNA Library Prep Kit for Illumina R (NEB, USA) according to the manufacturer’s guidelines, and the quality of the libraries was determined using the Agilent Bioanalyzer 2100 system. On an Illumina platform (NovaSeq 6000), the library preparations were sequenced and 150 bp paired-end reads were produced.
Transcriptome Assembly, DEG Analysis and Functional Annotation
Hisat2 (version 2.0.4) (Kim et al., 2019) was used to map the clean reads to the zebrafish genome (GRCz11, https://www.ncbi.nlm.nih.gov/genome/?term=txid7955[orgn]). The number of reads that were mapped were counted verse by verse (version 0.1.5). The reads count was imputed into DESeq2 (version 1.24.0) to analyze DEGs. To select DEGs for analysis, DESeq2 (Love et al., 2014) was used with | log2FoldChange | > 1 and padj 0.05. For annotation, clusterProfiler (version 3.12.0) (Yu et al., 2012) was used to perform enrichment analysis of both GO (Gene Ontology) terms and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways, with p < 0.05 considered significant enrichment. When the parameters used were not listed, default parameters were used.
16S rRNA Sequencing of Intestinal Microbiota
The composition of bacterioplankton was analyzed using NovaSeq sequencing of 16S rRNA gene amplicons (n = 6) as previously published protocol (Xie et al., 2021). In brief, the V3V4 regions of the 16S rRNA gene were amplified. After construction of the libraries, the paired-end 250-nucleotide reads were obtained using the Illumina NovaSeq platform. Using the DADA2 plugin, raw sequences were trimmed, quality filtered, denoised, merged, chimera, and dereplicated (Callahan et al., 2016). Reads with 100 percent nucleotide sequence identity across all samples were assigned to operational taxonomic units (OTUs), and taxonomy was assigned to Non-singleton amplicon sequence variants (ASVs) using the classify-sklearn nave Bayes taxonomy classifier in the feature-classifier plugin (Bokulich et al., 2018) against the Greengenes reference database (DeSantis et al., 2006).
In Vivo Imaging of Immune Cells in Zebrafish Larvae
Following previously published methods for zebrafish larvae imaging (Bravo-Tello et al., 2017; Coronado et al., 2019; Ikeda-Ohtsubo et al., 2020), in vivo imaging of intestinal immune cells in zebrafish was conducted according to our recently published protocol (Li et al., 2021; Xie et al., 2021). As the innate cell’s response could be examined at a very early stage, the feeding trial was done from 5 dpf to 9 dpf, using the neutrophil and macrophage labeled Tg lines. At an adaptive aspect, soybean meal was fed after the grass carp’s body length was at least 10 cm making it a juvenile in aquaculture. The feeding protocol for live imaging of the lymphocytes was to mimic the commercial fish’s feeding strategy. Zebrafish intestinal adaptive immune function has been well developed after 18 dpf (the starting time point for feeding trial to test lymphocytes’ response) and up to 27 dpf when it is nearly an adult fish (the ending time point). Thus, the SBMIE modeling used to analyze the lymphocytes in the lymphocyte labeled larva was carried out in well-developed hindguts, allowing us to test the possibility of seabuckthorn mitigating the side effect of soybean meal diet on adaptive immunity.
Methodologically, before the feeding trial in larvae, to prepare the experimental feeds, the diets for the FM, SBM, and SB groups were crushed and passed through an 80-mesh sieve. 200 larvae were used for each group to analyze either innate or adaptive immune cells. The water temperature was kept at 28 ± 0.5°C. For each group, from 0 to 3 dpf, the larvae were kept in Danieau’s solution (http://cshprotocols.cshlp.org/content/2013/5/pdb.rec074260.full) with the anti-fungal agent methylene blue (MB, 0.0001%–0.0005%), later the larvae were kept in Danieau’s solution. During the feeding trial to analyze either innate or adaptive immune cells, larvae were fed three times per day. On the day for imaging, larvae were anesthetized with MS222 before being embedded in 1% LMP Agarose (Invitrogen, dissolved in Danieau’s solution). A Leica SP8 microscope was used to examine the experimental larvae. At least 10 larvae were observed under a microscope for each group. To generate a picture for the entire posterior part of the intestine, a composition of several stacks (n = 13) was merged for imaging the hindgut signals.
The feeding protocol is shown in Supplementary Figure S1. To analyze innate immune cells, between 5 and 8 dpf, the larvae of Tg(lyz:DsRED2); Tg(mpeg1:EGFP) were kept in Danieau’s solution and fed experimental diets. Upon imaging of innate immune cells, including neutrophils (lyz:DsRED2 labeled) and macrophages (mpeg1:EGFP labeled), was performed in the hindgut (posterior part) of the larvae of Tg(lyz:DsRED2); Tg(mpeg1:EGFP) at 9 dpf (Xie et al., 2021). Meanwhile, to test the cellular response of adaptive immune cells, the immature (rag2:DsRed labeled) (Zhang et al., 2018) and mature lymphocytes (lck-eGFP labeled) (Langenau and Zon, 2005), in the intestine (posterior part) of Tg(rag2:DsRed) and Tg(lck:lck-eGFP) larvae (Xie et al., 2021), were imaged. After 12 days (5–16 dpf) feeding of Larval AP100 Diet (Zeigler) as well as 10 days of experimental diets feeding from 17 dpf, the intestinal lymphocyte in larvae were imaged at 27 dpf.
Statistical Analysis
The FIJI/ImageJ software (Póvoa et al., 2021) was used to calculate the area and intensity of HE stained mucosal folds, oil drops, fluorescent cells, and immunohistochemistry signals. In the oil-red staining result for hepatic images, the area ratio of oil drops vs. total area was then calculated. During the immunohistochemistry analysis, the ratio of CD4+ cells vs. total DAPI-stained nuclei was calculated to reveal the hepatic pathology. The fluorescent-labeled signals or immunostained signals for intestinal signals were calculated using previously published methods (Xie et al., 2021). Data were analyzed in EXCEL for the correlation analysis comparing fold changes between qPCR and RNA-Seq results. The R-value was calculated using Pearson’s correlation. The information was processed by the GraphPad Prism 5 software (GraphPad Software Inc. CA, United States). The bar diagram represented mean ± SEM. For the comparison between two groups, data were analyzed using a T-test. While for the comparison among multiple groups, data were analyzed using one-way ANOVA followed by a Duncan’s test. Differences were considered significant at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
RESULTS
Prediction of Seabuckthorn and Its Effective Components to Treat Fish SBMIE
GeneRank selected the key 300 SBMIE DEGs based on SBMIE-related DEGs in grass carp and the protein-protein interaction network (Supplementary Table S2). Then, using the components targeting those key genes, a medicine containing effective components was chosen from TCMID. The results revealed that seabuckthorn contained five effective components, as well as the component’s key regulated genes (Table 2), based on TCMID correlations between drug components and responsive genes (Huang et al., 2018). Meanwhile, 33 DEGs from the transcriptome of grass carp with SBMIE were matched to the effective components (Table 3), potentially narrowing the drug range to seabuckthorn. As a result, seabuckthorn was chosen as a candidate to treat foodborne enteritis in fish.
TABLE 2 | Predicted effective components and target genes from TCMID database.
[image: Table 2]TABLE 3 | The seabuckthorn targeted DEGs in grass carp suffering SBMIE.
[image: Table 3]Effect of Seabuckthorn on Gut-Liver Pathology in SBMIE Adult Model
When the SBM group (positive control) was compared to the FM group (negative control), HE staining revealed an intestinal mucosa lesion (Figure 1) and loosening of the hepatic reticuloendothelial structure (Supplemntary Figure S2) (negative control). The inclusion of seabuckthorn at a concentration of 35 ppm significantly reduced the appearance of such pathological change in the SBMIE adult model, as evidenced by a very significantly (p < 0.0001) decreased percentage of oil red-stained droplets (Figures 1A,a) and a more compact reticuloendothelial structure (Supplementary Figure S2) in the liver, as well as very significantly (p < 0.0001) shortened villi (Figures 1A,b). Both the amount and particle size of inflammation-related lipid droplets in the SBM group were reduced a lot in the SB group (Figures 1A,b). Additionally, in the SBMIE larvae model, the intestinal villi in 27 dpf larvae from the SB group were still within the normal length comparable to that in the FM group. However, in the SBM group the intestinal fold had significantly (p < 0.0001) shortened villi length in the SBM group (Figure 1B). Longer intestinal villi (p < 0.0001) were seen in the SB group compared to the SBM group at 27 dpf in the posterior part of the intestine (Figure 1B). Yet, the villi structure in the last portion of the hindgut (near the anus) did not differ much in length (Supplementary Figure S3).
[image: Figure 1]FIGURE 1 | Histological analysis of seabuckthorn’s effect pathologically. (A) In the SBMIE adult model, both decreased hepatic oil-red stained droplets (a) and increased length of intestinal villi (b) were found relieved in wide type zebrafish from the SB group compared to the SBM group. The scale bar in hepatic and intestinal images of adult zebrafish indicated 50 μm. (B) HE staining of intestinal mucosa as well as quantitative analysis of intestinal villi length in 27 dpf wide type larva feed FM, SBM and SB diets. Scale bar: 20 μm. FM: fish meal diet; SBM: soybean meal diet; SB: seabuckthorn supplementary SBM diet. All bar diagrams of quantitative analysis for hepatic oil red-stained signals or the intestinal villi length were at the right side of the typical images.
The immunohistochemistry result for the CD4 protein indicated the presence of the intestinal T helper lymphocyte. This was reflected by the CD4 signals that were detected in the intestinal villi only in the LP layer, with very few at the base of the mucosal fold (Figure 2A). Quantitative analysis of the number of CD4+ cells divided by the length of intestinal villi revealed no significant difference in the ratio between the SB and SBM groups (data not shown). The SB group had a lower ratio of hepatic CD4+ cells (Figure 2B) compared to the SBM group. Quantitative analysis of signals revealed a significant decrease in the ratio of hepatic CD4+ cells to total cells, as indicated by the DAPI stained nucleus (Figure 2B). Additionally, it is interesting to note that some hepatic CD4+ cells had prolongations.
[image: Figure 2]FIGURE 2 | The effect of seabuckthorn on intestinal and hepatic T helper cells reflected by immunohistochemistry signals. (A) The representative images (a) and the bar diagram for quantitative analysis (b) of intestinal CD4 labeled Th cell signals as well as the quantitative analysis of signals in FM, SBM and SB groups; (B) The representative images (a) and the bar diagram for quantitative analysis (b) of hepatic CD4 labeled Th cell signals as well as the quantitative analysis of signals in FM, SBM and SB groups. The typical signals were indicated by arrows. Scale bar: 100 μm.
Effect of Seabuckthorn on Body Fat in SBMIE Adult Model
A 3D micro-CT scanner was used to determine body fat. After scanning anesthetic adult zebrafish, the image data was processed to create a 3D structural reconstruction and quantitatively analyzed. The results indicate that the percentages of body fat in the FM, SBM, and SB groups were 8.99 percent, 2.14%, and 6.83%, respectively. The reconstructed three-dimensional images may correspond to areas of body fat in zebrafish. The area of body fat in SBM fish was significantly less than that in FM and SB fish, whereas the area of body fat in SB fish appeared to be comparable to that in FM fish (Figure 3).
[image: Figure 3]FIGURE 3 | The reconstructed image of body fat revealed by 3D micro-CT in adult zebrafish from FM, SBM and SB groups. The body fat in the fish trunk was colored purple. (A) The images of body fat (in purple) within the fish from all groups; (B) The bar diagram to show percentages of body fat in whole fish trunk.
Enriched GO Terms and KEGG Pathways of Intestinal and Hepatic DEGs
The qPCR validation result (Supplementary Table S1) demonstrated that the fold-changes between DGE and qPCR were highly correlated (R > 0.8) across 22 reactions encoding 9 genes, indicating that the current transcriptomic study successfully decoded gene expression. The results of the comparison between the SBM and FM groups (Supplementary Figure S4) revealed intestinal GO terms associated with immune responses, such as “humoral immune response” and “complement activation.” Between the SBM and FM groups, the KEGG pathways “lysosome,” “cytokine-cytokine receptor interaction”, and “ferroptosis” were identified for the hepatic inflammation, while the lipid metabolism-related pathways “PPAR signaling pathways” and “fatty acid elongation” were also enriched. This resulted from the successful transcriptomic modeling of SBMIE. Then, using intestinal DEGs, the drug-incorporated group could be analyzed for its moderating effect on SBMIE (Supplementary Table S3). Numerous terms related to cell proliferation were included in the enriched GO terms for biological processes, including “cell cycle checkpoint,” “DNA-dependent DNA replication,” “protein-DNA complex assembly”, “DNA replication,” “protein-DNA complex subunit organization,” “cell cycle regulation,” “negative regulation of cell cycle,” “DNA metabolic process,” “mitotic cell cycle,” “DNA replication checkpoint,” “mitotic metaphase plate congression,” and “attachment of spindle” (Figure 4A, left; Supplementary Table S4). In addition to the enriched GO terms, the enriched KEGG pathways (Figure 4, right; Supplementary Table S5) included cell division-related pathways such as “regulation of actin cytoskeleton,” “mismatch repair,” “DNA replication,” “nucleotide excision repair,” and “splice some.” Additionally, the pathways “primary bile acid biosynthesis,” “PPAR signaling pathway,” and “phagosome” were also enriched for intestinal DEGs.
[image: Figure 4]FIGURE 4 | GO terms and KEGG pathways enriched for both intestinal and hepatic DEGs in comparison between SB and SBM groups in zebrafish SBMIE adult model. (A) Key intestinal terms biological processes (left) and KEGG pathways (right); (B) Key hepatic terms for cellular components (left) and KEGG pathways (right). The immune-related terms and pathways are labeled with arrows.
Meanwhile, for hepatic DEGs derived from the comparison of the SB vs. SBM groups (Supplementary Table S6), enriched GO terms for cellular components included terms, such as “lysosome,” “autophagosome membrane,” “autophagosome,” “high-density lipoprotein particle,” “protein-lipid complex,” “plasma lipoprotein particle,” and “lipoprotein” (Figure 4B, left; Supplementary Table S7). Additionally, the hepatic enrichment analysis (Figure 4B, right; Supplementary Table S8) also revealed the GO terms “Lysosome” and “PPAR signaling pathway” as well as KEGG pathways “fatty acid metabolism” and “fatty acid elongation.”
The raw data from the current transcriptome sequencing analysis has been submitted to the Genome Sequence Archive (GSA) database (http://gsa.big.ac.cn/index.jsp) under the BioProject identifier < PRJCA005917> and data ID < CRA004582>. Within this BioProject identifier, there was one data ID for the transcriptomic data and another for the 16s rRNA gene sequencing result, as described below. This study shared the same positive (SBM group) and negative (FM group) controls with a published study on sinomenine’s anti-enteritis effect (Xie et al., 2021), since both drugs were analyzed for the anti-SBMIE effect at the same time using the same batch of fish.
Effect of Seabuckthorn on Microbiota OTU and Taxa Composition
There were 8434, 5976, and 9027 OTUs in the hindgut of adult fish belonging to the FM, SBM, and SB groups, respectively. As illustrated in the Venn diagram, 799 OTUs overlapped between the SB and FM groups, but only 471 OTUs overlapped between the SB and SBM groups (Figure 5A). As illustrated in Figure 5A, the overlap between the seabuckthorn and FM groups covered 799 OTU, while the overlap between the seabuckthorn and SBM groups contained 471 OTU. The SB group-specific region contained 6827 OTU, which was slightly more than the FM group-specific region’s 6346 OTU and significantly more than the SBM group-specific region’s 4052 OTU. The OTUs identified a large number of phyla in the fish intestinal microbiota to estimate their abundance.
[image: Figure 5]FIGURE 5 | Analysis of intestinal microbiota OTU and composition influenced by seabuckthorn dietary inclusion in zebrafish SBMIE adult model. (A) Venn diagram of OTU in FM, SBM and SB groups; (B) hindgut bacteria composition at phylum level; (C) hindgut bacteria composition at the genus level. The alteration trends between adjacent bars for the current revealed taxa were indicated by the interval belts.
Among the 10 phyla with the most abundance, compared to the SBM groups, in the SB group, the increased phyla included Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, and Gemmatimonadetes, while decreased phyla included Bacteroidetes, Firmicutes, Fusobacteria, Tenericutes and TM7 (Figure 5B). At the genus level (Figure 5C), among the most abundant 10 genera, compared to the SBM groups, in the SB group, the increased genera included Aeromonas, Rhodobacter, Pelomonas and Aquabacterium, while decreased genera included Sphingomonas, Cetobacterium, Acinetobacter and Shigella. More specifically, the relative abundance of the 16S RNA gene was listed for each sample at both phylum and genus levels in Supplementary Table S9.
The raw data of the current 16S rRNA gene sequencing analysis was submitted to the Genome Sequence Archive (GSA) database (http://gsa.big.ac.cn/index.jsp) with the BioProject identifier < PRJCA005917> and data ID < CRA004611>. This study shared the same positive (SBM group) and negative (FM group) controls with the parallel analysis on the sinomenine test since seabuckthorn and sinomenine were analyzed for the anti-SBMIE effect at the same time using the same batch of fish.
Effect of Seabuckthorn on Intestinal Immune Cell of Larvae
At a cellular level, compared to the SBM group (positive control), seabuckthorn could significantly (p < 0.01) relieve inflammatory aggregation of innate immune cells, including lyz:DsRED2 labeled neutrophils and mpeg1:EGFP labeled macrophages (Figure 6; Supplementary Figure S5), whilst significantly (p = 0.03) reduced inflammatory aggregation of lck+ T cells (Figure 7; Supplementary Figure S5) in the intestine (posterior part) of zebrafish larvae in SB group. Morphologically, seabuckthorn could inhibit the formation of protrusions in macrophages in the hindgut (Figure 6). While, compared to the FM group (negative control), there were no significant changes in both number and morphology in the SB group for most observed immune cells, the differences of both number and morphology for rag2:DsRed labeled lymphocytes were observed in Figure 7. The factor that rag2:DsRed labeled lymphocytes in the SB group aggregated in the hindgut and still had cellular protrusions, was similar (p = 0.75) to that in the SBM group.
[image: Figure 6]FIGURE 6 | Imaging of innate immune cells and expressional analysis of immune-related genes in zebrafish SBMIE larva model. (A) lyz:DsRED2 labeled neutrophils and mpeg1:EGFP labeled macrophages imaging in the intestine (posterior part, n = 10) using 9 dpf larvae of Tg(lyz:DsRED2); Tg(mpeg1:EGFP). The square indicated the zoomed in region. The scale bar in whole pictures was 100 μm, while the scale bar in the enlarged view was 20 μm. (B) quantitative analysis of the signals using bar-diagrams. (a) Number of Lyz:DsRed2 labeled neutrophils in larvae from either FM, SBM, or SB groups; (b) No. of Mpeg1:EGFP labeled macrophages in larvae from either FM, SBM, or SB groups. The very significant differences (p < 0.01) of both Lyz:DsRed2 and Mpeg1:EGFP labeled cells between SB and SBM groups were indicated by p-value.
[image: Figure 7]FIGURE 7 | Imaging of lymphocytes and expressional analysis of immune-related genes in SBMIE larvae model. (A) rag2:DsRed labeled immature lymphocytes imaging in 27 dpf Tg(rag2:DsRed) larvae’s intestine (posterior part, n = 10); (B) lck-eGFP labeled mature T cells imaging in 27 dpf Tg(lck:lck-eGFP) larvae’s intestine (posterior part). The square indicated the zoomed in region. The scale bar in whole pictures was 100 μm, while the scale bar in the enlarged view was 20 μm. (C) quantitative analysis of the signals using bar-diagrams. (a) Number of Rag2:DsRed labeled lymphocytes in larvae from either FM, SBM, or SB groups; (b) Number of Lck-eGFP labeled T cells in larvae from either FM, SBM, or SB groups. The significant differences (p < 0.05) of Lck+ T cells between SB and SBM groups were indicated by the p-value.
DISCUSSION
Through molecular, cellular, and bio-informational approaches, this comprehensive characterization revealed the effects of dietary inclusion of seabuckthorn on fish gut-liver immunity as well as intestinal bacterial communities in the zebrafish SBMIE model. This has provided clues for developing effective herb-based feed additives to prevent foodborne disease in aquaculture.
Based on the successful modeling of SBMIE in either adult zebrafish or zebrafish larvae (Xie et al., 2021), we modeled in our positive control both the typical intestinal pathology and the typical inflammatory hepatic lipid deposition, similar to the gut-liver symptoms revealed in carp (Wu et al., 2018) (SBM group). The fact that the outcome of recovered body fat trunk in adult zebrafish from the SB group suggested a positive effect of seabuckthorn’s inclusion in alleviating SBMIE-related symptoms. The pathological data hinted that the SB group had less intestinal and hepatic inflammation. Seabuckthorn’s anti-inflammatory role may be reflected in both the liver and the gut, with fewer hepatic oil droplets and a more compact reticuloendothelial structure, as well as longer intestinal villi. Among the seabuckthorn’s target genes, mapk1 and mapk3 may reflect cell proliferation (Masselli et al., 2013), rspo4 might indicate the promotion of WNT signals, which was important for intestinal crypt formation and renewal (Kriz and Korinek, 2018).
In terms of immunity, the fact that the SB group could inhibit both the gathering of innate cells and the formation of protrusions on macrophages was echoed by seabuckthorn’s target gene plg. During SBMIE, zebrafish plasminogen may play a role in inflammation-stimulated macrophage recruitment as previously reviewed (Miles et al., 2012). Fewer protrusions may indicate less activation via forming phagocytic synapses (Goodridge et al., 2011; Li et al., 2020c). At an adaptive immunity level, seabuckthorn had less influence on lymphocyte differentiation, as evidenced by unaltered SBM-induced aggregation and protrusions formation of rag2:DsRed labeled lymphocytes as well as an insignificantly altered CD4+ cell intestinal location pattern. Nonetheless, the fact that fewer intestinal lck+ signals SB target gene zap70, a tyrosine kinase important for TCR signaling and late T cell activation (Carpino et al., 2004) suggests a possible inhibition of T cell maturation. However, as demonstrated by the effects on the gut-liver axis, our discovery that the inclusion of seabuckthorn reduced the number of CD4+ cells in the liver was consistent with seabuckthorn’s intestinal effect on T cells. In addition, the few hepatic CD4+ cells with prolongations might suggest the tissue-resident CD4+ monocytes as previously reported in zebrafish (Dee et al., 2016; Lin et al., 2019).
As a result, a systemic study at the omics level made sense to reveal the underlying molecular mechanisms. The DEGs obtained from the comparison of the SB and SBM groups already provided some hints for intestinal or hepatic immune reactions caused by seabuckthorn. For example, increased intestinal expression of c1qc may indicate improved complement system function, which may be beneficial to the zebrafish commensal microbiota (López Nadal et al., 2020). The downregulation of cdt1, chaf1b, nabp1b, and other genes in the SB group compared to the SBM group may indicate a reduction in intestinal cell proliferation. A higher level of apoa4b in the liver may indicate improved lipid absorption and metabolism (Qu et al., 2019b; Hu, 2020). The effect of SB on lipid deposition was consistent with the target gene acacb of seabuckthorn, which was recently proposed as a therapeutic target for metabolic syndrome (Chen et al., 2019).
By incorporating DEGs into enrichment analysis, the currently revealed GO terms and KEGG pathways, as well as clues for improved intestinal cell proliferation, such as DNA replication and cell cycle regulation, were discovered. As well, the possibility that seabuckthorn’s target gene p53 may suggest that seabuckthorn supplementation could reduce apoptosis. On the other hand, in terms of immunity, the KEGG pathway “phagosome” was discovered in the comparison of the SB and SBM groups, as phagocyte is an innate immune bioprocess primarily found in fish macrophages. Similar to the SBMIE larvae model, innate immune cells were found to be significantly regulated by SB inclusion in terms of number and cellular protrusions. As a result, seabuckthorn may significantly protect intestinal innate immunity by inhibiting inflammatory aggregation and activation of innate immune cells. Autophagy and lysosome-related GO terms and KEGG pathways in the liver were compared between the SB and SBM groups and demonstrated that the inclusion of seabuckthorn to the SBM diet restored dysregulated hepatic autophagy and lysosome function. The increased lysosome-based autophagy of lipid droplets in the hepatocytes (Schulze et al., 2020) could also explain the SB group’s reduced droplets.
Moreover, several KEGG pathways reflected seabuckthorn’s effect. The intestinal “primary bile acid biosynthesis” may indicate that intestinal epithelial function was regulated and might play a role in anti-inflammation (Pavlidis et al., 2015; Hegyi et al., 2018). Among the biological processes enhanced by seabuckthorn in mouse livers, peroxisome proliferator-activated receptor (PPAR) α and PPAR-γ were significantly increased (Pichiah et al., 2012). In zebrafish, the PPAR pathway was shown to be critical for intestinal homeostasis (Qin et al., 2018). Comparing the regulated PPAR signaling pathways between two control groups (SBM vs. FM), the PPAR signaling pathways revealed by both intestinal and hepatic DEGs may suggest a critical role for PPAR signaling in seabuckthorn’s effect on SBMIE alleviation. Additionally, because L-Arginine has been shown to modulate T cell metabolism (Geiger et al., 2016) and arginine has been shown to protect intestinal health (Zheng et al., 2017), the current study identified the hepatic KEGG pathway “Arginine and proline metabolism,” which may promote gut-liver immunity.
Additionally, as a result of the interaction between the gut microbiota and the liver (Deng et al., 2020), our findings indicated that seabuckthorn supplementation resulted in an increase in OTU numbers and an FM-biased bacterial community in the SB group compared to the SBM group. Taxonomic changes were observed at the phylum level, as Actinobacteria were found to produce active metabolites against pathogenic microorganisms (Jami et al., 2015), and the current study revealed an increase in Actinobacteria, suggesting a protective role for the SB group. When comparing the composition of the intestinal taxa of carnivorous and omnivorous fish, the fact that the SB group had higher levels of Acidobacteria and Chloroflexi may be related to improved protein utilization. This is because Acidobacteria and Chloroflexiact as major components of carnivorous fish’s intestinal microbiota (Wei et al., 2019). Reduced TM7 levels may indicate decreased intestinal inflammation, as intestinal TM7 bacterial phylogenies were previously identified as a pro-inflammatory factor in IBD (inflammatory bowel disease) (Kuehbacher et al., 2008). The levels of Bacteroidetes decreased upon inclusion of seabuckthorn, which may be a sign of recovery from SBMIE. In turbot, a carnivorous fish species, the SBM diet’s intestinal mucosal microbiota was dominated by Bacteroidetes (Li et al., 2019). Reduced Sphingomonas was identified as a disease biomarker in the zebrafish (Ma et al., 2020), as was Shigella, which was associated with enteritis (human Crohn’s disease) (Zhang et al., 2020c). Both of these observations suggested that the fish probably had recovered from enteritis. Increased levels of the probiotic Rhodobacter (Liu et al., 2012; Ye et al., 2019) and the butyrate-producing Aquabacterium (Gupta et al., 2019) may act as protective factors.
The effect of seabuckthorn on lipid metabolism and microbiota in zebrafish supported the notion that seabuckthorn could correct the lipid metabolism disease produced by a high-fat diet in mice by altering the gut microbiota (Guo et al., 2020). In the current results, decreased adipose tissue deposition suggested less inflammation in the inner organ. The total body fat in the fish trunk is a measure of growth performance. Thus, with fewer inflammatory droplets in the liver and improved gut shape and microbiota, the fish in the SB group were able to maintain body fat levels comparable to those in the FM group. As the possible effective components, the anticipated acids in Table 2 were consistent with previous findings that unsaturated fatty acids in seabuckthorn could protect against infections, prevent allergies, and reduce inflammation (Zielińska and Nowak, 2017). However, only flavonoid glycosides extracted from seabuckthorn leaves were found to be anti-inflammatory in mice with hepatic steatosis (Kwon et al., 2017). Thus, the delicate mechanisms underlying effective components and the routes implicated remain unknown.
In conclusion, by including seabuckthorn fruit powder in the SBM diet, we were able to alleviate the typical gut and liver pathology associated with SBMIE, via enhancing intestinal immunity and hepatic metabolic adjustments. The involved mechanisms may include inhibition of intestinal cell apoptosis, excessive immune cell aggregation, and microbiota dysbiosis in the gut, together with reduced Th cell aggregation and lipid metabolic burden in the liver. Our findings indicated that dietary seabuckthorn supplementation may protect fish from foodborne gut and liver symptoms.
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Fish skin is a vital immune organ that forms the first protective barrier preventing entry of external pathogens. Rainbow trout is an important aquaculture fish species that is farmed worldwide. However, our knowledge of innate immunity differences between wild-type (WR_S) and yellow mutant rainbow trout (YR_S) remains limited. In this study, we performed whole transcriptome analysis of skin from WR_S and YR_S cultured in a natural flowing water pond. A total of 2448 mRNAs, 1630 lncRNAs, 22 circRNAs and 50 miRNAs were found to be differentially expressed (DE). Among these DEmRNAs, numerous key immune-related genes, including ifih1, dhx58, trim25, atp6v1e1, tap1, tap2, cd209, hsp90a.1, nlrp3, nlrc3, and several other genes associated with metabolism (gstp1, nampt, naprt and cd38) were identified. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of DEmRNAs revealed that many were significantly enriched in innate immune-related GO terms and pathways, including NAD+ADP-ribosyltransferase activity, complement binding, immune response and response to bacterium GO terms, and RIG-I-like receptor signaling, NOD-like receptor signaling and phagosome KEGG pathways. Furthermore, the immune-related competing endogenous RNA networks were constructed, from which we found that lncRNAs MSTRG.11484.2, MSTRG.32014.1 and MSTRG.29012.1 regulated at least three immune-related genes (ifih1, dhx58 and irf3) through PC-5p-43254_34, PC-3p-28352_70 and bta-miR-11987_L-1R-1_1ss8TA, and tap2 was regulated by two circRNAs (circRNA5279 and circRNA5277) by oni-mir-124a-2-p5_1ss13GA. The findings expand our understanding of the innate immune system of rainbow trout, and lay the foundation for further study of immune mechanisms and disease resistance breeding.
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Introduction

