

[image: Unravelling turbot (Scophthalmus maximus) resistance to Aeromonas salmonicida: transcriptomic insights from two full-sibling families with divergent susceptibility]
Unravelling turbot (Scophthalmus maximus) resistance to Aeromonas salmonicida: transcriptomic insights from two full-sibling families with divergent susceptibility





ORIGINAL RESEARCH

published: 06 December 2024

doi: 10.3389/fimmu.2024.1522666

[image: image2]



Unravelling turbot (Scophthalmus maximus) resistance to Aeromonas salmonicida: transcriptomic insights from two full-sibling families with divergent susceptibility



Patricia Pereiro 1*, Ricardo Tur 2, Miguel García 2, Antonio Figueras 1 and Beatriz Novoa 1*


1Instituto de Investigaciones Marinas (IIM), Consejo Superior de Investigaciones Científicas (CSIC), Vigo, Spain, 2Nueva Pescanova Biomarine Center, S.L., O Grove, Spain






Edited by: 

Maria Del Mar Ortega-Villaizan, Miguel Hernández University of Elche, Spain




Reviewed by: 

Alexander Rebl, Leibniz Institute for Farm Animal Biology (FBN), Germany Tor Gjøen, University of Oslo, Norway



*Correspondence: 

Patricia Pereiro
 patriciapereiro@iim.csic.es 

Beatriz Novoa
beatriznovoa@iim.csic.es




Received: 04 November 2024


Accepted: 22 November 2024



Published: 06 December 2024


Citation:
Pereiro P, Tur R, García M, Figueras A and Novoa B (2024) Unravelling turbot (Scophthalmus maximus) resistance to Aeromonas salmonicida: transcriptomic insights from two full-sibling families with divergent susceptibility
. Front. Immunol. 15:1522666. doi: 10.3389/fimmu.2024.1522666








Introduction


Furunculosis, caused by the gram-negative bacterium Aeromonas salmonicida subsp. salmonicida, remains a significant threat to turbot (Scophthalmus maximus) aquaculture. Identifying genetic backgrounds with enhanced disease resistance is critical for improving aquaculture health management, reducing antibiotic dependency, and mitigating economic losses. 







Methods


In this study, five full-sibling turbot families were challenged with A. salmonicida, which revealed one family with significantly greater resistance. Transcriptomic analyses (RNA-Seq) were performed on resistant and susceptible families, examining both naïve and 24-h postinfection (hpi) samples from head kidney and liver tissues. 







Results


In the absence of infection, differentially expressed genes (DEGs) were identified predominantly in the liver. Following infection, a marked increase in DEGs was observed in the head kidney, with many genes linked to immune functions. Interestingly, the resistant family displayed a more controlled inflammatory response and upregulation of genes related to antigen presentation and T-cell activity in the head kidney at early infection stages, which may have contributed to its increased survival rate. In the liver, transcriptomic differences between the families were associated mainly with cytoskeletal organization, cell cycle regulation, and metabolic processes, including insulin signalling and lipid metabolism, regardless of infection status. Additionally, many DEGs overlapped with previously identified quantitative trait loci (QTLs) associated with resistance to A. salmonicida, providing further insights into the genetic basis of disease resistance. 







Discussion


This study represents the first RNA-Seq analysis comparing resistant and susceptible turbot families and contributes valuable knowledge for the development of selective breeding programs targeting disease resistance in turbot and other aquaculture species susceptible to A. salmonicida.
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1 Introduction


Turbot (Scophthalmus maximus) aquaculture is a significant economic activity in China and several European countries, particularly Spain (1). In 2022, the global production of farmed turbot was estimated at 78,566 tonnes, with China producing approximately 66,000 tonnes and Spain producing approximately 9,000 tonnes (1). According to the FAO, less than 10% of the turbot available in global markets comes from wild capture (2), indicating that the consumption of this species primarily depends on aquaculture production.


However, like other farmed fish species, turbot aquaculture faces persistent challenges related to fish health management. Turbot production is highly susceptible to various bacterial, viral, and parasitic diseases, which can lead to substantial economic losses. The gram-negative bacterium Aeromonas salmonicida subsp. salmonicida is the aetiologic agent of classical furunculosis, a ubiquitous disease that poses a serious concern, especially for salmonid species (3). However, this bacterium can infect important nonsalmonid farmed fish species, including turbot (4–6). Indeed, a recent bacteriological analysis in different Chinese turbot farms revealed that Edwardsiella piscicida and A. salmonicida were the most prevalent bacterial pathogens affecting turbot, although the subspecies of A. salmonicida was not specified (7).


Even though there are vaccines with certain efficacy against many bacteria, including A. salmonicida subsp. salmonicida, these can have limitations due to their route of administration (primarily effective through injection), as well as factors such as cost, partial effectiveness, or duration of effectiveness, among others (8). Moreover, the immunocompetence of fish needs to be fully developed for effective vaccination, making it an ineffective strategy in early developmental stages (8). These limitations make antibiotics a widely adopted control strategy during bacterial outbreaks, posing significant threats to human, animal, and environmental health (9, 10). This underscores the urgency of developing new strategies to control bacterial diseases.


Several alternative preventive and control measures have been proposed for the fish aquaculture industry, such as phage therapy, quorum quenching, bacteriocins, the use of probiotics and/or prebiotics, and the use of plant extracts, among others (11). However, comparative immunology provides critical insights into the mechanisms underlying host resistance and susceptibility to pathogens, particularly in aquaculture species where disease outbreaks can have devastating economic and ecological impacts. In this sense, selective breeding programs aimed at producing fish stocks with improved resistance to pathogens have emerged during recent decades as effective complementary strategies (12). Many of these programs rely on family selection, facilitated by the ability to obtain a large number of full siblings for testing purposes (12, 13). Selective breeding programs are based on marker-assisted selection, which uses DNA markers associated with quantitative trait loci (QTLs) that affect a trait of interest, and, more recently, on genome-wide association studies (GWASs), which allow the identification of the complete repertoire of single-nucleotide polymorphisms (SNPs) associated with a trait of interest (14). In turbot, QTL associated to an increased survival to the bacterium A. salmonicida (15), the viral hemorrhagic septicemia virus (VHSV) (16) and the ciliate parasite Philasterides dicentrarchi (17) have been identified. More recently, GWAS has allowed the identification of the genetic variation contributing to resilience to P. dicentrarchi (18). By identifying the genetic and molecular factors that contribute to resistance, breeding strategies can be optimized to develop more resilient fish populations, ultimately improving aquaculture sustainability (19). Analyzing the transcriptomic, proteomic, or metabolic profiles between resistant and susceptible genetic backgrounds provides valuable insights for genetic selective breeding programmes but also aids other selection strategies (e.g., measurement of certain transcripts, proteins, or metabolites in blood samples) and the development of treatments.


During the last few years, microarrays and RNA-Seq analyses have been used to explore the transcriptome differences between fish families with different susceptibilities to infectious diseases. This is the case for Atlantic salmon (Salmo salar) families with distinct susceptibilities to infectious pancreatitis necrosis virus (IPNV) (20), the sea louse Lepeophtheirus salmonis (21), or the amoeba Neoparamoeba perurans (22), for Japanese flounder (Paralichthys olivaceus) with different susceptibilities to the bacterium Edwardsiella tarda (23), and for rainbow trout (Oncorhynchus mykiss) with different resistances to Flavobacterium psychrophilum (24) or viral hemorrhagic septicemia virus (VHSV) (25), among others. To the best of our knowledge, transcriptome differences between turbot families with varying susceptibilities to an infectious disease have been analyzed only for VHSV through microarray analysis (26). Previous RNA-Seq studies have allowed us to understand the immune response in the head kidney of turbot infected with A. salmonicida subsp. salmonicida and even to identify genes and mechanisms that could be relevant for resistance against this bacterium (27, 28). However, comparisons between turbot families with different susceptibilities to A. salmonicida remain unexplored. In this study, we assessed the survival of five full-sibling turbot families following challenge with Aeromonas salmonicida subsp. salmonicida. One family demonstrated significantly greater resistance to the bacteria than the other four families did. The transcriptome profiles of the head kidney and liver from this resistant family and the family with the lowest survival rate, labelled the susceptible family, were analyzed by RNA-Seq under naïve (uninfected) conditions and at 24 hpi. Additionally, we examined the overlap between differentially expressed genes (DEGs) in these families and the seven major QTLs previously associated with A. salmonicida resistance in turbot (15).






2 Materials and methods





2.1 Fish and bacteria


Five full-sibling turbot families (initial body weights of 8–9 g) of the exact same age (identified as 22035, 22037, 22038, 22039 and 22040) were kindly provided by the Pescanova Biomarine Center (Galicia, Spain). The fish were maintained in 500 L fiberglass tanks with a recirculating saline water system (salinity 35 g/L) at 18°C and a 12 L:12 D photoperiod and were fed daily to satiety with a commercial dry diet (GEMMA Diamond 1.5, Skretting). Before the experiments, the fish were acclimatized to laboratory conditions for 2 weeks. For fish injections, the animals were anaesthetized with MS-222 (50 mg/L); before sampling, the fish were sacrificed by a MS-222 overdose (500 mg/L). Fish care and challenge experiments were reviewed and approved by the CSIC National Committee on Bioethics under approval number ES360570202001/21/FUN.01/INM06/BNG01.


The pathogen bacteria Aeromonas salmonicida subsp. salmonicida was used for the challenges in turbot. Bacteria were cultured on tryptic soy agar (TSA) plates overnight at 22°C. The bacterial suspension was prepared in phosphate-buffered saline (PBS) immediately before injection, and its final concentration was determined by analyzing the number of colony-forming units (CFUs) with 10-fold serial dilutions of the bacterial suspension seeded on TSA plates.






2.2 Bacterial challenges to identify turbot families with different degrees of resistance to A. salmonicida subsp. salmonicida.


Before the challenge, ten individuals from each of the five families were randomly selected, and the length and weight of the turbot were determined with an ichthyometer and a precision scale, respectively. To eliminate the influence of fish size on resistance to bacteria, one-way ANOVA (Tukey’s multiple comparisons test) was used to compare the length and weight of the fish from each family. The significance threshold was set at p < 0.05.


The turbot from each family were distributed into 4 tanks containing 17 turbot each. The individuals from 2 tanks were intraperitoneally (i.p.) injected with 100 µL of an A. salmonicida suspension (5.9 × 108 CFU/mL), whereas the individuals from the remaining 2 tanks were i.p. inoculated with the same volume of PBS. For each family, the tanks (two infected and two uninfected) were randomly distributed to avoid the influence of tank position. At 24 hpi, two fish per tank were sampled, and the head kidney, the main hematopoietic tissue in fish, and the liver, the primary metabolic organ, were dissected, resulting in 4 biological replicates per tissue and family from infected and noninfected turbot. The samples were maintained at -80°C until use. The remaining fish in the infected and uninfected tanks (n=15 × 2) were maintained for mortality monitoring over a period of 21 days. Survival data were analyzed with Kaplan–Meier survival curves, and statistically significant differences were determined with a log-rank (Mantel−Cox) test.