Compared with terrestrial vertebrates, fish inhabit a comparatively complicated aquatic environment containing a wide variety of pathogenic microorganisms, and they are regularly exposed to adverse environmental changes (1). Fish skin is the first line of defence against these hazards, protecting the organism from its environment and hindering the entry of pathogens (2). In addition to being a physical protective barrier, it also performs biological functions such as thermal regulation and metabolic activity (3, 4), which are important for maintaining homeostasis and supporting the normal physiological functions of fish. Unlike mammalian skin, the fish epidermis is attached with mucin-enriched mucus generated mainly by goblet cells, and contains living epithelial cells that make direct contact with the surrounding aquatic environment (5, 6). In addition to secretory cells, fish skin contains active immune sites harbouring cellular defences including leukocytes (granulocytes, macrophages and lymphocytes) and dendritic-like cells (7, 8). Moreover, six types of pigment cells (melanocytes, xanthophores, erythrophores, iridophores, leucophores and cyanophores) and an intricate microbiome including commensals and pathogens have been identified in fish skin (6, 9). Previous study in black-boned chicken (Gallus domesticus) demonstrated that melanocytes were kind of immune cells that exerted important innate immune roles during infectious bursal disease virus infection (10). In zebrafish (Danio rerio), the melanocytes could engulf exogenous bead and then recruit immune cells to protect from injury (11). These examples illustrated the number of skin melanocytes is closely correlated with mucosal immunity. Thus, the skin mucosal immune system is clearly complicated.

So far, lots of fish skin transcription profiles for various species have been obtained including orange-spotted grouper (Epinephelus coioides) (12), rabbitfish (Siganus oramin) (13), yellow croaker (Larimichthys crocea) (14), zebrafish (15) and rainbow trout (6). These studies showed that numerous immune-related genes were upregulated upon infection with various pathogens, as is the case for Toll-like receptors (tlrs), NOD-like receptors (nlrs), janus kinases (jaks), transporter (tap), signal transducer and activator of transcriptions (stats) and interferon regulatory factor 3 (irf3), implying that resistance to stress is proportional to the expression levels of certain immune-related genes. Furthermore, fish skin is rich in B- and T-cells as well as serves as a repository of many innate immune components, such as immunoglobulins (IgM, IgD and IgT), lysozyme, lectins, antimicrobial peptides and C-reactive protein, of which IgT is thought to be specialized in mucosal immunity (16–18). In rainbow trout, IgT protein concentration and IgT+ B-cells numbers significantly increase in skin mucus following Ichthyophthirius multifiliis challenge (18, 19). The above results suggested that fish skin plays an essential role in defending against pathogens.

Interestingly, in addition to the protein-coding RNAs, accumulating evidence has revealed non-coding RNAs (ncRNAs) also exert vital effects on a remarkable variety of biological processes, especially in immunity (20). MicroRNAs (miRNAs) are common ncRNAs involved in regulating immune response, which can repress gene expression by inhibiting mRNA translation or promoting mRNA degradation (21). Recently, two other types of ncRNA, long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) were discovered in vertebrate. LncRNAs are RNA molecules longer than 200 nucleotides and can regulate gene expression via cis/trans-acting or miRNA sponges (22). CircRNAs are covalently closed circular molecule generated by head to-tail splicing at the splice sites (23). According to the theory of competing endogenous RNA (ceRNA), lncRNA and circRNA can act as ceRNAs through competitively binding common miRNA response elements (MREs), and forming complex miRNA-mediated ceRNA networks, resulting in suppression of miRNAs and the expression of corresponding target genes (24). In recent years, ceRNA has provided a new way to study immune mechanisms of fish, for instance, a study in miiuy croaker (Miichthys miiuy) reported that lncRNA NARL exhibits a positive regulatory role in inflammatory and antiviral responses via acting as a ceRNA for miR-217-5p to relieve its repressive effects on nucleotide-binding oligomerization domain containing 1 (nod1) expression (25). Similarly, circRNA circDTx1, a ceRNA of Toll–interleukin 1 receptor domain-containing adaptor molecule (trif), was involved in anti-Siniperca chuatsi rhabdovirus response by sponging miR-15a-5p, resulting in activation of the NF-κB/IRF3 pathway (26). Under normal conditions fish maintain a healthy status by defending themselves against potential invaders using a repertoire of innate and specific defense mechanisms (27). However, prior researches mainly focused on identification and characterization of ceRNAs and ceRNA regulatory networks in fish spleen, liver, and intestine following artificial infection to explore the immune mechanisms of pathogen resistance (24, 28–30), and no study on the involvement of ceRNA in fish skin without artificial infection has been documented. Owing to many biological and abiotic stresses presented in natural flowing water pond aquaculture environment, and intensified culture environment and high susceptibility to infectious disease make the industry vulnerable to disease outbreaks resulting in significant economic losses. Therefore, studies on fish skin without artificial infection are necessary.

Rainbow trout is an economically important cold water fish, and it has been widely cultivated worldwide. This species contributes to a large proportion of freshwater aquaculture production. Two phenotypes of rainbow trout are most common in farms; wild-type rainbow trout with black skin (WR_S) and yellow mutant rainbow trout with yellow skin (YR_S). Differences in skin colour are caused by differences in the composition of pigment cells. In WR_S, melanocytes and xanthophores are present, whereas melanocytes are absent in YR_S, and there are fewer xanthophores than in WR_S (31). Furthermore, survival is lower among YR_S variants than WR_S (32). We hypothesized that differences in survival may be caused by differences in immunity between these two strains. Fish skin is an important immune organ, however, little is known about the differences in immunity between WR_S and YR_S in a natural flowing water pond aquaculture environment, and very few studies were conducted to investigate the ceRNA mechanism for fish skin. In the present study, whole transcriptome sequencing was performed to uncover global molecular expression differences of skin between WR_S and YR_S at both mRNAs and ncRNAs levels. We identified numerous differentially expressed (DE) mRNAs, DElncRNAs, DEcircRNAs and DEmiRNAs, and characterized the immune-related ceRNA networks of lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA. These new ceRNA networks assist with developing a better understanding of innate immune mechanisms, and provide theoretical guidance for disease resistance breeding in rainbow trout.



Materials and Methods


Experimental Animals

Female WR_S and YR_S (160 ± 3.5 g) used in this study were obtained from a fish farm in Gansu Province, China, and all these fish were cultured in the same natural flowing water pond (20000 L) at 13 ± 0.1°C with 8.5 ± 0.1 mg/L dissolved oxygen, pH 7.2 ± 0.1 and ammonia nitrogen concentration of less than 0.05 mg/L (Figure 1). All fish were fed a commercial pellet feed (~6% of body weight) at 9 am and 3 pm every day. Culture conditions were as stated by the Standard of Linxia Salmon and Trout Elite Breeding and Protection Farm (Gansu, China; approved by the Department of Agriculture, China, 2009). Three dorsal skins of WR_S (WR_S1, WR_S2, WR_S3) and three dorsal skins of YR_S (YR_S1, YR_S2, YR_S3) with similar size and body colour were randomly selected for RNA-seq. These fish were anesthetised with a lethal dose of MS-222 (400 mg/L) before tissue sampling, dorsal skin samples (4.5–5 cm2) were immediately collected and flash-frozen in liquid nitrogen, and stored at −80°C. All experiments complied with institutional guidelines and the protocol approved by the Animal Experimentation Ethics Committee at Gansu Agricultural University, China.




Figure 1 | Two phenotypes of rainbow trout. (A) Wild-type rainbow trout (WR_S). (B) Yellow mutant rainbow trout (YR_S).





RNA Extraction, Library Construction and Sequencing

Total RNA was extracted from six samples using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s procedure. The purity, quantity and integrity (28S/18S) of total RNA were examined by 1.5% agarose gel electrophoresis stained with Goldview nucleic acid dye (Solarbio, Beijing, China), NanoDrop ND-1000 instrument (NanoDrop, Wilmington, DE, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Approximately 1 µg of total RNA with an RNA integrity number (RIN) ≥ 7 was selected for small RNA library construction using a TruSeq small RNA Sample Prep Kit (Illumina, San Diego, CA, USA) following the manufacturer’s protocol. Then six libraries (three WR_S and three YR_S) were sequenced by Illumina Hiseq 2500, and 50 bp single-end reads were generated.

For mRNA, lncRNA and circRNA sequencing, about 5 μg of total RNA from each sample was used to deplete ribosomal RNA using the Ribo-Zero rRNA Removal Kit (Illumina, San Diego, USA) according to the manufacturer’s instruction. After removing ribosomal RNAs, RNAs were fragmented by divalent cations under a high temperature and reverse transcribed into cDNA, which was used to synthesize U-labeled second-stranded DNAs with DNA polymerase I, RNase H and dUTP and buffer. Finally, 150 bp paired-end reads were generated by an Illumina Hiseq 4000 platform based on the paired-end sequencing.



Identification of mRNA, lncRNA, circRNA and miRNA

Clean data were generated by eliminating reads containing adaptor contamination, poly-N sequences, and low-quality reads using cutadapt. Then the sequence quality of remaining reads was validated by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Clean reads were aligned to the rainbow trout reference genome (https://www.genoscope.cns.fr/trout/) by Bowtie2 and Tophat2 with the default parameters (33). The mapped reads of each sample were assembled using StringTie, and a comprehensive transcriptome was reconstructed through merging all the samples. StringTie and Ballgown were used to estimate the expression profiles of all the transcripts (34).

For identification of novel lncRNAs, the transcripts that overlapped with known mRNAs and transcripts shorter than 200 bp were filtered (35). We used Coding Potential Calculator (CPC), Coding-Non-Coding-Index (CNCI) and Pfam to predict transcripts with coding potential (22). According to the prediction results, the transcripts with CPC score < −1 and CNCI score < 0 were discarded and those remaining were considered as lncRNAs.

According to the pipeline used in the analysis of mRNA discovery, the remaining reads (unmapped reads) were still mapped to genome to find unique anchor positions within the splice site using Tophat-fusion (36). CIRCExplorer2 (37) and CIRI (38) tools were used to identify circRNAs in this study. In view of the high false positives in circRNA identification, the overlapped outputs from CIRCExplorer2 and CIRI were kept for further analysis.

Raw reads generated from miRNA sequencing libraries were subjected to ACGT101-miR (LC Sciences, Huston, TX, United States) to filter out adapter dimers, junk, low complexity, repeats, rRNA, tRNA, snRNA, and snoRNA. All of the clean tags were searched against the miRBase database (Release 22) to identify known miRNAs in rainbow trout. All of the unannotated tags were analysed by the position of their genome and hairpin structures by Mireap_v0.2 software, and the novel miRNA candidates were identified.