2.3 RNA isolation, cDNA synthesis, and quantitative PCR (qPCR) for A. salmonicida detection and RNA-Seq validation


RNA was isolated with the Maxwell RSC simplyRNA Tissue Kit (Promega) with an automated Maxwell RSC 48 Instrument following the guidelines outlined by the manufacturer. The quantity of RNA was measured with a NanoDrop ND-1000 (NanoDrop Technologies, Inc.). These RNA samples were used not only for Illumina library preparation but also for PCR detection of A. salmonicida and validation of the RNA-Seq results by qPCR. For this purpose, cDNA synthesis was conducted with an NZY First-Strand cDNA Synthesis Kit (NZYTech) using 0.5 µg of RNA according to the manufacturer’s instructions.



A. salmonicida subsp. salmonicida was detected with specific
primers designed on the basis of the publication of Balcázar et al. (29) but with some modifications. Three genes that were differentially expressed between the resistant and susceptible families under naïve conditions and in both tissues were used to validate the RNA-Seq results: sentrin-specific protease 2 (senp2), E3 ubiquitin-protein ligase HECTD2 (hectd2) and toll-like receptor 5a (tlr5a). Individual qPCRs were conducted in a final volume of 25 µL, comprised of 12.5 µL of SYBR GREEN PCR Master Mix (Applied Biosystems), 10.5 µL of ultrapure water (Sigma–Aldrich), 0.5 µL of each specific primer (10 µM), and 1 µL of cDNA template. All reactions were performed with technical triplicates with a 7300 Real-Time PCR System thermocycler (Applied Biosystems). The protocol involved an initial denaturation step at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds and hybridization-elongation at 60°C for 1 minute. The relative detection of the bacteria and the expression of the three genes were normalized according to Pfaffl’s method (30), using the eukaryotic elongation factor 1 alpha (eef1a) gene as the reference gene. For the validation results, fold-change units were calculated by dividing the normalized expression values of the resistant family by the normalized expression values of the susceptible family. The primer pairs used in this work are listed in 
Supplementary Table S1
.






2.4 Transcriptome sequencing and RNA-Seq analysis


Three biological replicates per experimental condition (resistant control, resistant infected, susceptible control and susceptible infected) and tissue (head kidney and liver) were selected randomly and used for transcriptome analysis. Double-stranded cDNA libraries were constructed with the TruSeq Stranded mRNA LT Sample Kit (Illumina, San Diego, CA, USA). Paired-end 150 bp (PE150) sequencing was carried out on an Illumina NovaSeq 6000 sequencer. Both library preparation and sequencing were performed at Macrogen, Inc. (Seoul, Republic of Korea). The files containing the raw read sequences were deposited in the Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) under BioProject accession number PRJNA1178858.


CLC Genomics Workbench v. 22.0 (CLC Bio, Aarhus, Denmark) was used to filter and trim reads and to conduct the RNA-Seq analyses. The raw reads were trimmed to remove adaptor sequences and low-quality reads with a quality score limit of 0.05. RNA-Seq analyses were performed with the turbot genome (31) with the following parameters: length fraction = 0.8, similarity fraction = 0.8, mismatch cost = 2, insertion cost = 3 and deletion cost = 3. The expression values were set as transcripts per million (TPM). Finally, a differential expression analysis test was used to compare gene expression levels and to identify differentially expressed genes (DEGs). Genes with a fold-change (FC) value > |2| and a p value < 0.01 were considered differentially expressed in the different comparisons of interest and retained for further analyses.






2.5 
Post hoc bioinformatic analyses


Principal component analysis (PCA) plots and heatmaps were constructed with the Clustvis web tool (32; https://biit.cs.ut.ee/clustvis/) with the TPM values of the overall transcriptome or the selected transcripts, respectively. For the heatmaps, row and column clustering was conducted with the Euclidean distance and average linkage method. Venn diagrams were drawn with the Venny 2.1.0 tool (http://bioinfogp.cnb.csic.es/tools/venny). Protein−protein interaction networks were constructed with STRING v12.0 software (https://string-db.org) (33).


Gene Ontology (GO) enrichment analyses of the DEGs were performed in OmicsBox v1.3.11 (https://www.biobam.com/omicsbox) with Fisher’s exact test enrichment analysis and a false discovery rate (FDR) ≤ 0.05, and the results were reduced to the most specific terms. Only those biological process terms with a fold enrichment (proportion test/reference) greater than 2 are represented. When more than 30 terms passed this filter, only the 30 most significantly enriched terms were represented. The KEGG mapper tool (34) was used to analyze the main pathways showing differences in gene expression between the resistant and susceptible families.






2.6 Integration of DEGs with quantitative trait locus regions associated with A. salmonicida subsp. salmonicida resistance


The overlap between previously identified major QTL regions associated with A. salmonicida subsp. salmonicida in turbot (15) and the DEGs between the resistant and susceptible families (both under naïve and infected conditions) was explored. The sequences of the QTL markers were positioned on the turbot genome with the Ensembl Blast tool (https://www.ensembl.org/Multi/Tools/Blast). A conservative narrow window size of 2 Mbp around the QTL-associated markers was considered. The markers and the DEGs positioned around those markers were represented in the turbot genome with MapChart 2.32 (35).







3 Results





3.1 Evaluation of the survival of different turbot families exposed to A. salmonicida subsp. salmonicida and evaluation of the bacterial load


To discard body size as a variable influencing the higher or lower survival of the turbot
families in response to A. salmonicida challenge, the mean length and weight of the turbot from each family were determined (
Supplementary Table S2
). No statistically significant differences were found for either variable among the five full-sibling turbot families.


One of the families, registered as 22035, had a significantly greater survival rate (50%) compared to that of the other four families: 22037 (23.33%), 22038 (20%), 22039 (3.33%) and 22040 (16.67%) (
Figure 1A
). As expected, no mortality events were registered in the mock-challenged tanks. The families 22035 (resistant) and 22039 (susceptible), with the highest and lowest survival rates, respectively, were selected for further analyses.





Figure 1 | 
Turbot full-sibling families evaluated for their susceptibility to A. salmonicida subsp. salmonicida. (A) Kaplan−Meier survival curves showing the percent survival of the five families analyzed. Statistically significant differences were determined with a log-rank (Mantel−Cox) test and are displayed as **** (p < 0.0001) or * (0.01 < p < 0.05). (B) qPCR detection of the bacteria A. salmonicida subsp. salmonicida in the head kidney and liver samples from the most resistant and susceptible families. The detection of the bacteria was normalized to the expression of the eef1a gene. The graphs present the means ± SEMs of 4 independent biological replicates. No statistically significant differences were detected between the families.






The bacterial loads in head kidney and liver samples obtained from the resistant and susceptible families at 24 hpi were determined by qPCR (
Figure 1B
). Although no statistically significant differences were detected between the two families, there was a tendency (p =0.09) towards greater detection of A. salmonicida in the head kidney samples of the resistant family.






3.2 Overall transcriptome comparison between the resistant and susceptible families in the absence and presence of infection


A summary of the number of raw reads, high-quality reads after trimming, and mapping percentage
results per sample is shown in 
Supplementary Table S3
. The PCA plots revealed good segregation of the samples from each family under both naïve (
Figure 2A
) and infected (
Figure 2B
) conditions. When all the samples from each tissue were compared in the same plot, as expected, the condition (naïve or infected) accounted for greater transcriptome variation compared to that of the turbot family (resistant or susceptible) (
Figure 2C
).





Figure 2 | 
Overall transcriptome comparison of the resistant and susceptible turbot families under naïve and infected conditions and response to bacterial challenge in each family. Principal component analysis (PCA) of head kidney and liver samples from both families under (A) naïve (uninfected control), (B) A. salmonicida-infected, and (C) all conditions together. (D) Stacked column charts representing the number and intensity (in fold-change value) of the DEGs between the different comparisons in head kidney and liver samples. (E) Venn diagrams showing the number of shared and exclusive DEGs in response to infection with A. salmonicida (24 hpi) between both turbot families. R, resistant; S, susceptible; C, control; I, infected.






To identify the differentially expressed genes (DEGs) between different experimental groups, differential expression analyses were conducted on the RNA-Seq results. In the head kidney, the resistant and susceptible families exhibited 280 DEGs (132 up- and 148 downregulated) and 426 DEGs (306 up- and 120 downregulated) under naïve (RC vs. SC) and A. salmonicida-infected (RI vs. SI) conditions, respectively (
Figure 2D
, 
Supplementary File S1
). In contrast, in the liver, the number of DEGs was 591 (302 up- and 289 downregulated) and 515 (145 up- and 370 downregulated), respectively (
Figure 2D
, 
Supplementary File S2
). Both families presented similar responses to bacterial challenge in terms of the number of DEGs. In the head kidney, the infection modulated 1,179 (590 up- and 589 downregulated) and 1,223 (556 up- and 667 downregulated) genes in the resistant (RI vs. RC) and susceptible (SI vs. SC) families, respectively; in liver samples, 3,402 (1,567 up- and 1,835 downregulated) and 2,939 (1,337 up- and 1,595 downregulated) genes were modulated by the bacteria in the resistant and susceptible families, respectively (
Figure 2D
, 
Supplementary Files S3
, 
S4
). Although the number of DEGs in response to the challenge was similar between both turbot families, a substantial number of DEGs were uniquely affected by the bacterium in each family across both tissues. These findings highlight considerable variability in the response, depending on the genetic background of the turbot (
Figure 2E
).


The results were validated by qPCR analysis of three genes differentially regulated between both
families and in both tissues: senp2, hectd2, and tlr5a. The expression of these genes under naïve conditions measured by qPCR was highly consistent with the expression results obtained from the transcriptome analysis (
Supplementary Figure S1
).






3.3 GO enrichment analyses of the DEGs between the resistant and susceptible families


A comparison of the transcriptomes of both turbot families revealed numerous enriched GO biological process terms (
Figure 3
). In head kidney samples, numerous immune terms were significantly enriched under naïve (or control) conditions, with a strong representation of biological processes related to the complement and blood coagulation pathways, two closely linked processes. Additionally, terms related to antimicrobial activity, cytokine production and activity, and lymphocyte activation were observed. Interestingly, under infected conditions, the terms directly related to immunity were focused primarily on T cells, complement, and blood coagulation.





Figure 3 | 
GO enrichment analysis (biological processes) of the DEGs in head kidney and liver samples between both turbot families both in the absence and presence of infection. For the liver, only the 30 most significantly enriched terms are represented.






On the other hand, the number of enriched terms was much greater in the liver (only the 30 most significantly enriched terms are represented), and they were less restricted to immune terms (
Figure 3
). The comparison of both families in the absence of infection revealed an enormous number of terms related to the cytoskeleton. Indeed, most of the enriched immune terms were associated with the cytoskeleton (phagocytosis, extravasation, chemotaxis, and wound healing). In addition, terms related to reactive oxygen species (ROS) and nitric oxide (NO) production and response were also enriched. The comparison of both families at 24 hpi also revealed terms related not only to the cytoskeleton but also to cell division and different metabolic processes, especially those involved in lipid metabolism.