Screening of DEmRNAs, DElncRNAs, DEcircRNAs and DEmiRNAs, and Gene Function Annotation

As reported previously (39), the DESeq2 (v.1.6.3) in R was used to conduct differential expression analysis between WR_S and YR_S groups (40). mRNAs and lncRNAs with |log2 fold change| ≥ 1 and qvalue < 0.05 were identified as significantly DEmRNAs and DElncRNAs. Additionally, significantly DEcircRNAs and DEmiRNAs were identified with a |log2 fold change| ≥ 1 and pvalue < 0.05. To further evaluate the biological functions and potential mechanisms of mRNAs, DEmRNAs were then subjected to an enrichment analysis of GO and KEGG pathways. GO enrichment and KEGG pathway analyses were performed using the GOseq R package (Release 2.12) and the KOBAS software (v2.0), respectively. The statistical significance was examined using the hypergeometric test, and qvalue < 0.05 was considered significant for GO and KEGG enrichment. Additionally, a protein-protein interaction (PPI) network of DEmRNAs was constructed using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, version 10.0) database.



Construction and Analysis of ceRNAs Regulatory Network

To reveal the roles and interactions of DEmRNAs, DElncRNAs, DEcircRNAs and DEmiRNAs, two ceRNA networks were constructed based on the theory of ceRNA, i.e., the lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA networks. We paid more attention to the positive correlations expression of lncRNA-mRNA and circRNA-mRNA, so the miRNAs capable of simultaneously regulating lncRNA/circRNA and mRNA were focused on. Targets of miRNAs were predicted to construct the lncRNA/circRNA-miRNA-mRNA networks. The pairwise corrections of lncRNA/circRNA-miRNA and miRNA-mRNA were evaluated using miRanda 3.3a and TargetScan 5.0 (33). The analysis and visualization of the interactions were performed by Cytoscape software (v3.6.0).



qRT-PCR Validation

qRT-PCR was performed to confirm the expression levels of DEmRNAs DElncRNAs, DEcircRNAs and DEmiRNAs from RNA-seq. The RNA used for Illumina sequencing was also used here for the validation. Total RNA was subjected to cDNA synthesis using a PrimerScript RT Reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) and a Mir-X miRNA First-Strand Synthesis Kit (Clontech, Mountain View, CA, USA) following the manufacturer’s instructions. For lncRNA, circRNA and mRNA quantification, the 20 μL reaction volume contained 10 μL of SYBR Premix Ex Taq II (2×), 1 μL of each the sense and antisense primer (10 μM), 0.5 μL of cDNA, 7.5 μL ddH2O. The mRNA, lncRNA and circRNA expression levels were normalized to β-actin (24). For miRNA quantification, the 20 μL reaction volume contained 10 μL of SYBR Premix Ex Taq II (2×), 0.4 μL of each sense and antisense primer (10 μM), 1.6 μL of cDNA, 7.6 μL of ddH2O. The miRNA expression level was normalized to U6 (41). PCR amplification procedure for all experiments were carried out at 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. Target specificity was determined by melting curve analysis, and RNA expression levels of target genes versus β-actin or U6 were calculated using the 2-ΔΔCt method. All results are expressed as means ± SD, and statistical analyses were performed using one-way ANOVA followed by Dunn’s test in SPSS (version 22.0) (42), and Pearson correlation analysis was used to calculate the correlation value between qRT-PCR and RNA-seq results. All primers are included in Table S1.




Results


Overview of RNA-Sequencing Results

A total of 583,011,930 raw reads were generated in strand-specific library using an Illumina Hiseq 4000 system, and were deposited at the National Center for Biotechnology Information (NCBI) database under accession numbers GSE153997. After discarding low-quality sequencing data, 557,976,332 clean reads were obtained. The average of quality Q20 and Q30 were respectively higher than 99.35% and 93.53% for each library, and the average GC content was 48.42%. Additionally, an average of 84.87% (55.97% unique mapped reads and 28.90% multi mapped reads) of the clean reads per sample was mapped to the rainbow trout genome (Table S2). Single sequencing of the miRNA library yielded a total of 82,053,134 raw reads, which were submitted to the NCBI database under the accession number GSE181974. After discarding junk sequences, 38,307,832 and 31,927,956 clean reads were obtained from WR_S and YR_S groups, respectively. (Table S3).



Identification of DEmRNAs, DElncRNAs, DEcircRNAs and DEmiRNAs Between WR_S and YR_S

A total of 38,226 genes were identified from comparison of WR_S and YR_S groups, and 35,733 genes were co-expressed in both groups, while 1320 genes were only expressed in WR_S and 1173 genes were only expressed in YR_S (Figure 2A). With fold-change in expression ≥ 2 and qvalue < 0.05 as thresholds, 2448 DEmRNAs were identified, among which 1048 were upregulated and 1400 were downregulated in YR_S group (Figure 2E). In addition, 12,291 lncRNAs, 6434 circRNAs and 1426 miRNAs were obtained, of these, 472 lncRNAs, 3098 circRNAs and 249 miRNAs were only expressed in WR_S and 446 lncRNAs, 1851 circRNAs and 83 miRNAs were only expressed in YR_S (Figures 2B–D). Compared with WR_S group, these were 1630 lncRNAs (913 up- and 717 downregulated), 22 circRNAs (9 up- and 13 downregulated) and 50 miRNAs (10 up- and 40 downregulated) that were differentially expressed in YR_S group (Figures 2F–H and Table S4). Besides, the general expression profiles of DEmRNAs, DElncRNAs, DEcircRNAs and DEmiRNAs from the six simples were analysed by hierarchical clustering (Figures 3A–D).




Figure 2 | Comparative analysis of mRNA and ncRNAs between WR_S and YR_S groups. (A) mRNAs, (B) lncRNAs, (C) circRNAs and (D) miRNAs expressed only in WR_S (pink circle), only in YR_S (blue circle), and co-expressed in both WR_S and YR_S (intersection). (E) Volcano plot of differentially expressed DE mRNAs. (F) Volcano plot of DElncRNAs. (G) Volcano plot of DEcircRNAs. (H) Volcano plot of DEmiRNAs.






Figure 3 | Unsupervised clustering analysis of DEmRNAs and DEncRNAs between WR_S and YR_S groups. (A) DEmRNAs. (B) DElncRNAs. (C) DEcircRNAs. (D) DEmiRNAs.





Sequence Characterization of mRNAs and ncRNAs

Comparison of the transcriptome characterizations between lncRNA and mRNA showed that more than 80% of the mRNAs was greater than 1000 bp long, whereas more than 60% of the lncRNAs was less than 1000 bp long (Figure S1A); for exon number, majority of lncRNAs were concentrated at one to three exons that was not the case for mRNAs, which contained a higher fragments per kilobase of transcripts per million fragments mapped (FPKM) value and longer ORF length (Figures S1B–D). Besides, the percentages of lncRNAs, sense lncRNAs, antisense lncRNAs and intronic lncRNAs were 44.87, 18.56, 14.70 and 21.87%, respectively (Figure S1E). For circRNAs, the sequence length distribution of circRNAs is shown in Figure S1F, and most of them were 200 bp to 600 bp, or longer than 1000 bp. Additionally, the majority of circRNAs belong to the exon type (77.69%) (Figure S1G). For miRNAs, the length distributions of miRNAs showed that most of the miRNAs were 21–23 nt long, and the 22 nt miRNAs were most abundant, representing 36.94% and 37.54% of the miRNAs in WR_S and YR_S groups (Figure S1H).



GO Enrichment and KEGG Pathway Analyses of DEmRNAs

GO and KEGG functional enrichment analyses were performed to explore the biological and functional roles of the identified DEmRNAs. GO functional enrichment analysis of DEmRNAs was divided into three categories: biological process, cellular component and molecular function. With qvalue < 0.05 as the threshold, five sub-categories belonging to the ‘biological processes’ category were identified; ‘protein polymerization’ (GO:0051258), ‘immune response’ (GO:0006955), ‘negative regulation of tumor necrosis factor production’ (GO:0032720), ‘platelet activation’ (GO:0030168) and ‘response to bacterium’ (GO:0009617). Five sub-categories belonging to the ‘molecular function’ category were identified; ‘NAD+ADP-ribosyltransferase activity’ (GO:0003950), ‘complement binding’ (GO:0001848), ‘nicotinate-nucleotide diphosphorylase (carboxylating) activity’ (GO:0004514), ‘lipid transporter activity’ (GO:0005319) and ‘endopeptidase inhibitor activity’ (GO:0004866). One sub-categories belonging to the ‘cellular component’ category was identified; ‘extracellular space’ (GO:0005615). The top 30 most significant level-3 GO terms in these three categories, and accompanying detailed information, are presented in Figure 4 and Table S5, respectively.




Figure 4 | The top 30 most significant level-3 GO terms of DEmRNAs between WR_S and YR_S groups. The x-axis represents −log2 (qvalue), the y-axis represents GO_terms.



To further explore the functions of the identified DEmRNAs, we analysed the transcriptome results using the KEGG database. As shown in Figure 5, dozens of pathways involved in immunity, metabolism and human disease were identified. A total of nine pathways were enriched with qvalue < 0.05, including complement and coagulation cascades, herpes simplex infection, Staphylococcus aureus infection, systemic lupus erythematosus, phagosome, RIG-I-like receptor signaling pathway, prion diseases, fat digestion and absorption, nicotinate and nicotinamide metabolism (Table S6). Furthermore, numerous key DEmRNAs were found to be related to immune system and metabolism, including interferon induced with helicase C domain 1 (ifih1), DEXH (Asp-Glu-X-His) box polypeptide 58 (dhx58), irf3, tripartite motif containing 25 (trim25), ATPase H+ transporting V1 subunit E1 (atp6v1e1), tap1, tap2, CD209 antigen (cd209), heat shock protein 90, class A member 1 (hsp90a.1), NLR family, CARD domain containing 3 (nlrc3), NLR family pyrin domain containing 3 (nlrp3), glutathione S-transferase pi 1 (gstp1), nicotinamide phosphoribosyltransferase (nampt), nicotinate phosphoribosyltransferase (naprt) and cyclic ADP-ribose hydrolase 1 (cd38), and most of them were upregulated in WR_S. Detailed information is included in Table 1. Additionally, interactions of immune and metabolism-related pathways and genes are shown in Figure 6.




Figure 5 | KEGG enrichment diagram of DEmRNAs between WR_S and YR_S groups. The x-axis represents the rich factor, the y-axis represents different pathways. Different colours of plots indicate different qvalues. The plot diameter represents the number of DEmRNAs in a pathway.




Table 1 | Representative immune and metabolism-related genes differentially expressed between wild-type rainbow trout (WR_S) and yellow mutant rainbow trout (YR_S) groups.






Figure 6 | Immune and metabolism-related pathways and genes interactions. (A) Enrichment of DEmRNAs in corresponding pathways and interaction of immune and metabolism-related pathways. (B) PPI network analysis of the immune and metabolism-related genes identified in this study based on STRING database.





ceRNA Regulatory Networks Construction

To reveal the global regulatory network of immune-related mRNAs and ncRNAs, two ceRNA regulatory networks were constructed using DEmRNAs, DElncRNAs, DEcircRNAs and DEmiRNAs based on ceRNA theory. By using lncRNA as a decoy, miRNA as the center, and mRNA as the target, 326 lncRNA-miRNA-mRNA interactions were finally obtained, including 88 upregualted and 106 downregulated lncRNAs, 4 upregulated and 3 downregulated miRNAs, 1 upregulated (gstp1) and 4 downregulated mRNAs (ifih1, dhx58, irf3 and tap2) (Figure 7 and Table S7). By using circRNA as a decoy, miRNA as the center, and mRNA as the target, resulting in finally 3061 interaction relationships of circRNA-miRNA-mRNA. There are 20 upregulated and 2 downregulated circRNAs, 1 upregulated and 17 downregulated miRNAs, and 963 upregulated and 177 downregulated mRNAs. It is worth mentioning that two circRNAs (circRNA5277 and circRNA5279) were predicted to interact with tap2 through oni-mir-124a-2-p5_1ss13GA. The circRNA-miRNA-mRNA network was shown in Figure 8 and Table S8.




Figure 7 | Immune and metabolism-related DElncRNA-DEmiRNA-DEmRNA ceRNA networks. (A) A ceRNA network of metabolism-related gene. (B) A ceRNA network of immune-related genes. The red circles, green triangles and pink diamonds represent upregulated DElncRNAs, downregulated DEmiRNAs and upregulated DEmRNA, respectively. The yellow circles, wine red triangles and blue diamonds represent downregulated DElncRNAs, upregulated DEmiRNAs and downregulated DEmRNAs, respectively.






Figure 8 | DEcircRNAs-mediated ceRNA networks. (A) A ceRNA network of upregulated genes. (B) A ceRNA network of downregulated genes. The red circles, green triangles and pink diamonds represent upregulated DEcircRNAs, downregulated DEmiRNAs and upregulated DEmRNAs, respectively. The yellow circles, wine red triangles and blue diamonds represent downregulated DEcircRNAs, upregulated DEmiRNAs and downregulated DEmRNAs, respectively.





Validation of RNA-Seq Data by qRT-PCR

qRT-PCR was performed on 14 DEmRNAs and six DEncRNAs to validate the expression patterns that were identified by RNA-seq. The results showed that qRT-PCR expression patterns were consistent with the RNA-seq data (Figure 9), and the statistical analysis showed correlation of R = 0.938 between the two types of analysis, confirming the reliability of the RNA-seq data.




Figure 9 | The differential expression of mRNAs and ncRNAs in RNA-seq was validated by qRT-PCR. Fold-change of qRT-PCR data represents the ratio of target gene expression values for YR_S vs. WR_S after normalization against β-actin/U6.






Discussion

Fish skin, considered the largest immunologically active organ, provides a crucial physiological barrier against external pathogens and environmental stresses (14, 43). Rainbow trout are widely cultured throughout the world for commercial aquaculture. However, little is known about differences in immunity between WR_S and YR_S in a natural flowing water pond culture environment. Recently, a growing number of ncRNAs, including miRNAs, lncRNAs and circRNAs, have been shown to have vital regulatory roles in gene expression networks that influence numerous biological processes, especially immune regulation (20). To better understand the difference in innate immunity between WR_S and YR_S, we systematically compared the whole transcriptome of their skin, and thousands of dysregulated transcripts were identified, including 2448 mRNAs, 1630 lncRNAs, 22 circRNAs and 50 miRNAs. Furthermore, a set of potential mRNAs and ncRNAs involved in the immune regulation were selected to construct lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA co-expression networks. The findings facilitate our understanding of the innate immune system of rainbow trout, and lay the foundation for further study of immune mechanisms and disease resistance breeding.

The RIG-I like receptor signaling pathway was significantly enriched in this study, indicating its importance in the skin defence system. Three members of the RLR family (ddx58, ifih1 and dhx58) have been identified in mammals (44), but ddx58 is limited to ancient fish such as grass carp (Ctenopharyngodon idella), common carp (Cyprinus carpio), zebrafish and goldfish (Carassius auratus). ifih1 and dhx58 are present in most common fish including rainbow trout (45, 46). Our current results are consistent with those of previous studies; ifih1 and dhx58 were identified, but ddx58 was not. ifih1 in teleost has been proved to play a key role in antiviral immunity, which senses the cluster signal of TLRs infected with RNA virus and initiates innate immune signaling cascades, thereby activating NF-κB- and IRF3/IRF7-mediated IFN response and establishing an antiviral state (40, 47). Rainbow trout dhx58 acts as a positive regulator for IFN production through facilitating interaction between IFIH1 and RNA viruses (46, 48). The overexpression of ifih1 can provide protection for Japanese flounder (Paralichthys olivaceus) against the invasion of infectious pancreatic necrosis virus and hirame rhabdovirus (49). In European sea bass (Dicentrarchus labrax), both ifih1 and dhx58 were upregulated upon infection with betanodaviruses (50). Similarly, overexpression of trim25 severely reduced the transcription of viral genes and increased the expression of IFN-related molecules in orange spotted grouper (51). Consequently, upregulation of these genes in the RIG-I like receptor signaling pathway suggests that WR_S may possess stronger antiviral activity than YR_S in the natural flowing water pond culture environment. In the analysis of lncRNA-miRNA-mRNA network, it was found that 136 lncRNAs were identified to target ifih1, dhx58 and irf3 by binding to PC-5p-43254_34, PC-3p-28352_70 and bta-miR-11987_L-1R-1_1ss8TA. Among these three miRNAs, bta-miR-11987_L-1R-1_1ss8TA has been reported to be essential for the anti-cancer activity (52). Besides, lncRNAs like MSTRG.11484.2, MSTRG.32014.1 and MSTRG.29012.1 have a one-to-one regulatory relationship with ifih1, dhx58 and irf3, respectively, suggesting they participate in the process of immune responses via RIG-I like receptor signaling pathway.

In addition to IFN response, inflammatory response is also a self-defense process that fights the pathogen invasion by eliminating harmful stimuli. Upregulated genes included one heat shock protein 90 (HSP90) family member (hsp90a.1) and two NLRs (nlrp3 and nlrc3), all of which are involved in the immune response NLR signaling pathway that triggers inflammatory response via the activation caspase-1 and the release of cytokines (53). nlrp3 is an important part of the inflammasome, and SGT1-HSP90 complexes work together to maintain its pre-activated stable state. When encountering irritation, nlrp3 is separated from complexes and activated to induce caspase-1 through changes in hsp90, and it regulates the maturation of cytokines IL-1β and IL-18 to trigger inflammatory response (54–56). Anti-immunotoxic effects of nlrp3 upon increased expression have been demonstrated in grass carp (57). Additionally, recombinant IL-1β can increase the number of leucocytes and phagocytes, and lysozyme activity in rainbow trout (58). Therefore, upregulation of nlrp3 may contribute to improving defences in WR_S together with sgt1-hsp90. Furthermore, previous research showed that expression of hsp90 was upregulated under heat stress in rainbow trout (39, 59), which implies that WR_S may have better immune defences than YR_S, resulting in greater capacity for dealing with heat stress. However, nlrc3 was also upregulated in WR_S, which has a negative effect on inflammatory response (60). Although inflammation is a protective immune response against external environmental stresses, excessive inflammation can cause damage to the body, and it can be stimulated or suppressed by heat shock proteins via changes in other molecules (2, 61). In humans (Homo sapiens), expression levels of nlrc3 were higher in healthy tissues than in cancerous tissues (62). These results indicate that excessive inflammatory response may be inhibited directly or indirectly through hsp90 genes to protect the body of WR_S.

Phagolysosomes rely on a strongly acidic environment and associated complex immune mechanisms to play an important role in eliminating pathogens, and V-ATPases are essential for the formation of the highly acidic environment and bactericides such as H2O2 in phagolysosomes (63). In the present study, atp6v1e1 was downregulated in WR_S, suggesting that the ability to remove and digest ingested pathogens in phagolysosomes may be diminished (64). Besides, we also identified some adaptive immune molecules in the phagosome pathway, including tap1, tap2 and mhci, all of which were upregulated in WR_S. Once pathogens are phagocytosed by dendritic cells, peptides from these antigens are carried from the cytosol to the endoplasmic reticulum (ER) by tap1 and tap2, which bind to mhci to form the peptide-MHCI complex, and this presents the antigens to cytotoxic CD8+ T-cells (CTLs) that kill MHCI-matched infected cells in teleost fish (65–67). Knockout and mutation of tap1 and tap2 significantly reduce the number of MHCI complexes, which results in autoimmune disorder and susceptibility to infections (66, 68), indicating that timely shipment of antigens to CTLs via TAPs is crucial in preserving the normal functions of the immune system. Previous studies on infected skin of orange spotted grouper (12) and rabbitfish (13) showed that tap1, tap2, mhci and cd209 were upregulated in infected samples, suggesting that more antigens were displayed to CTLs through increased expression of taps in the defence against pathogens. In zebrafish, cd209 blockade inhibits T cell activation (69). It is therefore interesting that cd209 was also upregulated in WR_S in the present work, which indicates that CTLs are more active. Taken together, upregulation of these genes suggests that innate and adaptive immune responses in phagosome may be a major part of the immune defences in YR_S and WR_S, respectively. From the result of the circRNA-miRNA-mRNA network, we found that circRNA5279 and circRNA5277 were co-expressed with tap2 through competitively binding with oni-mir-124a-2-p5_1ss13GA. Mir-124a was identified as a key factor in regulating T cell activation and differentiation (70, 71). A recent report showed that reduced level of mir-124a is associated with increased proinflammatory mediator expression in mice (Mus musculus) (72). These results implied that circRNA5279 and circRNA5277 may play an important role in skin immunity of rainbow trout.

In addition to being the largest immune organ, fish skin is also considered a metabolically active tissue (4). In recent years, numerous metabolic biomarkers that regulate immune responses have been identified in fish, demonstrating that the immune response is closely related to metabolism. In the present study, many DEmRNAs were enriched in metabolic pathways, indicating that differential expression of these genes may be responsible for differences in immunity between WR_S and YR_S. Besides, 88 lncRNAs were localized in the metabolism-related pathways and competitively targeted mmu-mir-6236-p3_1, mmu-mir-6236-p3_2 and mmu-mir-6236-p5_1, which regulated gstp1. We found that expression of gstp1 was upregulated in YR_S. GSTs are related to the metabolism of xenobiotics by cytochrome P450, and to glutathione metabolism. Previous studies found that exposure of zebrafish and Nile tilapia (Oreochromis niloticus) to certain concentrations of endosulfan and metals (Cd, Cu, Cr, Pb and Zn) can result in the upregulation of GSTs (73, 74), which may indicate that YR_S are more susceptible to xenobiotics in the natural pond culture environment. Moreover, many xenobiotics without inherent immunotoxicity can be converted into highly immunotoxic metabolites by cytochrome P450 enzymes, and their activity can be downregulated by inflammatory cytokines in fish (75). Thus, upregulation of pro-inflammatory genes in WR_S suggests that the metabolic rate of xenobiotics may be slowed.

Upregulation of nampt, naprt and cd38 were also detected in WR_S, and these genes function in nicotinate and nicotinamide metabolism, as well as NAD biosynthesis. Furthermore, two GO terms were assigned to NAD+ADP-ribosyltransferase activity (in the molecular function category) and NAD biosynthetic process (in the biological processes category), the former of which was the most significantly enriched among all GO terms. NAMPT and NAPRT are rate-limiting enzymes that catalyse the synthesis of NAD from nicotinic acid and nicotinamide (the two main precursors), and their increased activity can accelerate the rate of NAD synthesis (76, 77). Studies have shown that enhancing NAD synthesis can hinder the spread of various diseases and alleviate adverse inflammatory response (78, 79). Additionally, NADH can reduce O2 to H2O2, and the activity of cytochrome P450 enzymes is suppressed by nicotinamide (71, 80). Hence, the upregulation of nampt and naprt plays an essential role in protecting the body against environmental stress in WR_S. cd38 is a major consumer of NAD, which can be degraded into nicotinamide, and lacking cd38 displays an increase in NAD content (78). In mice, inhibition of nampt results in a decrease in cd38 activity (81). Therefore, upregulation of cd38 may be increased along with nampt and naprt in WR_S.

Melanocytes, melanin-producing cells located in the superficial layers of skin, are very important components of the innate and adaptive immune responses of fish skin. In the process of skin melanisation caused by black melanin, numerous toxic intermediate compounds are generated, including quinones (dopaquinone, indolequinones and semiquinones) and various ROS with strong antimicrobial properties (82). The stratum corneum can also be acidified in black skin when melanosomes of melanocytes are transported to keratinocytes on the outside of the epidermis, where the acidic environment is conducive to antimicrobial function (83). Additionally, pattern recognition receptors (PRRs) composed of RLRs, NLRs and TLRs are expressed on melanocytes, which can induce the production of type I IFNs, cytokines (IL-1β, IL6 and TNF-a) and chemokines to stimulate immunity (84). Moreover, melanomacrophages, T cells and MHC class II cells are present in the black spots of salmon, and melanocytes function similarly to antigen-presenting cells in human (82, 85). Individuals with white skin were found to be more susceptible to infections than those with black skin (86), indicating that melanocytes may play important roles in the battle against pathogenic microorganisms via innate and adaptive immune responses and maintenance of skin homeostasis. In addition to melanocytes, carotenoids contribute to a more robust immune response by protecting phagocytic cells from autooxidative damage, stimulating effector T-cell function, and enhancing T- and B-lymphocyte proliferation (87). Xanthophores contain lots of carotenoids, suggesting that the number of xanthophores is positively correlated with immunity. Thus, the large number of melanocytes and xanthophores present in the skin of WR_S may strengthen the skin mucosal immune system. Additionally, the microbiome inhabiting fish skin mucus is crucial for immune function in the mucosal epithelia. Several studies have reported differences in disease-resistant and susceptible fish that are correlated with differences in the skin microbiome (6, 88–90). Furthermore, 16S rRNA analysis revealed differences in microbiome composition between melanin-deposited and pseudo-albino skin in fatfish (Pleuronectiformes) (91). Similar results were also found in frogs (Agalychnis callidryas) and humans, showing that the skin microbiome composition varies with skin colour (92, 93). Therefore, the skin immune status of WR_S and YR_S may be affected by differences in the microbiome, but further studies are needed to confirm this.



Conclusion

In the present study, the skin expression profiles of mRNAs, lncRNAs, circRNAs and miRNAs were detected by whole transcriptome sequencing to explore differences in immunity between WR_S and YR_S in a natural flowing water pond culture environment. After differential expression analysis, a great number of key immune-related DEmRNAs and DEncRNAs were identified, and cluster analysis showed that most of the DEmRNAs were implicated in immune and metabolism-related pathways. In addition, two co-expression networks (lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA) were constructed to better understand the regulatory relationships of these mRNAs and ncRNAs. These results broaden our understanding of the innate immune system between these two phenotypically distinct variants, and provide a basis for further study of immune mechanisms and resistance breeding in rainbow trout.
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*This refers to the downregulated (< 0.5) and upregulated genes (> 2.0)r listed in this table.
**These figures indicate the hit numbers in GO term for the BP category.
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Gene (HGNC symbol and name)

Gene expression (Log, FC)

HHvs C HMvs C LLvsC
CSF3, colony stimulating factor 3 6.0 5.3 2.8
GTPBP2, GTP binding protein 2 55 5.5 5.9
CXCL2, C-X-C motif chemokine ligand 2 4.5 3.3 23
ADAMTS1, ADAM metallopeptidase with thrombospondin type 1 motif 1 4.3 32 2.0
FOSL2, FOS like 2, AP-1 transcription factor subunit 3.9 3.1 26
MIOS, meiosis regulator for oocyte development -2.4 -2.9 -20
ABCG2, ATP binding cassette subfamily G member 2 (Junior blood group) -26 -2.8 -16
RAD21, RAD21 cohesin complex component -26 -19 -25
DHRS4L2, dehydrogenase/reductase 4 like 2 -28 -3.4 -24
CCDCA40, coiled-coil domain containing 40 -5.9 -6.6 -6.9

Genes were considered differentially expressed at adjusted p-value < 0.05 and absolute Log» FC > 1. For details on all 382 common DEGs see Supplementary Table 4.
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Group comparison Number of differentially expressed genes’ Supplementary Table

RNA targets® Fish genes HGNC gene ID
HH vs control 3107 1519 1436 1
HM vs control 2348 177 1069
LL vs control 1247 606 567 3

"RNA targets (representing fish mRNAs bound to the microarray probes) were mapped to human orthologs (BLASTX, E-value < 0.00001, top hit) to generate HGNC gene identifiers
(HGNC, HUGO Gene Nomenclature Committee). Numbers refer to the total number of RNA targets (including replicate and redundant probes), and to the unique numbers of fish genes
and human orthologs mapped to these targets.

?for volcano plots of differential expression of RNA targets see Supplementary Figure 3.