3.4 Comparison of head kidney transcriptome profiles between resistant and susceptible families


As determined by the GO enrichment analyses (
Figure 3
), in the head kidney, the transcriptome differences between resistant and susceptible turbot
families were characterized mainly by the differential expression of genes directly involved in the immune response (
Supplementary Files S1
, 
S2
). This is partially illustrated in 
Table 1
, which shows the top 25 genes that were expressed at either higher or lower levels in the resistant family than in the susceptible family, both in the absence and presence of infection.



Table 1 | 
Top 25 up- and downregulated DEGs in head kidney samples between the resistant and susceptible turbot families under naïve and infected conditions.






Since the complement and coagulation pathways exhibited differential expression between the two families, we conducted a detailed analysis of these immune routes. Interestingly, in the absence of infection, the resistant family presented lower expression of several genes involved in these processes than did the susceptible family. These genes included key complement genes such as complement components c3, c5, c7, c8b and c8g, as well as key coagulation genes such as prothrombin (coagulation factor II), coagulation factor VII, and coagulation factor X, among others (
Figures 4A, B
). Surprisingly, the opposite pattern was observed when the turbot families were compared at 24 hpi, with the complement and coagulation genes showing higher expression in the resistant family (
Figures 4C, D
). Under naïve conditions, many other immune-related genes, such as those encoding antimicrobial peptides and other iron regulatory antibacterial proteins (
Figure 5A
), cytokines and cytokine receptors (
Figure 5B
), pattern recognition receptors (PRRs) and molecules involved in different steps of the antigen presentation process (
Figure 5C
), and neuroimmune genes (
Figure 5D
), among other immune genes (
Figure 5E
), were differentially expressed between the families. The genes encoding the antimicrobial peptides (AMPs) Nk-lysin (nkl) and pituitary adenylate cyclase-activating peptide (pacap) presented a higher expression level in the resistant family; in contrast, two genes with homology to perforin-1 (perforin-1-like) and the gene encoding hepcidin-1 (hamp1) were expressed at higher levels in the susceptible family. In addition to its function as an AMP, hepcidin-1 is also involved in the homeostasis of a key bacterial nutrient, iron, as also occurs with serotransferrin and haptoglobin, whose genes were also expressed at higher levels in the susceptible family (
Figure 5A
). Certain cytokines and cytokine receptors were more highly expressed in head kidney samples from the resistant family, with the exception of interleukin-1-receptor type 2 (il1r2), a decoy receptor that inhibits the activity of interleukin 1 alpha and beta (
Figure 5B
). Most of the genes that were differentially expressed between both families in head kidney samples under naïve conditions and involved in antigen recognition (peptidoglycan recognition protein 6, sialoadhesin, CD209 antigen, and toll-like receptor 22) and presentation (lysosome and proteasome genes, MHC class II beta antigen, and CD48 or CD83 antigens) presented higher levels of expression in the resistant family (
Figure 5C
). Surprisingly, certain pivotal PRRs for bacterial pathogen-associated molecular patterns (PAMPs), such as toll-like receptor 2 (tlr2) and 5a (tlr5a), were expressed at lower levels in the resistant family. In addition to pacap, other genes involved in both the nervous and immune systems were differentially expressed between families (
Figure 5D
), and most of these genes play a role in regulating the balance between the inflammatory response and tolerance and T-cell activity. Among the other immune genes that were differentially expressed between the two families in the absence of infection in head kidney samples, numerous genes involved in the regulation of the inflammatory/tolerance response and B and T lymphocyte activation and function were observed (
Figure 5E
). For example, the resistant family presented increased transcription of tyrosine-protein kinase ZAP-70 (zap70), GRB2-related adapter protein 2a (grap2a) and protein THEMIS2 (themis2), which control T cells (and B cells in the case of THEMIS2), development, activation, and effector functions, and increased expression of the B-lymphocyte antigen CD20 (cd20), a gene encoding a protein with a critical role in B-cell development, activation, antibody production, and immune regulation.





Figure 4 | 
Complement and coagulation genes are differentially expressed in head kidney samples between A. salmonicida-resistant and A. salmonicida-susceptible families. (A) Heatmap and (B) reference KEGG pathways representing the DEGs between both families under naïve conditions and involved in the complement and coagulation cascades. (C) Heatmap and (D) KEGG reference pathway representing the DEGs between both families at 24 hpi and involved in the “complement and coagulation cascades”. In the KEGG pathways, green indicates higher expression, and red indicates lower expression in the resistant family compared to that in the susceptible family.









Figure 5 | 
A variety of immune genes are differentially expressed in head kidney samples between the A. salmonicida-resistant and susceptible families under naïve conditions. In addition to the differences observed in the complement and coagulation pathways in naïve fish, a variety of other immune genes were differentially expressed in the head kidney from both turbot families in the absence of infection. Heatmaps represent the expression (in TPM values) of genes encoding (A) antimicrobial and iron-regulatory molecules, (B) cytokines and cytokine receptors, (C) antigen recognition and presentation-related proteins, (D) neuroimmune molecules, and (E) other immune proteins.






At 24 hpi with A. salmonicida, in addition to complement- and coagulation-related genes, another relevant subset of immune genes differentially expressed between the families was involved in T-cell activity (
Figure 6
). These genes included those encoding various segments of the T-cell receptor (TCR) chains, coreceptor molecules (CD3 epsilon, CD3 gamma/delta, CD4, CD8, CD6, and CD7), and other pivotal genes for T-cell selection, maturation, and activation, such as recombination activating protein 1 (rag1), thymus-specific serine protease (prss16), thymocyte selection-associated high mobility group box protein TOX (tox), tyrosine-protein kinase Lck (lck), tyrosine-protein kinase ITK/TSK (itk), and trans-acting T-cell-specific transcription factor GATA-3 (gata3), among others.





Figure 6 | 
Genes involved in T-cell differentiation, proliferation and activation are expressed at higher levels in the head kidney from the resistant family compared to that from the susceptible family at 24 hpi with A. salmonicida. (A) Heatmap representing the expression (in TPM values) of genes involved in T-cell activity. (B) Reference KEGG pathway representing the DEGs in the “T-cell receptor signalling pathway”. In the KEGG pathway, green indicates higher expression, and red indicates lower expression in the resistant family compared to that in the susceptible family.










3.5 Comparison of the liver transcriptome profiles between the resistant and susceptible families


In the liver, the transcriptome differences between resistant and susceptible turbot families under naïve and infected conditions were characterized mainly by the differential expression of a multitude of genes involved in cytoskeleton organization and related processes, although immune terms were also observed (
Figure 3
, 
Supplementary Files S3
, 
S4
). This is also reflected in 
Table 2
, which shows the top 25 DEGs that were expressed either at higher or lower levels in the liver samples from the resistant family compared to those in the susceptible family.



Table 2 | 
Top 25 up- and downregulated DEGs in liver samples between the resistant and susceptible turbot families under naïve and infected conditions.






A heatmap including those DEGs classified with GO terms related to the cytoskeleton (muscle contraction, phagocytosis, chemotaxis or actin polymerization-related terms, among others) revealed that approximately half of the genes were more highly expressed in the liver from the resistant family and the other half were more highly expressed in the susceptible family under naïve conditions (
Figure 7A
). Some of the DEGs with higher expression in the resistant family are directly involved in the immune response and are expressed mainly in leukocytes, such as plastin-2 (also known as L-plastin or lymphocyte cytosolic protein 1; lcp1), leupaxin (lpxn), src-like adaptor protein 2 (slap2), tyrosine-protein kinase Lyn (lyn) and two genes annotated as high-affinity immunoglobulin epsilon receptor subunit gamma (fcer1g), among others. Broadly speaking, most of the DEGs between both families in liver samples and included in the KEGG pathway “Regulation of the actin cytoskeleton” were more highly expressed in the resistant family (
Figure 7B
). The same was observed for another of the enriched cytoskeleton-related KEGG pathways, “FcγR-mediated phagocytosis”, which is pivotal for the clearance of pathogens (
Figure 7C
). At 24 hpi, some of these differences in the expression of cytoskeleton-related genes were maintained, but in agreement with the enrichment analysis (
Figure 3
), a strong representation of cytoskeleton-related DEGs directly involved in different steps
of the cell cycle was observed (
Supplementary Figure S2
). A heatmap representing the expression of these DEGs after infection in both families revealed that most of the genes that play a significant role in cell cycle progression were downregulated in the resistant family compared with the susceptible family (
Figure 8A
). The representation of the DEGs between both turbot families belonging to the KEGG pathway “Cell cycle” also reflected this fact (
Figure 8B
). Indeed, several key cell cycle genes were already differentially expressed in the liver
from the naïve individuals, such as cyclin-dependent kinase 1 (cdk1), kinetochore scaffold 1 (also known as CASC5; knl1), cell division cycle protein 20 (cdc20) and cyclin B (ccnb1), which showed a lower expression in the resistant family, and the cyclin dependent kinase inhibitor 1C (cdkn1c, kip2 or p57) and the growth arrest and DNA damage-inducible protein GADD45 beta (gadd45b), which showed a higher expression in the resistant family. The lower expression of genes favoring cycle progression and the higher expression of two key genes involved in cell cycle arrest suggests that liver cells from the resistant family had reduced mitotic activity. After infection, most of those genes were also found to be differentially expressed between both families, with the exception of cdk1, ccnb1 and gadd45b, but new genes involved in this process presented lower transcription levels in the resistant family: polo-like kinase 1 (plk1), aurora kinase B (aurkb), shugoshin-like 2 (sgo2), separin (espl1), spindle assembly checkpoint protein Mad2 (mad2), mitotic checkpoint serine/threonine-protein kinase BUB1 beta (bubr1), mitotic checkpoint serine/threonine-protein kinase BUB1 (bub1), dual specificity protein phosphatase CDC14B (cdc14b) and cyclin A2 (ccna2), among others. Motor proteins, which play a fundamental role during different steps of cell division and in the transport of different cargoes (e.g., organelles, vesicles, protein complexes, etc.), also generally presented lower transcription levels in the liver of the turbot-resistant family under both naïve and infected conditions, especially genes encoding kinesins and myosins (
Supplementary Figure S3
).





Figure 7 | 
Genes involved in cytoskeleton organization are significantly different in liver samples from both turbot families under naïve conditions. (A) Heatmap representing the expression (in TPM values) of genes involved in cytoskeleton organization (including phagocytosis- and chemotaxis-related genes). (B, C) Reference KEGG pathways “Regulation of the actin cytoskeleton” and “FcγR-mediated phagocytosis” representing the DEGs between both turbot families. In the KEGG pathways, green indicates higher expression, and red indicates lower expression in the resistant family compared to that in the susceptible family.









Figure 8 | 
Genes involved in different steps of the cell cycle, such as chromatin condensation, DNA replication, mitotic spindle formation, and cytokinesis, are highly differentially expressed in liver samples from both turbot families at 24 hpi. (A) Heatmap representing the expression (in TPM values) of genes involved in the cell cycle. (B) Reference KEGG pathway “Cell cycle”, which represents the DEGs between both families under naïve and infected conditions. In the KEGG pathways, green indicates higher expression, and red indicates lower expression in the resistant family compared to that in the susceptible family. The dashed line represents the DEGs between both families under naïve conditions, whereas the solid line represents the DEGs between both families at 24 hpi with A. salmonicida.