The contrasts were set up to compare fish from HH (high exposure/high response), HM (high exposure/moderate response) and LL (low exposure/low response) groups vs control group
(no exposure/no response). Genes were considered differentially expressed at adjusted p-value < 0.05 and absolute Logs FC > 1.
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Tank Exposure to Fish phenotypic response (clinical presentation)
P. parvum
1-3 High! High response: increased respiratory effort, advanced lethargy, loss of balance, dark skin colour,

increased production of gill mucus
Moderate response: increased respiratory effort, mild lethargy, increased production of gill mucus

4-6 Low? Low response: increased production of gill mucus
7,8 None None

Group

HH (high exposure/high
response)

HM (high exposure/moderate
response)

LL (low exposure/low response)
C (control, no exposure/no
response)

"4 x 10* cells per mL of water, 2~1.5 x 10° cells per mL of water.
The resultant groups consisted of 16 fish each (64 fish in total).
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Category Gene ID Gene Gene description Fold-changes (log,FC)

symbol
0.3% 0.3% FA+ 1% 1%
FA 1s FAw6  FA3
Muscle structure fgf12 fgf12 Fibroblast growth factor 12 3.31 3.54 4.02 3.70
development
LOC106589658 acta2 Actin, alpha skeletal muscle 2 6.01 6.00 7.34 9.33
LOC106575818 myi3 Myosin light chain 3 6.91 6.88 8.23 8.66
LOC106609638 tnnct Troponin | 9.26 725 9.06 7.09
Interferon pathway LOC106583433 ifi44 Interferon-induced protein 44 5.62 4.14 3.69 3.74
LOC106608578 ifit5 Interferon-induced protein with tetratricopeptide repeat 5.80 3.15 5.80 5.57
5
LOC106578964 ifit5 Interferon-induced protein with tetratricopeptide repeat 2.96 2.03 293 3.10
5
LOC106566099 rsad2 Radical S-adenosyl methionine domain-containing 5.81 4.30 6.03 6.26
protein 2
Complement system c6 c6 Complement C6 4.52 4.81 3.28 4.36
LOC106612870 c4 Complement C4 4.04 4.63 6.08 5.53
LOC106572353 cth Complement factor H 212 229 241 2.04
LOC106565874 cd55 Complement decay-accelerating factor 1.94 3.43 197 1.95
mbl2 mbi2 Mannose-binding protein C 3.60 4.54 3.84 4.35
Heat shock proteins hspb7 hspb7 Heat shock protein beta-7 7.27 8.27 5.07 6.61
hsp70-3 hsp70 Heat shock protein 70 5.01 4.34 5.37 6.51
LOC106603948 hspb1 Heat shock protein beta-1 4.64 3.30 5.69 3.18
LOC106579825 hspb8 Heat shock protein beta-8 3.58 4.33 4.96 371
hspb8 hspb8 Heat shock protein beta-8 1.90 2.13 2.31 1.73
Iron homeostatis LOC106599278 fth1 Ferritin, middle subunit -3.07 -1.94 -2.20 -1.84
LOC106600764 fth1 Ferritin, middle subunit -3.64 -1.59 -2.29 -2.39
Chemokine signaling LOC106600142 ccl20 C-C motif chemokine 20 -2.89 -4.23 -2.47 -3.09
ccré ccré C-C chemokine receptor type 6 -217 -2.93 -2.49 -2.16
LOC106600446 ccl4 C-C motif chemokine 4 -2.14 -2.87 -2.19 -1.95
LOC106590189 ccr9 C-C chemokine receptor type 9 -1.66 -2.92 -2.60 -3.10
Antigen presentation LOC106564360 h2-aa H-2 class Il histocompatibility antigen, A-Q alpha -2.17 -2.28 -2.67 -1.92
LOC106600246 h2-eb1 H-2 class Il histocompatibility antigen, I-E beta -1.76 -3.26 -2.42 -2.04
b2m b2m beta-2-microglobulin -1.14 -1.82 -1.02 NS
LOC106562659 mr1 Major histocompatibility complex class I-related gene -1.69 -1.51 -1.78 -1.50
protein
LOC106564356 rt1-b rano class Il histocompatibility antigen, A beta chain -1.78 -1.66 -2.03 -1.91
LOC106565699 h2-aa H-2 class Il histocompatibility antigen, A-U alpha chain -1.48 -2.95 -2.31 -1.64
T-cell development LOC106586939 cd28 T-cell specific surface glycoprotein CD28 -2.14 -2.18 -1.83 -3.51
LOC106602649 cd5 T-cell surface glycoprotein CD5 -1.78 -3.08 -2.27 -2.59
tagap tagap T-cell activation Rho GTPase-activating protein -1.62 -2.55 -2.10 -1.92
LOC106563917 cd96 T-cell surface protein tactile -1.42 -2.07 -2.12 -1.84
LOC106611417 trbc2 T-cell receptor beta-2 chain C region -1.36 -2.24 -1.85 -1.88
Collagen synthesis colt1at coll1at Collagen alpha-1(XI) chain -2.65 -4.68 -4.18 -4.20
LOC106583145 col12atl Collagen alpha-1(XIl) chain -2.15 -2.30 -2.26 -3.11
LOC106593482 colt1al Collagen alpha-1(Xl) chain -2.08 -2.96 -2.84 -3.07
LOC106588396 col11a2 Collagen alpha-2(Xl) chain -1.72 -4.13 -2.89 -2.79
LOC106607727 col10at Collagen alpha-1(X) chain -1.66 -3.81 -3.44 -3.02
LOC106584045 col24al Collagen alpha-1(xXXIV) chain -2.14 -3.59 -2.73 -3.18
Tissue repair LOC100286414 fmod Fibromodulin -4.01 -5.28 -5.18 -4.44
LOC106590496 prg4 Proteoglycan 4 -6.71 -5.90 -4.04 -5.12
LOC101448046 tmprss5 Serine protease-like protein 2.40 NS 1.98 2.02
LOC106562051 mmp15 Matrix metalloproteinase 15 -2.84 -2.88 -2.35 -3.13
LOC106569443 mmp14 Matrix metalloproteinase 14 1.36 1.48 1.37 1.98
fgfp12 fafo12 Fibroblast growth factor 12 3.31 3.54 4.03 3.71
fgfp1 fofp1 Fibroblast growth factor-binding protein 1 2.55 3.89 37 3.36

NS, not significant; IS, indicates immunostimulant.
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Treatment

pre-infection

single infection

co-infection

Diet Comparison

0.3% FA+IS vs. 0.3% FA
1% FAw6 vs. 0.3% FA
1% FA®3 vs. 0.3% FA
1% FAw6 vs. 1% FA®3
0.3% FA+IS vs. 1% FA®3
1% FA®6 vs.0.3% FA+IS
0.3% FA+IS vs. 0.3% FA
1% FAw6 vs. 0.3% FA
1% FA®3 vs. 0.3% FA
1% FA®B vs. 1% FA0S
0.3% FA+IS vs. 1% FA®3
0.3% FA+S vs.1% FA®G
0.3% FA+IS vs. 0.3% FA
1% FA®B vs. 0.3% FA
1% FA®3 vs. 0.3% FA
1% FAwB vs. 1% FA0S
0.3% FA+IS vs. 1% FA®3
1% FA®6 vs. 0.3% FA+IS

Number of DEGs

Up-Regulation

217
79
27
77
110
146

445
70
52
103

725

537
63

220
139

204
104
116

Down-Regulation

158
68
69
28
68
157
37
40
il
48
233
27
244
351
238
113
149
55

Total

375
147
96
105
178
303
482
110
123
151
958
564
307
571
377
317
253
171

False discovery rate (FDR)<5%.
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Diet

0.3% FA

0.3% FA+IS

1.0% FA0B

1.0% FA®3

False discovery rate (FDR)<5%.

Treatment Comparison

Single infection vs Control
Co-infection vs Control
Co-infection vs Single infection
Single infection vs Control
Co-infection vs Control
Co-infection vs Single infection
Single infection vs Control
Co-infection vs Control
Co-infection vs Single infection
Single infection vs Control
Co-infection vs Control
Co-infection vs Single infection

Up-Regulation

955
1638
1016
976
1482
276
589
1662
865
1221
1567
1042

Number of DEGs
Down-Regulation

1289
1169
292
191
2189
288
1151
1716
116
1611
1437
383

Total

2244
2807
1308
2167
3671
564
1740
3378
981
2832
3004
1425
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Name

0.3% FA
0.3% FA+IS

1% FAwG
1% FA®3

Diet

0.3% EPA/DHA+high-w6
0.3% EPA/DHA+high-06
+ immunostimulant

1% EPA/DHA+high-w6
1% EPA/DHA+high-w3

Average lice counts

Virus load(Ct)

Pre-Infection

00
0£0

0+0
0+0

Single Infection(33dpi)

12.9+0.8
1.2+07

120+ 1.0
10.4 0.8

Co-Infection(33 dpi)  Co-Infection(33 dpi)

11.7+09 32915
141 +£1.0 333 £0.9
136+ 1.1 322+02
16.1 +0.9 31.8+07

Cumulative survival rate (%)

47.8
50.0

46.7
37.3
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0.3% FA(0.3% EPA+DHA 0.3% FA+IS(0.3% EPA+DHA High 06 1% FAw6(1% EPA+DHA 1% FA®3(1% EPA+DHA

High 06)? Immunostimulant) High 06)° High Q3)°
Fish oil (% diet) 0.09 0.09 4.32 4.25
Soy oil (% diet) 12.50 12.50 10.10 =
Linseed oil (% - - - 6.45
diet)
Poultry fat (% 2.41 2.41 0.58 4.30
diet)
Rapeseed oil (% - - - -
diet)
Added oil (% diet) 15.00 15.00 16.00 15.00
EPA+DHA (% 0.34 0.34 1.00 1.00
diet)
Saturated (% total 17.0 17.0 17.0 17.0
FA)
18:2n-6 (% total 48.1 48.1 38.1 12.3
FA)
18:3n-3 (% total 72 7.2 59 24.6
FA)
n-6 (% total FA) 0.3% EPA+DHA 0.3% EPA+DHA 1% EPA+DHA 1% EPA+DHA
n-3 (% total FA) High 06 High 06 High 06 High 03

this diet was the same diet indicated as 0.3% FA1w6 in Katan et al, 2020. Pthis diet was the same dliet indiicated as 1% FA1 6 in Katan et al, 2020. “this diet was the same diet indicated as
1% FAt @3 in Katan et al, 2020.
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Ingredients
Ingredients (%)

Fishmeal LT 70
Fishmeal 60

CPSP 90

Squid meal

Appetein GS

Wheat Giten

Soyean meal 48 (micronized)
Wheat meal

Pea starch

Fish ol

Vitamin and Mineral Premix P01
Choine chioride

Soy lecthin

Binder (guar gum)

Total

Proximate composition basis
Crude protein (%)

Crude fat (%)

Fiver (%)

Ash (%)

Gross Energy (M/kg)"

Amino acid composition (as feed basis)
Histine

isoleucine

Leucine

Lysine

Threorine

Tryptophan

Vaing

Metrionine + Cystene
Phenylaarine + Tyrosne
Taurine

Control

3690
1250
400
600

760
700
770
450
11.20
100
010
050
100

10000

CTRL

5100
1717
051

1175
2056

108
200
376
as2
235
054
232
182
4%
016

Diets

sopP

3335
1250
400
600
300
760
700
770
480
1145
100
010
050
100
100,00
sopp
5111
17.16
051
11.38
2060

108
202
285
360
240
058
239
184
a4z
015

“Gross energy content was estimated by using the folowing: otal cabohycate = 17.2

g, fat = 39.5 JAkg and protein = 23.5 Jkg.
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Control diet SOPP diot

BW (o) 8272320 821162
SL (om) 146202 148201
< 266206 272208
SR (% BW/day) 1632003b 1702004
FCR 12120052 109007

Dieent ftters witin the same row indcate the presence of statstcaly signifcan
iferences betwoen two experimental groups (-test: p < 0.05). Data aro expressed as
moan = standard deviation (1 = 4). BY: body weight SL: standard ength; K: Futon's
donciion feoloe SGR: soscililo orovdh fede: FOR: R oorenion Ao,
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BLASTx identification/gene name® Symbol Accession number Sequence 5'-3' Efficiency (%) Size (bp) Source

Wound healing

Chromatin target of PRMT1 protein-like chtop XM_014141601.1 F  GTTGGGCCTATGAAGAGAACTG 102.0 89 b
R GTGTCTACGTTGCACTGATACC
Striatin-interacting protein 2 strip2 XM_014152906.1 F TGCAGTGTTTGGATGTTGCT 107.0 108 b
R GGACAGTCATTGCACATACCC
Apoptosis
Bcl2/adenovirus e1b 19 kda protein- bnip31 BT058694.1 F TCAGTCACCCAGCATCTCTG 90.8 113 c
interacting protein 3-like R ATCAACTGTCCTGCCCTGAC
Apoptosis-inducing factor 2 aifm2 XM_014154057.1 F ACATGGTGGCCTCCTATCAG 102.0 120 [
R CTGCAGCCATCTCTACACCA
Cathepsin D ctsd BT043515 F  AGGACTGTCCATAGAGGAGCA 95.0 142 b
R GTTGTCAAACGGTGGAGCAAC
Blood coagulation
Prothrombin 2 EG773276.1 F GGCTTCAAACCAGAGGAACA 103.0 137 c
R TCCCTGTCACATCCTTCTCC
Heparin cofactor Il (Serpin D1) serpind1b  BI468058.1 F ACATGCGCAGCTTTACCAG 98.0 115 c
R TCGGAAGAGTCTGTGCGTAA
Hemopexin-like hpx CKB896897/XM_014174610.1 F GTGGATGCCGTCTTCTCCTA 96.9 125 c
R AGCACCTCCTTCAAGGGTTT
Inflammation-associated
C-reactive protein crp BT058269 F TCTCTAGCAACCCCCTCTGA 97.0 149 {o]
R TCCCACGTGACACAAAAAGA
Leukocyte cell derived chemotaxin 2 lect2a BT059281 F  AAGGCTTTACCATGAGGACTGC 107.0 80 (30)
R CTTGACCATCTCGCACTCTGAC
Immunity
Ig kappa chain V-IIl region MOPC 63 igkv3 BT046734.1 F  GGCCATCAGTGTCTATCCTGGTA 88.4 91 b
R GAGTCCCAGAATGGAGTTTGTTCC
Olfactomedin-4-like olfm4 XM_014124361.1 F TGTGCCGCTATGACCTACAA 88.7 114 b
R CGGTGTCCGTCCAGTCTTTA
UDP-glucuronosyltransferase 2C1 ugt2cl XR_001324390.1 F GCACAGCTTCCTCGTGATTT 98.0 96 b
R AGCTGGTCTGTCTCCTTTGT
DNA damage-inducible transcript 4 ddit4 XM_014155366.1 F  TGCTGAAAGAAACCAGAGACTT 100.3 83 b
protein-like R TGATGAGCGTTGTAGGTAGGA
Cathelicidin campa GQ870278.1 F AAGCCAGAAAATGCTCCAGA 111.0 107 c
R ACCCTCAGGACGACCAATTA
Transcription factors
Peroxisome proliferator-activated pparg NM_001123546 F GAGGCCGTACAAGAGGTCAC 89.9 107 (46)
receptor gamma R ATGACCTCGATGACCCCATA
Peroxisome proliferator-activated pparbla  NM_001123635 F CAGCTGATCAACGGTACGAC 84.5 112 (46)
receptor beta R TGCTCTTGGCAAACTCAGTG
Stress relevant biomarkers
Cytochrome P450 3A27 B cyp3a27  BT056998 F GCTGTTTGATGCATTGTCCTT 107.0 135 c
R TTCAGCAGGTTAGCAGAGTGCC
Hypoxia inducible factor 1 alpha hiflaa NM_001140022 F CCCATGTTCACAACAACAGC 95.0 100 b
R AATGAGAAGGGGCTGAACCT
Heat shock protein 70 hsp70 BT058774 F  GTTATCAATGATTCTACTCGGCC 85.0 148 b
R CTGCATTGTTGACAGTTTTTCC
Glutathione peroxidase 3 gpx3 BT072794 F CTGTGGTTGTGTCCCAAATG 88.8 86 c
R CGCAAATGACACCCTATTCC
Normalizers
Eukaryotic translation initiation factor 3 eif3d GE777139 F CTCCTCCTCCTCGTCCTCTT 94.4 105 (42)
subunit D R GACCCCAACAAGCAAGTGAT
60S ribosomal protein L32 mpi32 BT043656 F AGGCGGTTTAAGGGTCAGAT 92.0 119 (28)

R TCGAGCTCCTTGATGTTGTG

“Official gene symbols based on multiple annotations; majority are represented in HGNC (https://www.genenames.org/) and/or GeneCards (https://www.genecards.org/) databases.
®Same Primers used in the gil gPCR.

°Primers were designed as part of two Genomic Applications Partnership Program projects [GAPP # 6604: Biomarker Platform for Commercial Aquaculture Feed Development project;
and GAPP #6607: Integrated Pathogen Management of Co-infection in Atlantic salmon (IPMC) project] funded by the Government of Canada through Genome Canada and Genome
Atlantic, and EWOS Innovation, now part of Cargil, Incorporated (to MLR). The IPMC project was also funded by the Government of Newfoundland and Labrador through the Department
of Tourism, Culture, Industry and Innovation (Leverage R&D award #5401-1019-108). Those primers were designed by Dr. Jennifer R. Hall.
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accession  GSO)RPY GSO) gPCR® efficiency (%) size (bp)
number
ill remodeling and wound healing
preliminary qPCR ~ collagenase 3-like/matrix mmp13b  BT058668.1 = 066  F CTATAGTGGCTCCTICATGTTTGAG 930 116 (29)
metalloproteinase-13 R CTTTAAACGGCTCATGAGGGTC
matrix metalloproteinase-19 mmp19 XM_014132587 & 0.92 F CTGAACGCAGCCGTTTACT 93.1 132 (29)
R AATATTAGGTGGGAGGCGTTTG
CO77R068 ABI family, member 3 [NESH] binding abisbp XM_014174256.1 43 24 F GOATAAGGATATGCTTTGTTGTGCT 846 123 0
protein R GGTCACTTGCAATGAGCTTAGGA
C101R031 actin, alpha skeletal muscle 2-like acta2 XM_014131025.1 42 25 F  AGAAGAGCTACGAGCTTCCC 98.5 85 ®
R AGCGGACTCCATACCAATGA
CO91R125 actin, alpha cardiac-ike actct XM_014210475.1 27 16 F TTCCAGGCCATGTGGATCA 853 9 Q)
R GGTGAAGAGGGTAGACTGTTTAGA
C178R027 aldolase a, fructose-bisphosphate 1 aldoa XM_014159280.1 2.7 6.2 F CTCCTAACCCTCCCACCATCT 872 %9 0
R TCGAGTAGAGACGGCTTCTTAGG
C122R160 bone gamma-carboxyglutamate protein bglap NM_001136551.2 23 25 F GAACCAACAGCAAAGAGAAAGATG 91.9 93 (U]
R GGTAGAGGAGTCTCCAATAGAGTG
C134R091 casq2 XM_014164852.1 21 50 F GAACTACCAGAAGGCCATGAAG 852 114 Q)
R TCCAGCACCATCTCAGTCAT
CO02R150 chromatin target of PRMT1 protein-ike  chtop XM_014141601.1 0.1 09 F GTTGGGCCTATGAAGAGAACTG 872 89 0
R GTGTCTACGTTGCACTGATACC
C254R106 coatomer subunit zeta-1 copzl XR_001329207.1 39 08 F  ACGCCAAATAGGAAGATAGGCTAAT 103.7 92 (]
R TAGCTTGACAACAGGCAGACTC
C236R013 desmin-like des XM_014183249.1 28 108  F TGCTGCCTCATCATATTCCACTATT 1093 112 0
R GOGGGTTTCGATGGTCTTGAT
C249R072 elastin-ike en XM_014162760.1 39 1.4 F CGTGCGGTGGGATAGTATTCAT 978 107 0
R GGATTACCGGGAACAAGTCACA
CO73R110 kelch-like protein 41b kihi41b XM_014173228.1 23 29 F  ACCGTGTCAAGACGCTAGAA 93.2 110 f)
R AGGGTCAGCCTTGATGATGT
C181R085 myogiobin (myg) mb BT057357.1 31 76 F CTGACTACAACAATCACGGAGGAC 1007 % 0
R CTGCGATGCCTGCGAACTTA
C092R076 myosin heavy chain, fast skeletal muscle-  myh XM_014132387.1 57 1090  F GCCATCTACCTCCGCAAGC 9.0 100 0
like R ACATCTCTTTGGGCTCAACCAC
C100R066 myomesin-1-like myom1 XM_0141807856.1 28 22 F GTCGTGATTATGGCATCCCTTTC 84.2 96 (U]
R CACTGCGTCGTGACAAAGTAA
C029R004 nebuin neb XM_014178550.1 29 30 F CCGTGTCAGCTCTATTCACTGT 81.6 &7 0
R CAACTTCAGAACGCACAACTCC
C223R058 phosphoglycerate mutase 2-1 pgam2 NM_001139729.1 26 65 F TCCACTCACCCAAAGACACAAA 816 103 0
R TGTCAGACTGTTGTGCCCTTAAC
C113R032 striatin-interacting protein 2 strip2 XM_014152906.1 24 1.0 F TGCAGTGTTTGGATGTTGCT 81.0 103 (U}
R GGACAGTCATTGCACATACCC
C160R049 troponin T, cardiac muscle isoforms-fike  thnt2 XM_014166074.1 53 7.4 F GAGACCATAGGAGTCCATTCCATTC 918 82 0
R TCACACAAGTCTTCCTTGTCTGTAG
C148R096 tropomyosin beta chain tom XM_014144815.1 44 29 F GATCTGGGTTAGGCTTGGTCTTC 915 86 Q)
R GOGGTTTCAGGACATTTATTACAGAG
C108R085 £3 ubiquitin-protein ligase TRIM39-ike tim39-lke  XM_014153318.1 3.2 07 F TACAGTATGCAGCAGCATTGTAAGA 86.9 115 ®
R CTTCCACAGAAATGTAACTCCCAGATA
Immune and stress-relevant
prefiminary GPCR  complement C1q tumor necrosis factor-  ¢1qtn3 XM_014134632 - 066  F TGGTCCACACTCACGTCAT 81,79 83 ©
related protein3-ike R GACTCCATTTACTGGTGCTGTG
cathepsin D ctsd BT043515 t? 0.87 F  AGGACTGTCCATAGAGGAGCA 93.1 142 @
R GTTGTCAAACGGTGGAGCAAC
glutathione peroxidase 2-like gpx2 XR_001319691.1 - 060  F TCATGTACTGTGCTCTCCTGT 1035 187 P)
R TGGGCCCAATGCAACTTATG
high choriolytic enzyme hoeb XM_014174772.1 - 079  F OCCTGCACAGCTCACAC 86.1 86 ©
R GGCGAGTATTGATTAGAGATCACA
hypoxia Inducible Factor 1 Alpha hiflaa NM_001140022 o> 0.75 F  CCCATGTTCACAACAACAGC 87.1 100 )
R AATGAGAAGGGGCTGAACCT
heat shock protein 70 hsp70 BT058774 - 092  F GTTATCAATGATTCTACTCGGCC 116.0 148 ®
R CTGCATTGTTGACAGTTTTTCG
interleukin 1 beta b AYE17117 - 064  F GTATCCCATCACCCCATCAC 9838 119 @3)
R TTGAGCAGGTCCTTGTCCTT
ladderfectin-like ladderfectin- XM_014125761.1 = 0.47 F AGCAGAGAGTGATCGTCCATGT 88.4 133 @
ke R AGACGCCAGGTTTGCTTGAAA
mucinsa mucinsac  JT819124 - 115 F GGGACAGGTGGCGAATTTAT 9.0 97 ©
R TGCTGCCGTCTCCTCTTAT
succinate dehycrogenaselubiquinone] iron-  sahb BT125403 - 067  F CTGTGGCCCCATGGTATTAG 2.7 101 ©
sulfur subunit, mitochondrial-ike R AGGATCCGCAGATACCCTCT
C139R108 C-X-C motif chemokine receptor 5 oxars XM_020773940.1 25 30 F CACCGCCACAACCACTAAA 8.8 116 0
R AGATCAGATTTAACCGTCAGTATCC
CO11R100 DNA damage-inducible transcript 4 dait4 XM_014155366.1 05 1.1 F TGCTGAAAGAAACCAGAGACTT %25 83 0
protein-like R TGATGAGCGTTGTAGGTAGGA
CO0BRO72 gamma-aminobutyric acid receptor subunit - gabra2 XM_014210615.1 0.4 08 F GTGACAGAGGTGAAGACTGATATTT 839 11 0
alpha-2-like R CCGTTCGTCAATCCAACTCTG
C266R066 g kappa chain V-l region MOPC 63 ighv3 BT046734.1 53 30 F GGCCATCAGTGTCTATCCTGGTA 896 ot 0
R GAGTCCCAGAATGGAGTTTGTTCC
C123R073 olfactomedin-4-like olfm4 XM_014124361.1 24 -4 F TGTGCCGCTATGACCTACAA 91.4 114 U]
R CGGTGTCCGTCCAGTCTTTA
CO10R062 snadlec 1-lke snaclec - XM_014158126.1 03 0.1 F CTGAATGATCTGGAGCAGGAAGG 87.1 200 [0
Ike R AAGAGTTCAGTGCCACACAGTC
CO38R122 UDP-glucuronosytransferase 2C1 ugtzet XR_001324390.1 04 15 F GCACAGCTTCCTCGTGATTT 86.1 % 0
R AGCTGGTCTGTCTCCTTTGT
Normalizers
elongation factor 1 alpha-1 eflal AF321836 - - F TGGCACTTTCACTGCTCAAG 915 197 (30
R CAAGAATAGCAGCGTCTCCA
polyadenylate-binding protein 1 pabpcl  EG908498 - - F TGACCGTCTCGGGTTTTTAG %02 108 @1)
R CCAAGGTGGATGAAGCTGTT

"Probe’s idlentifier of the 44 K array detected by Rank Prodlucts (RF) analysis and targeted by qPCR for validation.

"Name/s or alias obtained from annotation.

“Official gene symbols based on muliple annotations; majority are represented in HGNC (https://www.genenames.org/) and/or GeneCards (https://www.genecards.org/) databases.
“Fold-change (FC) for RP, The FC was calculated using the Bioconductor package, RankProd.

°FC for the gPCR (ie., GS2/GSO).

'Microarray identified novel biomarker; primers are designed as described in section Real-time Quantitative Polymerase Chain Reaction (qPCR) Analysis for the Gil.

“Primers were designed based on studies on references (8, 32, 33).

"Primers were designed as part of two Genomic Applications Pertnership Program projects [GAPP # 6604: Biomarker Platform for Commercial Aquaculture Feed Development project; and GAPP #6607 Integrated Pathogen Management of
Co-infection in Atlantic samon IPMC) project]fundied by the Government of Canada through Genome Canada and Genome Atlantic, and EWOS Innovation, now part of Cargl, Incorporated (to MLR). The IPMC project was also funded by the
Govemnment of Newfoundiand and Labrador through the Department of Tourism, Culturs; Indusiry and Innovation (Leverage R&D award #5401-1019-106). Thase primers wers dasioned by Dr. Jenniier R Hall and X6 Xus.
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Gill score Percentage (%) of gill
surface area affected

GSO Less than 1% total gill
flament surface area affected

GS1 Between 1% to 10% of total
gill filament surface area

GS2 Between 10% and 25% of
(Moderately total gill filament surface area
damaged)

GS3 More than 25% of total gill
(Severely filament surface area
damaged)

Lesion description

Overall normal-appearing red gill tissue. May have subtle lesions including pale,
blunted, or fused gill edges or partial thickening of a few gill filaments if present.