However, in addition to those genes linked to the cytoskeleton and cell division, numerous genes involved in the immune response were also differentially expressed in the liver between the turbot families both in the absence (
Figure 9A
) and presence (
Figure 9B
) of infection. In agreement with the findings in the head kidney samples, lower expression of the genes encoding the antimicrobial proteins perforin-1-like, hepcidin-1 (hamp1) and liver-expressed antimicrobial peptide 2 (leap2) was detected in the resistant family under both naïve (
Figure 9A
) and/or infected (
Figure 9B
) conditions. Additionally, according to the expression observed in the head kidney, tlr2 and tlr5a were expressed at lower levels in the turbot of the resistant family under naïve conditions (
Figure 9A
). Interleukin-1 receptor-associated kinase 3 (irak3), a negative regulator of TLR signalling, was also expressed at lower levels in the resistant family. Some immune genes associated with the resistant family in liver samples under naïve conditions were also associated with antigen recognition (lipopolysaccharide-binding protein (lbp), C-type lectin domain family 9 member A (clec9a), and CD209 antigen-like protein E (cd209e)) and presentation (pro-cathepsin H (ctsh), macrophage expressed 1, tandem duplicate 1 (mpeg1.1), four genes encoding different proteasome subunits and the MHC class II beta antigen) (
Figure 9A
). Additionally, in uninfected fish, several cytokines and cytokine receptors were expressed at higher levels in the resistant family (interleukin-27 subunit beta (il27b), interleukin-4 receptor subunit alpha (il4r), interleukin-22 receptor subunit alpha 2 (il22ra2), interleukin-31 receptor subunit alpha (il31ra), chemokine-like receptor 1 (cmklr1), C-X-C chemokine receptor type 4 (cxcr4), chemokine receptor 5 (ccr5), cytokine receptor common subunit gamma (il2rg) and a gene annotated as class I helical cytokine receptor number 1), with the exception of two genes annotated as chemokine CC-like protein and atypical chemokine receptor 3a (ackr3) (
Figure 9A
). The gene suppressor of cytokine signalling (socs3), which is involved in the negative regulation of cytokines, was also expressed at lower levels in the resistant family. Genes with a role in the regulation of the inflammatory/tolerance response and B and T lymphocyte activation and function also showed, in general, higher expression in the resistant family. This was the case for certain lymphocytic antigens (cd7, cd20 and two genes annotated as cd22), T-cell activation Rho GTPase-activating protein (tagap), B- and T-lymphocyte attenuator (btla), transcription factor PU.1 (spi1), protein THEMIS2 (themis2), hypoxia inducible factor 1 subunit alpha (hif1a), tyrosine−protein phosphatase nonreceptor type 22 (ptpn22), apoptosis-associated speck-like protein containing a CARD (pycard), allograft inflammatory factor 1 (aif1), endonuclease domain-containing 1 protein (endod1), prostaglandin E receptor 4 (subtype EP4) a (ptger4a) and indoleamine-2,3-dioxygenase 1 (ido1), among others (
Figure 9A
).





Figure 9 | 
Heatmap representing the main immune genes differentially expressed in the liver samples from resistant and susceptible turbot families (A) under naïve conditions and (B) at 24 hpi with A. salmonicida.






Differences in immune genes were also observed in the liver samples from A. salmonicida-infected turbot. Although a few genes remained differentially expressed between both families after challenge, a new repertoire of DEGs was observed (
Figure 9B
). Among these genes, certain genes involved in the complement cascade were expressed at lower levels in the resistant family (c2, c6, cr1 or cd59), in contrast to what was found in head kidney samples after bacterial infection. A relevant antibacterial gene, skin mucus antibacterial L-amino acid oxidase (il4i1), showed an increased transcription level in the liver of turbot of the resistant family (
Figure 9B
). Interestingly, among the few immune-related genes whose expression was increased in the resistant family after infection, an intriguing representation of genes involved in insulin and insulin-like growth factor (IGF) signalling was identified. These genes included insulin receptor (insr), insulin receptor substrate 2 (irs2), a gene annotated as an IRS domain-containing protein, and pappalysin-2 (pappa2) (
Figure 9B
). Notably, pappa2 was already expressed at higher levels in naïve turbot of the resistant family (
Figure 9A
). A lower expression of another pivotal gene involved in metabolism and immune response control, growth differentiation factor 15 (gdf15), which is also a marker of sepsis severity, was observed in the resistant family. As shown by the GO enrichment analysis (
Figure 3
), another relevant metabolic process that seemed to be differentially regulated in the liver
after infection was lipid metabolism. Indeed, a heatmap constructed with the genes included in those lipid metabolism-related GO terms reflected this difference (
Supplementary Figure S4
). In general, genes encoding lipid transporter proteins were expressed at lower levels in the resistant family than in the susceptible family.






3.6 Shared DEGs in the head kidney and liver that are potentially associated with resistance to A. salmonicida



Venn diagrams constructed with the DEGs between the resistant and susceptible families, both in the absence and presence of infection, revealed that while some genes were differentially expressed between the families under both conditions (58 in the head kidney and 92 in the liver), most of them were only differentially expressed under either naïve or infected conditions (
Figure 10A
). However, when the Venn diagrams were constructed by condition instead of by tissue, the number of shared DEGs was lower (35 DEGs for the naïve condition and 32 DEGs for the infected condition) (
Figure 10B
). However, these genes could be interesting marker genes for resistance, as they were
differentially expressed in two functionally distant tissues. Information on the fold changes of these genes between families and how they responded to infection in both families is included in 
Supplementary Table S4
. The inclusion of the four comparisons (R vs. S naïve and R vs. S infected in both tissues) revealed that only 8 genes were differentially expressed (
Figure 10C
). These genes corresponded to senp2, hectd2, Wiskott-Aldrich syndrome protein family member 3 (wasf3), protein very KIND (kndc1), tudor and KH domain-containing protein (tdrkh) and DNA damage-inducible transcript 4 protein (ddit4), which were expressed at higher levels in the resistant family in all cases, brain-specific angiogenesis inhibitor 1-associated protein 2 (baiap2), which was expressed at lower levels in the resistant family, and the uncharacterized protein LOC118315681, which was expressed at higher levels in the head kidney and lower levels in the liver than in the resistant family.





Figure 10 | 
Certain DEGs between an A. salmonicida-resistant family and an A. salmonicida-susceptible family were differentially expressed both under naïve and infected conditions and in both target tissues (head kidney and liver). (A) Venn diagrams representing the DEGs between both families under naïve and infected conditions. A Venn diagram per tissue is shown. (B) Venn diagrams representing the common and exclusive DEGs between both families in the head kidney and liver. A Venn diagram per experimental condition (naïve or infected) is shown. (C) Venn diagram representing the DEGs between the resistant and susceptible turbot families under both experimental conditions and in both tissues. (D) STRING protein−protein interaction network representing the 59 proteins encoded by the genes commonly differentially expressed between the two families in both tissues (in the absence and/or presence of infection). The genes belonging to the significantly enriched Reactome pathways and GO biological process terms involved in the immune response are highlighted in different colors. (E) Representation of the expression (in TPM values) in the different experimental samples of four of these 59 genes commonly differentially expressed between turbot families in both tissues. The graphs represent the TPM values of the individual samples and the means ± SEMs.






A protein−protein interaction network constructed with the 59 proteins encoded by the genes commonly differentially expressed between both families in both tissues revealed that they were involved mainly in the immune response (
Figure 10D
), and even included some proteins not classified in the immune reactome pathway or having immune GO terms, such as senp2 and cytochrome P450 family 24 subfamily A member 1 (cyp24a1), that have relevant roles in the immune system.


Since those genes that were differentially expressed between two turbot families with different
susceptibilities to A. salmonicida could also be a part of the characteristic response to the bacteria, information about how these genes were regulated after challenge in both families and tissues is shown in 
Supplementary Table S4
. Some of these DEGs were significantly modulated by A. salmonicida in at least one of the families. This was the case for senp2, which was expressed at higher levels in the resistant family and significantly induced in both tissues after infection in the susceptible family, endod1, which was expressed at higher levels in the resistant family and significantly induced in both tissues after infection in both families, and tlr5a and hamp1, two genes strongly induced after bacterial challenge in both tissues from both families but showing lower basal expression in the resistant family (
Figure 10E
).






3.7 Integration of the transcriptome information and the major QTLs associated with A. salmonicida resistance in turbot


The overlap of the DEGs between the resistant and susceptible families in some of the comparisons and QTL regions previously identified as associated with A. salmonicida resistance traits was explored (
Figure 11
). Genes that were differentially expressed were found in the vicinity of the 7 QTL-associated markers. Some of those DEGs play a role in the immune response, such as cd8b and cd8a, which are located in the QTL region of chromosome 6, different members of the regulator of the G protein signalling family (rgs1, rgs8 and rgs21), which are located in the QTL region of chromosome 12, the antioxidant gene extracellular superoxide dismutase 3 (sod3), located in one of the QTLs found on chromosome 8, and the neurotransmitter receptor neuronal acetylcholine receptor subfamily alpha-7 (chrna7), which is positioned in the QTL region of chromosome 5, among others. Genes with a role in metabolism, such as fatty acid-binding protein 2 (fabp2), ADP/ATP translocase 1 (slc25a4) and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 (pfkfb4a), were also associated with these QTLs. Interestingly, two genes with homology to aldo-keto reductase family 1 member D1 (akr1d1), encoding a protein primarily involved in bile acid synthesis, were associated with two different QTLs located on different chromosomes (chromosomes 2 and 10). Other genes overlapping with these QTLs were involved in cell adhesion (CCN family member 1 (ccn1), cadherin-like protein 26 (cdh26), von Willebrand factor A domain-containing protein 7 (vwa7), and nephronectin a (npnta)) or cytoskeletal organization (dynein heavy chain 1, axonemal (dnah1), abnormal spindle-like microcephaly associated protein (aspm), and kinesin-like protein KIF21a (kif21a)), among other functions. The complete repertoire of QTL overlapping genes is represented in 
Figure 11
.





Figure 11 | 
Differentially expressed genes between the resistant and susceptible turbot families (in at least one of the comparisons) located in A. salmonicida resistance QTLs. (A) Locations of the QTL-associated markers (in red color) and the surrounding DEGs (within a window of 2 Mbp upstream and downstream of the marker) on the turbot chromosomes. (B) List of the DEGs for the different comparisons of interest that are located in the vicinity of the QTL-associated markers. R, resistant; S, susceptible; C, control; Inf, infected.











4 Discussion


For the first time, transcriptomic differences between two turbot families with divergent susceptibilities to A. salmonicida subsp. salmonicida were analyzed. Transcriptome profiles were examined both under naïve conditions and at 24 hpi, and the infection response of each family was also assessed. While a significant number of genes were commonly modulated following bacterial challenge in both families, an important subset of genes was uniquely modulated in both the resistant and susceptible families. This finding underscores the influence of genetic background on the pathogen response, which affects not only the magnitude of gene expression but also the specific nature of the modulation. Ours findings indicate that the liver under naïve conditions presented greater differences between families. High transcriptomic differences in liver samples were also observed in Japanese flounder families exhibiting varying susceptibilities to E. tarda (19), underscoring the importance of this tissue in influencing resistance to bacterial diseases.


In the head kidney, two of the most differentially regulated processes are the complement and coagulation pathways both in the absence and presence of infection. Interestingly, under naïve conditions, the resistant family presented lower expression of a multitude of key genes involved in this pathway, whereas the opposite pattern was observed in infected fish. Additionally, genes encoding certain AMPs, such as two genes annotated as perforin-1-like and hamp1, were expressed at lower levels in the resistant family. Although it may not seem so at first, a lower bacterial lysis rate during the early stages of infection in the resistant family could have a positive impact on survival. When bacteria lyse, they release their cellular contents, which can include toxins, enzymes, and other harmful molecules, into the surrounding environment (36). This release can exacerbate inflammation and tissue damage, contributing to the severity of bacterial infections (36). Therefore, while bacterial lysis is a natural process that occurs during infection and can aid in immune responses, excessive or uncontrolled lysis can be harmful to the host organism and lead to sepsis. In addition to its role as an antimicrobial peptide, hepcidin also controls bacterial growth by limiting iron availability, which is crucial for the metabolic processes of many bacteria (37). Serotransferrin and haptoglobin, which are also involved in iron sequestration and recycling, respectively (37), also exhibited reduced expression in the resistant family. Consequently, A. salmonicida could have more iron available for its growth in the resistant family. These observations could explain, at least in part, the absence of lower detection of A. salmonicida in the head kidney of the resistant family at 24 hpi. In contrast, the genes encoding other antimicrobial proteins, nkl and pacap, were found to be expressed at higher levels in head kidney samples from the resistant family. Nk-lysin, which is associated with resistance against VHSV in turbot, also presented a higher level of expression in head kidney samples from a resistant family under naïve conditions (26, 38). Surprisingly, Nkl was observed to be present in turbot red blood cells and localized within autophagosomes, suggesting additional roles linked to the autophagy process (38). Therefore, Nkl could contribute not only to the extracellular lysis of bacteria when released from the cytotoxic granules of NK cells and cytotoxic T lymphocytes but also to the intracellular degradation of bacteria. On the other hand, PACAP is a neuropeptide that, in recent years, has been shown to elicit antimicrobial activity in both mammals and fish (39, 40). However, this neuropeptide also plays a protective anti-inflammatory role during sepsis (41).


Additionally, under naïve conditions, genes involved in antigen recognition and presentation were expressed at higher levels in the resistant family. Higher expression of genes involved in antigen presentation was also observed in liver samples from E. tarda-resistant Japanese flounder at 24 hpi (23). Interestingly, whereas tlr22, encoding a teleost-specific toll-like receptor involved in the recognition of different viral and bacterial antigens (42), was highly expressed in the head kidney from the resistant family, tlr2 and tlr5a, involved in the recognition of a variety of microbial structures (43) and bacterial flagellin (44), respectively, were expressed at lower levels in the resistant family. Although not differentially expressed among fry samples from three rainbow trout lines with different susceptibilities to F. psychrophilum, a gene annotated as tlr5 was induced to higher levels after bacterial infection in the susceptible family than in the other families (24). In turbot, tlr5a was highly overexpressed after infection with A. salmonicida in both families, reaching similar expression values in infected fish.


In general, most of the remaining immune genes that were differentially expressed in head kidney samples between the two families under naïve conditions were significantly involved in regulating the inflammatory/tolerance response and the activation and function of B and T lymphocytes. This finding, combined with the lower expression of certain AMPs and TLRs and the higher expression of genes involved in antigen presentation–which, in turn, impacts T and B cell activation–in the resistant family, could suggest a more effective initiation of the adaptive immune response alongside a controlled inflammatory response. This predisposition to better initiation of the adaptive immune response, especially regarding T-cell activation, in the resistant family is also reflected in the higher expression of numerous genes related to the differentiation and activation of this cell type in the family resistant to A. salmonicida after infection. In the livers of Japanese flounder infected with E. tarda, several DEGs between a resistant line and a susceptible line were related to the T-cell receptor signalling pathway and presented increased expression in the resistant family (19). In terms of the inflammatory response, a greater induction of proinflammatory genes was observed after infection in rainbow trout fry from a family highly susceptible to F. psychrophilum than in those from two other families that presented greater resistance to this gram-negative bacterium (24) or in Atlantic salmon fries highly susceptible to IPNV compared to those from a family that presented good resistance to this virus (20). Consequently, it seems evident that a controlled inflammatory response provides more advantages in terms of survival than does an exacerbated response.


In the liver, a similar pattern of immune gene expression was observed. A lower expression of the genes encoding AMPs (perforin-1-like genes, hamp1 and leap2) and tlr2 and tlr5a was found, whereas other genes involved in antigen recognition and presentation were expressed at higher levels. Genes with a role in the regulation of the inflammatory/tolerance response and B and T lymphocyte activation and function also presented higher levels of expression in general in the resistant family. In addition to being the main metabolic organ, the liver also plays a fundamental role during the so-called acute phase of the immune response, a process that is rapidly activated following an infection and that is crucial for the regulation of the inflammatory response (45).The expression of the gene encoding the acute phase protein Gdf15, a hepatic pleiotropic cytokine considered a marker of sepsis severity both in mammals (46) and in fish (47), was higher in the livers of the susceptible family after infection. This observation could again suggest greater inflammatory damage in the susceptible family. Interestingly, the number of immune genes that were more highly expressed in the liver from the resistant family at 24 hpi was low. One of these genes was antibacterial L-amino acid oxidase (il4i1), which, through the production of hydrogen peroxide derived from the oxidation of L-amino acids, shows broad antibacterial activity (48). This antimicrobial gene was induced after bacterial challenge in both families both in head kidney (fold changes of 55.2 and 26.34 for the resistant and susceptible families, respectively, compared with the uninfected fish) and liver (fold changes of 1096.22 and 122.47 for the resistant and susceptible families, respectively, compared with the uninfected fish). Indeed, the il4i1 gene presented the greatest level of induction after infection in the liver samples from the resistant family. Notably, among these DEGs in the liver at 24 hpi, there was an intriguing increase in the expression of genes involved in insulin and insulin-like growth factor (IGF) signalling in the resistant family after infection. Severe viral and bacterial infections are associated with an increase in systemic insulin resistance, which is mainly due to the downregulation of the insulin receptor and the alteration of the interaction between this insulin receptor and its adaptor molecules IRS1 and IRS2 mediated by the inflammatory response (49). Insulin resistance is therefore a common feature of sepsis, and insulin therapy improves sepsis outcomes (50). Bacteria can potentially benefit from insulin resistance due to the increased availability of glucose for their growth and replication and the impairment of the immune response (51). According to these results, the benefit for the resistant family seems evident, since increased expression of the genes involved in insulin signalling was observed. Since inflammation, insulin resistance and lipid metabolism are intimately interconnected (52), it is not surprising that some of the most highly enriched GO biological processes among the DEGs in the livers of the resistant and susceptible families after infection were related to lipid metabolism.


However, the main transcriptome differences observed in the liver samples between the two
families are related to the activity of the cytoskeleton, which is pivotal for several immune
processes, including phagocytosis (53), chemotaxis (54) and different steps of antigen presentation (55). Additionally, alterations in the cytoskeleton during bacterial
infection play a crucial role in bolstering cell-intrinsic immunity. Specifically, these changes facilitate bacterial sensing, establish specialized subcellular compartments for distinct innate immune signalling pathways, provide architectural frameworks for pathogen sequestration, and orchestrate antibacterial mechanisms such as autophagy and host cell apoptosis (56). Overall, according to the gene expression analysis, liver cells from the resistant family presented increased cytoskeletal activity, including chemotaxis and phagocytosis, both under naïve and infected conditions. It has been previously shown that infection of turbot with A. salmonicida strongly inhibits the expression of a multitude of genes encoding cytoskeleton components in head kidney samples (27). Interestingly, in this work, strong inhibition after infection with A. salmonicida was observed in the livers of the susceptible family (
Supplementary File S4
) but not in those of the resistant family (
Supplementary File S3
). As occurs with several bacteria (57), the cytoskeleton and the extracellular matrix are manipulated by A. salmonicida during infection (58). This strategy aims to favor bacterial survival and spread (57, 59). We previously reported that pretreatment of turbot with the β-glucan zymosan A significantly mitigated the A. salmonicida-mediated inhibition of genes related to cytoskeletal dynamics in anterior kidney samples (28). Indeed, this mechanism could be related to the protection conferred by zymosan A against A. salmonicida (28). Related to the cytoskeleton, a multitude of genes involved in different steps of the cell cycle were differentially expressed in the liver between both families under both naïve and infected conditions, but especially under infected conditions. The expression results suggest that the liver cells from the resistant family had reduced mitotic activity (lower expression of genes favoring cycle progression and higher expression of two key genes involved in cell cycle arrest). Bacteria can arrest the host cell cycle through the secretion of virulence factors known as cyclomodulins to favor their own infective efficiency (60). Therefore, the lower division rate predicted for liver cells from the resistant family could be beneficial for bacteria on the basis of these premises. However, more investigations are needed to understand whether the lower mitotic activity of turbot liver cells could provide a beneficial effect against A. salmonicida. Additionally, motor proteins (mainly kinesins, myosins and troponins) were expressed at lower levels in the livers of the resistant family. However, whether this lower expression of motor proteins could have any effect on increased resistance in bacteria also remains to be elucidated.


A relatively low number of genes were commonly associated with resistance to A. salmonicida in both tissues. However, these genes could be of particular interest, as they may be good target candidates for testing in blood samples from fish showing varying susceptibilities to bacteria owing to their pleiotropic association with resistance. Unfortunately, blood samples were not taken in this study. However, the transcription level of the turbot nkl gene in blood cells, which was initially found to be highly expressed in head kidney samples from full-sibling families showing increased resistance to VHSV (26), was also positively correlated with increased resistance to VHSV (38). This approach could also serve as a nondestructive method for selective breeding, but the expression of those genes in blood and their relationship with resistance need to be validated. Most of these common DEGs were involved mainly in the immune response. For example, senp2, a gene that is known primarily for its role in SUMOylation and is involved in the control of the inflammatory response (61, 62), and endod1, which is involved both in DNA repair (63) and in the modulation of the cGAS−STING innate immunity pathway (64), were more highly expressed in the head kidney and liver of the resistant turbot family. Additionally, these genes were induced after bacterial challenge in both families and tissues, suggesting their relevance in the response to A. salmonicida. In this sense, the previous higher basal transcription of these genes could provide an advantage for survival during infection. In contrast, other genes, even when significantly and highly induced after challenge with bacteria in both families and tissues, were expressed at lower levels in the resistant family under naïve conditions. Examples include tlr5a, a flagellin-specific pathogen recognition receptor (44), and hamp1, an AMP also involved in iron homeostasis (65). In this case, as proposed above, a controlled inflammatory response during the early stages of infection could reduce inflammatory damage and, in turn, favor survival. Therefore, the measurement of these genes and other candidate genes in blood samples could serve as good nondestructive resistance markers that need to be validated.