Obvious lesions including pale, discolored, or necrotic filaments (short, thickened
filaments) affecting between 1 and 10% of total gill flament surface area.

Obvious lesions including pale, discolored, or necrotic filaments (short, thickened
filaments) affecting between 10 and 25% of total gill filament surface area.

Obvious lesions including pale, discolored, or necrotic filaments (short, thickened
filaments) affecting more than 25% of total gill filament surface area.
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Sample dentifier Tissue ‘Animal Condition Description

C_GLF1 e Nave G bicogeal epicate 1
G bicogical epicate 2
G bidogial epicate &
G bicogica epicate 4
AGD-afocted Gl biopsy distal 1o the esion bilogcal rpicate 1
G biopsy distal 1o the oson bidogial ropicalo 2
NF_D_GILL F7 G biopsy distal 0 the lesion bidogial repicate 3
NF_D_GLL FB G biopsy distal o the eson bioogial repicate 4
NF LES F5 G & Nooparamoeta perrars. G biopsy at thelesion biclogcal epicate 1
NF_LES F6 G biopsy at thelesion biclgica eplcate 2
NF_LES 7" i biopsy at the lesion bidogial replcate 3
NF_LES F8 G biopsy at th lesion bickogica repliate 4
C_HK F1 Head Koney Nave Hoad Kedney biokogca epicato 1
C_HK F2 Head Kiney bclogca replcate 2
C_HK F3 Hoad kiney bickogica eplcate 3
C_HK Fd Hoad Keney bokogca eplcato
NF_HK F5 AGD-afocted Hoad kidhey bokogical eplcate 1
NF_HK F6 Head ey biobogica eplcate 2
NF_HKFT Head kchey bokogica eplcate 3
NF_HK FB Head idney biobogica eplcate 4
C.5P_F1 Sploen Naive Spleen biologcal epicate 1
8P F2 ‘Sploen bologcal epicate 2
C 50 3 ‘Spleen bilogcal epicate 3
C 8P Fi ‘Spleen biologcal epkca &
NF_SP_F5 AGD-afocted Sploen bilogcal repicate 1
NF_SPF6 ‘Sploen bilogcal epbcats 2
NF_SP_F7 ‘Sploen biologcal epbcate 3
NF_SPFS. ‘Sploen bilogcal epicats ¢
FLCEUS.1 Neoparamoeba perurans Fiating wophozaite ‘Cuturet N, penuans foating trophazotes bickgica epicate 1
ACEUS 2 (Cuturet . penurans foatng trophazotes bickgica epicate 2
FLCEUS 3 (Cuturet N, pensans foating trophazotes bickogica repicate 3

Samph INF_LES_F7 faod PNA qualty contol and was axcdc fom he sty
& conmol aning not aflscied by AGD: o, fsh sumbar: IVF. AGD-afactedt 0, By dbtel 1o #he leabr LES: laba blooes: 1%, heed ihar: 8P soleen.
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Gene description

Gene acronym

Biological processes

AFC

P-value

CYLD lysine 63 deubiquitinase

Actinin Alpha 4

Proteasome 26S subunit, non-ATPase 1
Ubiquitin like modifier activating enzyme 1
Chitinase 3 Like 1

Proteasome 26S subunit, non-ATPase 5
Erythrocyte membrane protein band 4.1
Caspase 8

Sequestosome 1

Proteasome subunit beta 5

Zinc and ring finger 3

RAP1B, member of RAS oncogene family
LIM domain binding 1

COP9 signalosome subunit 4

Ubiquitin specific peptidase 4

Ras homolog family member A
Fibroblast growth factor 18

Mechanistic target of rapamycin kinase
Proteasome subunit beta 2
Phosphoglycerate kinase 1

Ubiquitin conjugating enzyme E2 A
Ubiquitin conjugating enzyme E2 G1
C-Type lectin domain family 4 member e

NLR family card domain containing 3

Signal transducer and activator of transcription 3

BCL2, apoptosis regulator
Ubiquitin specific peptidase 7
Galectin 1

Ubiquitin conjugating enzyme E2 D2

cyld
actn4
psmd1
ubat
chidi1
psmd5
epb41
casp8
sgstm1
psmb5
znrf3
rap1b
ldb1
cops4
usp4
rhoa
fgf18
mtor
psmb2
pgk1
ube2a
ube2g1
clecde
nirc3
stat3
bcl2
ups7
Igals1
ube2d2

0,027
0,022
0,015
0,020
0,046
0,041
0,032
0,004
0,031
0,020
0,038
0,004
0,019
0,001
0,037
0,047
0,041
0,021
0,023
0,046
0,039
0,001
0,013
0,020
0,0005
0,038
0,044
0,020
0,021
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Ingredients, % Control diet MPLE diet

Fishmeal LT70 7.0 7.0
Soy protein concentrate 21.0 21.0
Pea protein concentrate 12.0 12.0
Wheat gluten 12.0 12.0
Corn gluten 12.0 12.0
Soybean meal 48 5.0 5.0
Wheat meal 10.4 10.4
Fish oil (SAVINOR) 15.0 15.0
Vitamin and mineral Premix PVO1 1.0 1.0
Soy lecithin — Powder 1.0 1.0
Binder (guar gum) 1.0 1.0
MCP 20 20
L-Lysine 0.3 0.3
L-Tryptophan 0.1 0.1
DL-Methionine 0.2 0.2
MPLE - 0.1
Proximate composition

Crude protein, % 48.37 48.37
Crude fat, % 17.19 17.21
Fiber, % 1.62 1.52
Ash, % 5.88 5.88
Gross Energy, MJ/kg 21.62 21.62

MPLE, medicinal plant leaf extract obtained from sage (Salvia officinalis) and lemon
verbena (Lippia citriodora).

Proximal compositions of the diets were according to Salomon et al. (14), following the
AOAC guidelines.
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Control diet ~ MPLE diet

General histochemistry

Neutral glycoproteins 1-2 2-3
Carboxylated glycoproteins 1-3 3
Weakly inonised sulphated glycoconjugates 2-3 3
Strongly ionised sulphated glycoconjugates 2-3 2-3

Lectin histochemistry
ConA (Man/Glu) 0 0

WGA (BGIcNAc>>NeuNAc/sialic acids/NANA) 2-3 3
SNA (Neur5Aca2; sialic acids/NANA) 1-3 0
SBA (o/B GalNAC) 0-3 1-3
UEA-I (Fuc) 0 0

Semi-quantitative assessment scoring based on color intensity scores: 0, negative (non
detected); 1, weak; 2, moderate; 3, intense; 4, very intense.
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ID

CI01000346_00033095_00038432
CI01000071_04534337_04569325
Cl01000026_10831971_10837028
CI01000004_11432849_11451784
Cl01000010_02563536_02561950
CI01000340_15454365_15456711
Cl01000010_05594817_05606739
Cl01000325_02484476_02491983
Cl01000071_01149617_01177048
CI01000029_03698769_03707177
CI01000059_06430220_06439547
Cl01000037_04313204_04343186
Cl01000301_00660823_00677721
Cl01000152_02905331_03070904
Ci01100888_00000121_00001066
CI01000339_02221790_02222160
Cl01000004_09490844_09498265
Cl01022064_00000512_00000912
Cl01000325_05045369_05061497
CI01000029_03746973_03752660
C101000001_00580789_00602408
Ci01022123_00000351_00000764
Ci01000054_01634335_01637623
CI01000051_03431193_03432454
Ci01072909_00000766_00002054
Ci01000116_00002666_00003048
Ci01000006_12380830_12394437
Ci01000053_02118918_02119910
Ci01000339_02215633_02219758
Ci01000016_02328065_02334778
CI01022074_00000258_00000685
Ci01000069_00059923_00065619
CI01000059_06430220_06439547

Gene

p53
mapki
2
yest
zap70
rspod
abi2
kar
acach
plg
casr
gskab
gskdb
ephb1
Kalr
p53
Iy
cah3
esr1
plg
src
coh3
rah13
jun
peskl
spink1
peskl
mos
p53
rdh13
cah3
mapk3
casr

Annotation

tumor protein ps3
mitogen-activated protein kinase 1

coagulation factor , thrombin

proto-oncogene 1, Src family tyrosine kinase
zeta-chain (TCR) associated protein kinase 70 kDa
R-spondin 4

proto-oncogene 2, non-receptor tyrosine kinase
kinase insert domain receptor

acetyl-CoA carboxylase beta

plasminogen

calcium sensing receptor

glycogen synthase kinase 3 beta

glycogen synthase kinase 3 beta

EPH receptor Bf

kinase insert domain receptor

tumor protein p53

proto-oncogene, Src family tyrosine kinase
cadherin 3

estrogen receptor 1

plasminogen

proto-oncogene, non-receptor tyrosine kinase
cadherin 3

retinol dehydrogenase 13

proto-oncogene, AP-1 transcription factor subunit
proprotein convertase subtiisin/kexin type 1
serine peptidase inhibitor, Kazal type 1
proprotein convertase subtiisin/kexin type 1
Moloney murine sarcoma viral oncogene

tumor protein p53

retinol dehydrogenase 13

cadherin 3

mitogen-activated protein kinase 3

calcium sensing receptor
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Drug name

Seabuckthom

Effective components

Capric acid
Caproic acid
Caprylic acid
Gallic acid
Malic acid

Target genes

rspod, pesk!
Pplg, casr

Acach

jun, mapk3, p53, mapk1
Acach
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Raw material g/kg M SBM sB

Fish meal 555 250 250
Soybean meal 0 500 500
Wheat meal 255 110 110
Starch 50 50 50
Fish ol 30 60 60
Mineral premix® 10 10 10
Vitamin premix 10 10 10
Seabuckthom 0 0 5
Cellulose % 10 5
Gross weight(g) 1000 1000 1000

“Per kiogram of mineral premix (g kg~"): MnSO.+H.0 (318 g kg™'Mn), 1.640 g;
MgSO,H,0 (150 g kg™’ Mg), 60.530 g; FeSO,H.0 (300 g kg™' Fe), 23.110g;
ZnSO,H,0 (345 g kg™ Zn), 0.620 g; CuSO,5H,0 (250 g kg™ Cu), 0.010 ; KI (38
kg™" 1), 0.070 g; NaSeOs (10 g kg™' Se), 0.005 g. Allingredients were diluted with
comnstarch to 1 kg.

®Per kilogram of vitamin premix (g kg™'): retinyl acetate (500,000 IU g™'), 2.40 g;
cholecalciferol (500,000 1U g ™), 0.40 g; DL-a-tocopherol acetate (500 g kg™'), 12.55 g;
menadione (230 g kg™'), 0.80 g; cyanocobalamin (10 g kg™'), 0.83 g; D-biotin (20 g
kg™"), 4.91 g; folic acid (960 g kg ™), 0.40 g; thiamin hycrochioride (980 g kg™"), 0.05 g;
ascorhyl acetate (930 g kg~"), 7.16 g; niacin (990 g kg~"), 2.24 g; meso-inositol (990 g
kg™'). 19.39 g; calcium-D-pantothenate (980 g kg™"), 2.89 g riboflavin (800 g kg™,
0.55 g; pyridoxine (980 g kg™'), 0.59 g. Allingredients were diluted with com starch
to 1 kg.
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Gene description

auroa kinaso B-ko.
2 Inger proten OZF ke

protein NONF ko

2c fnger protein 70-tke

TOX high mobity group box amiy member 3o

muscle spocic ing nger proten 1-be.
transcription actor 8-
cataaso-ho

insuin e growth factr (1GF) 20
‘svep1 sushi, von Whcbrand factor e A, EGF and
pentraxin domain containng 1
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Putative role

I pathogen invasion (59)

'ONA repication undor stross

IS pathogen invasion (70)

It invasion and proferaion (71)

‘Actate CDB+ oytotorc T hmphootes: ot
pathogen imasion (72, 79)
proteasome-medated dagradaton of pathogen
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AP signaing in response o patiogen invasion
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invasion (16)

Tissus repa, IGF-mediated pathogen ivasion (17
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Infammatory response (80)
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Acanthamosba castotoni
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Putative role.
‘Secreted 1o mimic and marvpuias host esponses (97)

Dogrades host membranos (98, 56)
‘Subvert host defense processes (100)

Viuionco and host efense suppression (101)
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Immune-related

ifih1 Melanoma differentiation associated gene 5 712 43.04 -2.60 0.02
dhx58 DExH-box helicase 58 4.68 57.78 -3.63 4.11x10°
irf3 Interferon regulatory factor 3 19.52 219.04 -3.94 0.01
trim25 E3 ubiquitin 0.59 4.88 -3.06 9.70-06
atp6viel V-type proton ATPase subunit E 1 14.22 4.52 1.65 1.69x10°
tap1 Antigen peptide transporter 1 6.86 30.28 -2.14 0.02
tap2 Antigen peptide transporter 2 3.02 21.42 -2.83 0.02
cd209 CD209 antigen 13.92 169.35 -3.62 2.09x10™
hsp90a. 1 Heat shock protein HSP 90-alpha 1 225 36.40 -4.01 3.61-07
nirc3 NLR family CARD 3 0.45 3.86 -3.12 1.69x10°®
nip3 NACHT, LRR and PYD domains 3 1.93 9.39 -2.28 0.02
Metabolism related

gstp1 Glutathione S-transferase P1 21.06 6.22 1.76 6.61x10™
nampt Nicotinamide phosphoribosyltransferase 3.50 37.74 -3.43 5.94x10"
naprt Nicotinate phosphoribosyltransferase 0.19 1.04 -2.48 1.72x10°

cd38 Cyclic ADP-ribose hydrolase 1 0.82 6.18 -2.91 0.02
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