Finally, we explored the overlap of the DEGs between both families and seven major QTLs associated with resistance to A. salmonicida subsp. salmonicida in turbot (15). The integration of both datasets revealed several DEGs located within QTL regions that could explain the association of these QTLs with resistance. While some of these genes were directly involved in the immune response, others were involved mainly in metabolism, cell adhesion, and cytoskeletal organization. However, further studies aimed at investigating the role of these genes in resistance to A. salmonicida could enhance our understanding of the molecular mechanisms underlying resistance to this pathogenic bacterium.






5 Conclusions


This study is the first to analyze the transcriptome profiles of two turbot families exhibiting different susceptibilities to a bacterial pathogen, specifically A. salmonicida subsp. salmonicida. RNA-Seq analyses revealed that even under naïve conditions, the resistant and susceptible families presented numerous DEGs in both the head kidney and liver. The results suggest that one of the mechanisms involved in resistance against the bacterium could be a controlled inflammatory response during the first hours after infection, increased antigen presentation and subsequent activation of the T-cell response, and increased control of cytoskeleton dynamics (involved in relevant immune processes such as phagocytosis and chemotaxis, among others). In conclusion, this work provides critical insights into the immune mechanisms underlying resistance to furunculosis in turbot and lays the foundation for future studies aimed at enhancing disease resistance in aquaculture. Those future studies could focus on the precise molecular pathways regulating these immune responses, with particular attention to how they can be modulated to improve disease resistance. Additionally, this information could be of great value in assisting with the development of selective breeding programs.
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Supplementary Table 1 | 
Primer pairs used in this work.





Supplementary Table 2 | 
Length (cm) and weight (g) of a representative number (n=10) of turbot belonging to each full-sibling family before infection with Aeromonas salmonicida subsp. salmonicida. The mean and standard deviation (SD) were calculated for each family.





Supplementary Table 3 | 
Summary of mRNA Illumina sequencing, trimming, and genome mapping.





Supplementary Table 4 | 
Table of the shared DEGs between both turbot families in the head kidney and liver, both in the absence (R vs. S_C HK and R vs. S_C Liver) and presence of infection (R vs. S_Inf HK and R vs. S_Inf Liver). The names of the eight genes shared among the four sample groups are highlighted in grey. The green and red colors indicate higher or lower expression levels, respectively, of the DEGs in a certain comparison.





Supplementary Figure 1 | 
Validation of the RNA-Seq results by qPCR. Three genes implicated in the immune response and exhibiting differential expression between both full-sibling turbot families in both the head kidney and liver were selected.





Supplementary Figure 2 | 
Heatmap representing cytoskeleton-related DEGs in liver samples from resistant and susceptible turbot families at 24 hpi with A. salmonicida.





Supplementary Figure 3 | 
KEGG pathway summarizing the motor proteins and the differential expression of their encoding genes in liver samples from resistant and susceptible turbot families. Green indicates higher expression, and red indicates lower expression in the resistant family compared to that in the susceptible family. The dashed line represents the DEGs between both families under naïve conditions, whereas the solid line represents the DEGs between both families at 24 hpi with A. salmonicida.





Supplementary Figure 4 | 
Heatmap representing DEGs in liver samples from resistant and susceptible turbot families at 24 hpi with A. salmonicida involved in lipid metabolism.





Supplementary File S1 | 
Differentially expressed genes (DEGs) between the resistant and susceptible families under naïve and A. salmonicida-infected conditions in head kidney samples.





Supplementary File S2 | 
Differentially expressed genes (DEGs) between the resistant and susceptible families under naïve and A. salmonicida-infected conditions in liver samples.





Supplementary File S3 | 
Differentially expressed genes (DEGs) in the resistant family at 24 hpi with A. salmonicida in the head kidney and liver.





Supplementary File S4 | 
Differentially expressed genes (DEGs) in the susceptible family at 24 hpi with A. salmonicida in the head kidney and liver.








References



1.
 APROMAR
. Aquaculture in Spain 2023(2023). Available online at: https://apromar.es/wp-content/uploads/2023/10/Aquaculture_in_Spain_2023_APROMAR.pdf (accessed November 27, 2024).




2.
 FAO
. The state of world fisheries and aquaculture 2022. In: Towards Blue Transformation. FAO, Rome (2022). doi: 10.4060/cc0461en





3.
 Dallaire-Dufresne, S, Tanaka, KH, Trudel, MV, Lafaille, A, and Charette, SJ. Virulence, genomic features, and plasticity of Aeromonas salmonicida subsp. salmonicida, the causative agent of fish furunculosis. Vet Microbiol. (2014) 169:1–7. doi: 10.1016/j.vetmic.2013.06.025





4.
 Nougayrede, P, Sochon, E, and Vuiiaume, A. Isolation of Aeromonas subspecies salmonicida in farmed turbot (Psetta maxima) in France. Bull Eur Assoc Fish Pathol. (1990) 10:139–40.




5.
 Toranzo, AE, and Barja, JL. First report of furunculosis in turbot reared in floating cages in Northwest Spain. Bull Eur Ass Fish Pathol. (1992) 12:147–9.




6.
 Pedersen, K, and Larsen, JL. First report on outbreak of furunculosis in turbot, Scophthalmus maximus caused by Aeromonas salmonicida subsp. salmonicida in Denmark. Bull Eur Ass Fish Pathol. (1996) 16:129–33.




7.
 Gao, Y, Wang, Q, Liu, Y, Ma, Y, Jin, H, Liu, J, et al. Epidemiology of turbot bacterial diseases in China between October 2016 and December 2019. Front Mar Sci. (2023) 10:1145083. doi: 10.3389/fmars.2023.1145083





8.
 Adams, A. Progress, challenges and opportunities in fish vaccine development. Fish Shellfish Immunol. (2019) 90:210–4. doi: 10.1016/j.fsi.2019.04.066





9.
 Cabello, FC. Heavy use of prophylactic antibiotics in aquaculture: a growing problem for human and animal health and for the environment. Environ Microbiol. (2006) 8:1137–44. doi: 10.1111/j.1462-2920.2006.01054.x





10.
 Arsène, MMJ, Davares, AKL, Viktorovna, PI, Andreevna, SL, Sarra, S, Khelifi, I, et al. The public health issue of antibiotic residues in food and feed: Causes, consequences, and potential solutions. Vet World. (2022) 15:662–71. doi: 10.14202/vetworld.2022.662-671





11.
 Bondad-Reantaso, MG, MacKinnon, B, Karunasagar, I, Fridman, S, Alday-Sanz, V, Brun, E, et al. Review of alternatives to antibiotic use in aquaculture. Rev Aquac. (2023) 15:1421–51. doi: 10.1111/raq.12786





12.
 Houston, RD. Future directions in breeding for disease resistance in aquaculture species. R Bras Zootec. (2017) 46:545–51. doi: 10.1590/S1806-92902017000600010





13.
 Gjedrem, T, Robinson, N, and Rye, M. The importance of selective breeding in aquaculture to meet future demands for animal protein: A review. Aquaculture. (2012) 350–3:117–29. doi: 10.1016/j.aquaculture.2012.04.008





14.
 Yáñez, JM, Barría, A, López, ME, Moen, T, Garcia, BF, Yoshida, GM, et al. Genome-wide association and genomic selection in aquaculture. Rev Aquac. (2023) 15:645–75. doi: 10.1111/raq.12750





15.
 Rodríguez-Ramilo, ST, Toro, MA, Bouza, C, Hermida, M, Pardo, BG, Cabaleiro, S, et al. QTL detection for Aeromonas salmonicida resistance related traits in turbot (Scophthalmus maximus). BMC Genomics. (2011) 12:541. doi: 10.1186/1471-2164-12-541





16.
 Rodríguez-Ramilo, ST, de la Herrán, R, Ruiz-Rejón, C, Hermida, M, Fernández, C, Pereiro, P, et al. Identification of quantitative trait loci associated with resistance to viral haemorrhagic septicaemia (VHS) in turbot (Scophthalmus maximus): a comparison between bacterium, parasite and virus diseases. Mar Biotechnol. (2014) 16:265—76. doi: 10.1007/s10126-013-9544-x





17.
 Rodríguez-Ramilo, ST, Fernández, J, Toro, MA, Bouza, C, Hermida, M, Fernández, C, et al. Uncovering QTL for resistance and survival time to Philasterides dicentrarchi in turbot (Scophthalmus maximus). Anim Genet. (2013) 44:149—57. doi: 10.1111/j.1365-2052.2012.02385.x





18.
 Saura, M, Carabaño, MJ, Fernández, A, Cabaleiro, S, Doeschl-Wilson, AB, Anacleto, O, et al. Disentangling genetic variation for resistance and endurance to scuticociliatosis in turbot using pedigree and genomic information. Front Genet. (2019) . 10:539. doi: 10.3389/fgene.2019.00539





19.
 Fraslin, C, Quillet, E, Rochat, T, Dechamp, N, Bernardet, JF, Collet, B, et al. Combining multiple approaches and models to dissect the genetic architecture of resistance to infections in fish. Front Genet. (2020) 11:677. doi: 10.3389/fgene.2020.00677





20.
 Robledo, D, Taggart, JB, Ireland, JH, McAndrew, BJ, Starkey, WG, Haley, CS, et al. Gene expression comparison of resistant and susceptible Atlantic salmon fry challenged with Infectious Pancreatic Necrosis virus reveals a marked contrast in immune response. BMC Genomics. (2016) 17:279. doi: 10.1186/s12864-016-2600-y





21.
 Holm, H, Santi, N, Kjøglum, S, Perisic, N, Skugor, S, and Evensen, Ø. Difference in skin immune responses to infection with salmon louse (Lepeophtheirus salmonis) in Atlantic salmon (Salmo salar L.) of families selected for resistance and susceptibility. Fish Shellfish Immunol. (2015) 42:384–94. doi: 10.1016/j.fsi.2014.10.038





22.
 Robledo, D, Hamilton, A, Gutiérrez, AP, Bron, JE, and Houston, RD. Characterising the mechanisms underlying genetic resistance to amoebic gill disease in Atlantic salmon using RNA sequencing. BMC Genomics. (2020) 21:271. doi: 10.1186/s12864-020-6694-x





23.
 Wang, L, Xu, X, Zhang, Z, Li, K, Yang, Y, Zheng, W, et al. Transcriptome analysis and protein-protein interaction in resistant and susceptible families of Japanese flounder (Paralichthys olivaceus) to understand the mechanism against Edwardsiella tarda
. Fish Shellfish Immunol. (2022) 123:265–81. doi: 10.1016/j.fsi.2022.02.055





24.
 Marancik, D, Gao, G, Paneru, B, Ma, H, Hernandez, AG, Salem, M, et al. Whole-body transcriptome of selectively bred, resistant-, control-, and susceptible-line rainbow trout following experimental challenge with Flavobacterium psychrophilum
. Front Genet. (2015) 5:453. doi: 10.3389/fgene.2014.00453





25.
 Verrier, ER, Genet, C, Laloë, D, Jaffrezic, F, Rau, A, Esquerre, D, et al. Genetic and transcriptomic analyses provide new insights on the early antiviral response to VHSV in resistant and susceptible rainbow trout. BMC Genomics. (2018) 19:482. doi: 10.1186/s12864-018-4860-1





26.
 Díaz-Rosales, P, Romero, A, Balseiro, P, Dios, S, Novoa, B, and Figueras, A. Microarray-based identification of differentially expressed genes in families of turbot (Scophthalmus maximus) after infection with viral haemorrhagic septicaemia virus (VHSV). Mar Biotechnol. (2012) 14:515–29. doi: 10.1007/s10126-012-9465-0





27.
 Librán-Pérez, M, Pereiro, P, Figueras, A, and Novoa, B. Transcriptome analysis of turbot (Scophthalmus maximus) infected with Aeromonas salmonicida reveals a direct effect on leptin synthesis as a neuroendocrine mediator of inflammation and metabolism regulation. Front Mar Sci. (2022) 9:888115. doi: 10.3389/fmars.2022.888115





28.
 Romero, A, Rey-Campos, M, Pereiro, P, Librán-Pérez, M, Figueras, A, and Novoa, B. Transcriptomic analysis of turbot (Scophthalmus maximus) treated with zymosan a reveals that lncRNAs and inflammation-related genes mediate the protection conferred against Aeromonas salmonicida
. Fish Shellfish Immunol. (2024) 147:109456. doi: 10.1016/j.fsi.2024.109456





29.
 Balcázar, JL, Vendrell, D, de Blas, I, Ruiz-Zarzuela, I, Gironés, O, and Múzquiz, JL. Quantitative detection of Aeromonas salmonicida in fish tissue by real-time PCR using self-quenched, fluorogenic primers. J Med Microbiol. (2007) 56:323–8. doi: 10.1099/jmm.0.46647-0





30.
 Pfaffl, MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. (2001) 29:e45. doi: 10.1093/nar/29.9.e45





31.
 Figueras, A, Robledo, D, Corvelo, A, Hermida, M, Pereiro, P, Rubiolo, JA, et al. Whole genome sequencing of turbot (Scophthalmus maximus; Pleuronectiformes): a fish adapted to demersal life. DNA Res. (2016) 23:181–92. doi: 10.1093/dnares/dsw007





32.
 Metsalu, T, and Vilo, J. ClustVis: a web tool for visualizing clustering of multivariate data using Principal Component Analysis and heatmap. Nucleic Acids Res. (2015) 43:W566–70. doi: 10.1093/nar/gkv468





33.
 Szklarczyk, D, Gable, AL, Nastou, KC, Lyon, D, Kirsch, R, Pyysalo, S, et al. The STRING database in 2021: customizable protein-protein networks, and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. (2021) 49:D605–12. doi: 10.1093/nar/gkaa1074





34.
 Kanehisa, M, and Sato, Y. KEGG Mapper for inferring cellular functions from protein sequences. Protein Sci. (2020) 29:28–35. doi: 10.1002/pro.3711





35.
 Voorrips, RE. MapChart: software for the graphical presentation of linkage maps and QTLs. J Hered. (2002) 93:77–8. doi: 10.1093/jhered/93.1.77





36.
 Sheehan, JR, Sadlier, C, and O'Brien, B. Bacterial endotoxins and exotoxins in intensive care medicine. BJA Educ. (2022) 22:224–30. doi: 10.1016/j.bjae.2022.01.003





37.
 Ullah, I, and Lang, M. Key players in the regulation of iron homeostasis at the host-pathogen interface. Front Immunol. (2023) 14:1279826. doi: 10.3389/fimmu.2023.1279826





38.
 Pereiro, P, Romero, A, Díaz-Rosales, P, Estepa, A, Figueras, A, and Novoa, B. Nucleated teleost erythrocytes play an Nk-lysin- and autophagy-dependent role in antiviral immunity. Front Immunol. (2017) 8:1458. doi: 10.3389/fimmu.2017.01458





39.
 Starr, CG, Maderdrut, JL, He, J, Coy, DH, and Wimley, WC. Pituitary adenylate cyclase-activating polypeptide is a potent broad-spectrum antimicrobial peptide: Structure-activity relationships. Peptides. (2018) 104:35–40. doi: 10.1016/j.peptides.2018.04.006





40.
 Velázquez, J, Rodríguez-Cornejo, T, Rodríguez-Ramos, T, Pérez-Rodríguez, G, Rivera, L, Campbell, JH, et al. New Evidence for the role of pituitary adenylate cyclase-activating polypeptide as an antimicrobial peptide in teleost fish. Antibiotics. (2023) 12:1484. doi: 10.3390/antibiotics12101484





41.
 Martinez, C, Abad, C, Delgado, M, Arranz, A, Juarranz, MG, Rodriguez-Henche, N, et al. Anti-inflammatory role in septic shock of pituitary adenylate cyclase-activating polypeptide receptor. Proc Natl Acad Sci U S A. (2002) 99:1053–8. doi: 10.1073/pnas.012367999





42.
 Wei, XY, Wang, J, Guo, ST, Lv, YY, Li, YP, Qin, CJ, et al. Molecular characterization of a teleost-specific toll-like receptor 22 (tlr22) gene from yellow catfish (Pelteobagrus fulvidraco) and its transcriptional change in response to poly I:C and Aeromonas hydrophila stimuli. Fish Shellfish Immunol. (2023) 134:108579. doi: 10.1016/j.fsi.2023.108579





43.
 Ozinsky, A, Underhill, DM, Fontenot, JD, Hajjar, AM, Smith, KD, Wilson, CB, et al. The repertoire for pattern recognition of pathogens by the innate immune system is defined by cooperation between toll-like receptors. Proc Natl Acad Sci U S A. (2000) 97:13766–71. doi: 10.1073/pnas.250476497





44.
 Voogdt, CGP, Wagenaar, JA, and van Putten, JPM. Duplicated TLR5 of zebrafish functions as a heterodimeric receptor. Proc Natl Acad Sci U S A. (2018) 115:E3221–9. doi: 10.1073/pnas.1719245115





45.
 Ehlting, C, Wolf, SD, and Bode, JG. Acute-phase protein synthesis: a key feature of innate immune functions of the liver. Biol Chem. (2021) 402:1129–45. doi: 10.1515/hsz-2021-0209





46.
 Buendgens, L, Yagmur, E, Bruensing, J, Herbers, U, Baeck, C, Trautwein, C, et al. Growth differentiation factor-15 is a predictor of mortality in critically ill patients with sepsis. Dis Markers. (2017) 2017:5271203. doi: 10.1155/2017/5271203





47.
 Pereiro, P, Librán-Pérez, M, Figueras, A, and Novoa, B. Conserved function of zebrafish (Danio rerio) Gdf15 as a sepsis tolerance mediator. Dev Comp Immunol. (2020) 109:103698. doi: 10.1016/j.dci.2020.103698





48.
 Kasai, K, Nakano, M, Ohishi, M, Nakamura, T, and Miura, T. Antimicrobial properties of L-amino acid oxidase: biochemical features and biomedical applications. Appl Microbiol Biotechnol. (2021) 105:4819–32. doi: 10.1007/s00253-021-11381-0





49.
 Wensveen, FM, Šestan, M, Turk Wensveen, T, and Polić, B. 'Beauty and the beast' in infection: How immune-endocrine interactions regulate systemic metabolism in the context of infection. Eur J Immunol. (2019) 49:982–95. doi: 10.1002/eji.201847895





50.
 Van Cromphaut, SJ, Vanhorebeek, I, and Van den Berghe, G. Glucose metabolism and insulin resistance in sepsis. Curr Pharm Des. (2008) 14:1887–99. doi: 10.2174/138161208784980563





51.
 Darwitz, BP, Genito, CJ, and Thurlow, LR. Triple threat: how diabetes results in worsened bacterial infections. Infect Immun. (2024) 25:e0050923. doi: 10.1128/iai.00509-23





52.
 Shi, J, Fan, J, Su, Q, and Yang, Z. Cytokines and abnormal glucose and lipid metabolism. Front Endocrinol. (2019) 10:703. doi: 10.3389/fendo.2019.00703





53.
 Mylvaganam, S, Freeman, SA, and Grinstein, S. The cytoskeleton in phagocytosis and macropinocytosis. Curr Biol. (2021) 31:R619–32. doi: 10.1016/j.cub.2021.01.036





54.
 Kamnev, A, Lacouture, C, Fusaro, M, and Dupré, L. Molecular tuning of actin dynamics in leukocyte migration as revealed by immune-related actinopathies. Front Immunol. (2021) 12:750537. doi: 10.3389/fimmu.2021.750537





55.
 Bretou, M, Kumari, A, Malbec, O, Moreau, HD, Obino, D, Pierobon, P, et al. Dynamics of the membrane-cytoskeleton interface in MHC class II-restricted antigen presentation. Immunol Rev. (2016) 272:39–51. doi: 10.1111/imr.12429





56.
 Mostowy, S, and Shenoy, AR. The cytoskeleton in cell-autonomous immunity: structural determinants of host defence. Nat Rev Immunol. (2015) 15:559–73. doi: 10.1038/nri3877





57.
 Navarro-Garcia, F, Serapio-Palacios, A, Ugalde-Silva, P, Tapia-Pastrana, G, and Chavez-Dueñas, L. Actin cytoskeleton manipulation by effector proteins secreted by diarrheagenic Escherichia coli pathotypes. BioMed Res Int. (2013) 2013:374395. doi: 10.1155/2013/374395





58.
 Fehr, D, Burr, SE, Gibert, M, d'Alayer, J, Frey, J, and Popoff, MR. Aeromonas exoenzyme T of Aeromonas salmonicida is a bifunctional protein that targets the host cytoskeleton. J Biol Chem. (2007) 282:28843–52. doi: 10.1074/jbc.M704797200





59.
 Pillon, M, and Doublet, P. Myosins, an underestimated player in the infectious cycle of pathogenic bacteria. Int J Mol Sci. (2021) 22:615. doi: 10.3390/ijms22020615





60.
 El-Aouar Filho, RA, Nicolas, A, De Paula Castro, TL, Deplanche, M, De Carvalho Azevedo, VA, Goossens, PL, et al. Heterogeneous family of cyclomodulins: smart weapons that allow bacteria to hijack the eukaryotic cell cycle and promote infections. Front Cell Infect Microbiol. (2017) 7:208. doi: 10.3389/fcimb.2017.00208





61.
 Wang, K, Jiang, Z, Lu, X, Zhang, Y, Yuan, X, Luo, D, et al. Cardiomyocyte-specific deletion of Senp2 contributes to CVB3 viral replication and inflammation. Int Immunopharmacol. (2020) 88:106941. doi: 10.1016/j.intimp.2020.106941





62.
 Yang, TT, Chiang, MF, Chang, CC, Yang, SY, Huang, SW, Liao, NS, et al. SENP2 restrains the generation of pathogenic Th17 cells in mouse models of colitis. Commun Biol. (2023) 6:629. doi: 10.1038/s42003-023-05009-4





63.
 Tang, Z, Zeng, M, Wang, X, Guo, C, Yue, P, Zhang, X, et al. Synthetic lethality between TP53 and ENDOD1. Nat Commun. (2022) 13:2861. doi: 10.1038/s41467-022-30311-w





64.
 Fenech, EJ, Lari, F, Charles, PD, Fischer, R, Laétitia-Thézénas, M, Bagola, K, et al. Interaction mapping of endoplasmic reticulum ubiquitin ligases identifies modulators of innate immune signalling. Elife. (2020) 9:e57306. doi: 10.7554/eLife.57306





65.
 Jiang, XF, Liu, ZF, Lin, AF, Xiang, LX, and Shao, JZ. Coordination of bactericidal and iron regulatory functions of hepcidin in innate antimicrobial immunity in a zebrafish model. Sci Rep. (2017) 7:4265. doi: 10.1038/s41598-017-04069-x









Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.




Copyright © 2024 Pereiro, Tur, García, Figueras and Novoa. 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.



OEBPS/Images/fimmu-15-1522666-g008.jpg
Resistant Infected

Susceptible Infected Row Z-score
2

Death-associated protein kinase 2

Transducer of ERBB2 1b 1.5
| GTP-binding protein RAD

DNA ligase 1

Rho-related GTP-binding protein RhoV - 1

Cyclin-dependent kinase inhibitor 1C

| Eukaryotic translation initiation factor 4E-binding protein 3 B

E Dual specificity g)rotein phosphatase

Protein FAMG5 0.5

Bcl-2-related ovarian killer protein homolog A
| Insulin receptor
Protein zwilch 0

Protein MRVI1

| Kinesin-like protein KIF21A
| Transient receptor potential cation channel subfamily M member 3 05
Protein-tyrosine kinase 2-beta.1 .

Lymphoid-restricted membrane protein ] .
P%/_ Uepperiike facior 15 CELL CYCLE ATRX || DDX11 HDACS— [ESCO1/] iy

Receptor-type tyrosine-protein phosphatase O -1 Smel | Sme3 |—| NIPBL [ Sl || S
Serine/threonine-protein kinase Nek5 T Rradz1 | MAU2 Rad2l |
.| Serine/threonine-protein kinase D d S PDS5 Sororin | I
E | énkyring /-\%235 Sizell2 Stagl.2 Wapl P
| rotein

: Structural maintenance of chromosomes protein 4
Structural maintenance of chromosomes protein 2
Sre\lr}:romere proteinF'{I'AD

I repair protein 52 DNA d heckpoint +p
| Rac GTPase-activating protein 1 ot faeter; GrogiRfantar TGEp e Shectpon -
|| Baculoviral IAP repeat-containing protein 5 | T T /\ SE cparin
| Celldivision cycle protein 20 o ) | p107 ySmad3 /
_— gryaglisnf?/{?lng acidic coiled-coil-containing protein 3 I v 'E2F45 [smadz.3) 5300 {

|
|

Smel | Sme3
_Rad21
Stagl,2| Cohesin

Cohesin loading Cohesion establishment

TR g

| Nuclear mitotic apparatus protein 1 GSK3p LI-L2 Sl DN/
|| Serine/threonine-protein kinase 6
| serine/threonine-protein kinase PLK1
| Ribonuclease ZC3H12A
- | Kinesin-like protein KIF15
| Condensin complex subunit 2
| Actin-binding protein anillin MAPK
| Kinesin-like protein KIF2C signaling
|| Gentromere protein F pathway
| | Mitotic checkpoint serine/threonine-protein kinase BUB1 beta
1 | Kinesin-like protein KIF11
| Mis18-binding protein 1
.| Spindle assembly checkpoint protein Mad2

| Separin
| DNAtopoisomerase 2-alpha
| Shugoshin-like 2
| |Kinesin-like protein KIF20A
i 1AurorakinaseB
] ——| CAP—GI}’/1 domain-containing linker protein 2
.| | Acidtrehalase-like protein 1

.| Maternal embryonic leucine zipper kinase +p

|| Mitotic checkpoint serine/threonine-protein kinase BUB1 {___. R-point j
I | Borealin (START) CDK1 i cDKL Pk
| | Cytoskeleton-associated protein 2 === -
| |Kinesin-like protein AN T P Lu
.\ |Citron Rho-interacting kinase &p o\ £ TICRR % A 4

1 Serine/threonine-protein kinase SBK2 SCF i P s : APC/C
1 Mitogen-activated protein kinase 15 Skp2 [p107.39 [ Ro +p L Rb Wee Mytl | +p —{[ cant
Ubiquitin-conjugating enzyme E2 C HDAC i Cdeds ] 3
1 |AntigenKl-67 Cilzo | P
Calcium/calmodulin-dependent protein kinase type Il delta 2 E2F4s| [E2ri2d | Cdtl Emil

Harmonin = =~
Cadherin-17 T /+p p21

Calmodulin-like protein 4a

Unconventional myosin-XV ==
Cd({7 DNA replication
Dbf4

ATP-binding cassette, sub-family B (MDR/TAP), member 4
Myosin llIA O —— Sphaseproteins, & ___ - DNA biosynthesis

Neurabin-1

Dual specificity protein phosphatase CDC14B DNA CycE

Heat shock 70ykDa protein 1B DNA
Fanconi anemia group D2 protein
Hepatocyte nuclear factor 4-gamma
Protein FAM83H G1 S G2 M
Src homology 2 domain containing transforming protein D, b
Histone H3.3 04110 3/3/23 .
| WD repeat-containing protein 19 (¢) Kanehisa Laboratories

SCE
Skp2

PTTG | Securin

TRIP13
CMT2

Ink4a

Ubiquitin
CI25BC mediated
> proteolysis

P

Cdc25A]

Py
CycA 1 CycB +p

2D,
+p

Protein—tgrosine kinase 2-beta
Ankyrin-3 (1

Kinesin-like protein KIF26A

Transient receptor potential cation channel subfamily M member 6
1 | PHand SEC7 domain-containing protein 2
| | Guanine nucleotide-binding protein G(o) subunit alpha

Protein FAM65C

Fibroblast growth factor receptor 2

Heterogeneous nuclear ribonucleoprotein U-like protein 2
.. 1 | Tropomodulin-4





OEBPS/Images/fimmu.2024.1522666_cover.jpg
& frontiers | Frontiers in Immunology

Unravelling turbot (Scophthalmus maximus)
resistance to Aeromonas salmonicida:
transcriptomic insights from two full-sibling
families with divergent susceptibility





OEBPS/Images/fimmu-15-1522666-g011.jpg
Chr1 Chr2 Chr3
e N N
145 akr1d1
15,3 ;< Sma-UsCc256
15,5 kif21a
W
St
Chr12 Chr13 Chr14
A A A
28 S's'g’
29N +rgs21
3.5 —=1rgs1
38 aspm
41 SmaUSC-E30
U
U

Chr4 Chr5

chrna7
6.1 ><lcalml4a
62 Sma-UsSC47

185

193
20,0
20,1

Chré

3

/]

cdsa
cdsb
zmat1

Sma-USC158

dnah1
pfkibda
cdh26

Chr15 Chr16 Chr17

Chr7

Chri8

~

SMAX5B_005666 Neuronal acetylchollne receptur subunit alpha-7

SMAX5B_014150 6-phosphofructo-2-kinase/fructose-2,8-bisphosphatase 4

SMAX5B_007568 CCN family member 1

SMAX5B_011439 Extracellular superoxide dismutase

SMAX5B_020483 Fetuin B

SMAX5B_014117 Cadherin-like protein 26

SMAX5B_020470 Regulator of G-protein signaling 21

SMAX5B_014090 T-cell surface glycoprotein CD8 beta chain

SMAX5B_011471 ADP/ATP translocase 1

SMAX5B_002891 Hypothetical protein SMAX5B_002891
SMAX5B_011583 Hypothetical protein SMAX5B_011583
SMAX5B_014192 CD8 alpha chain
SMAX5B_014127 Dynein heavy chain 1, axonemal
SMAX5B_007608 von Willebrand factor A domain-containing protein 7

SMAX5B_011552 Hypothetical protem SMAXSB 011552

SMAX5B_020500 Abnormal spindle-like microcephaly-associated protein

SMAX5B_014320 Zinc finger matrin-type protein 1

SMAX5B_011554 Nephronectin a

SMAX5B_020461 Regulator afG -protein sxgnalmg 8
SMAX5B_011552 Hypothetical protein SMAX5B_011552
SMAX5B_020484 Regulator of G-protein signaling 1

SMAX5B_005500 Kinesin-like protein KIF21A

SMAX5B_011382 Inorganic pyrophosphatase-like isoform 2

SMAX5B_002881 Aldo-keto reductase family 1 member D1
SMAX5B_005495 Aldo-keto reductase family 1 member D1
SMAX5B_011557 Fatty acid-binding protein 2, intestinal

SMAX5B_005617 Calmodulin-like protein 4a

Chr8 Chr9

920 ngafa

9.1 ppa2

o5 SMAXSB011583

96 b 32a

97 235sa
SMAX5B011552

9.9 SmaUSC-E23

14,4~ cent
153 >—1</SmaUSC-E41
154 vwa7

Chr19

Y

chma7
pfkfbda
cent
sod3
fetub

cdh26

rgs21

cdgh

slc25a4
SMAX5B_002891
SMAX58_011583
cd8a

dnahi

vwal

SMAX5B_011552
aspm
zmat1
npnta

rgs8
SMAX5B_011552
rgs1

kif21a

ppa2

akrid1

akr1d1

fabp2

calmi4a

Chr20

81
8.4
86

Chr10 Chr11
akr1d1
—j=f—Sma-UsSC147
SMAX5B002891
\/ W
Chr21 Chr22
U U





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

    		Cover



  		

        Unravelling turbot (Scophthalmus maximus) resistance to Aeromonas salmonicida: transcriptomic insights from two full-sibling families with divergent susceptibility

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Fish and bacteria

          



          		

            2.2 Bacterial challenges to identify turbot families with different degrees of resistance to A. salmonicida subsp. salmonicida.

          



          		

            2.3 RNA isolation, cDNA synthesis, and quantitative PCR (qPCR) for A. salmonicida detection and RNA-Seq validation

          



          		

            2.4 Transcriptome sequencing and RNA-Seq analysis

          



          		

            2.5 

Post hoc bioinformatic analyses

          



          		

            2.6 Integration of DEGs with quantitative trait locus regions associated with A. salmonicida subsp. salmonicida resistance

          



        



        



        		

          3 Results

        

          		

            3.1 Evaluation of the survival of different turbot families exposed to A. salmonicida subsp. salmonicida and evaluation of the bacterial load

          



          		

            3.2 Overall transcriptome comparison between the resistant and susceptible families in the absence and presence of infection

          



          		

            3.3 GO enrichment analyses of the DEGs between the resistant and susceptible families

          



          		

            3.4 Comparison of head kidney transcriptome profiles between resistant and susceptible families

          



          		

            3.5 Comparison of the liver transcriptome profiles between the resistant and susceptible families

          



          		

            3.6 Shared DEGs in the head kidney and liver that are potentially associated with resistance to A. salmonicida



          



          		

            3.7 Integration of the transcriptome information and the major QTLs associated with A. salmonicida resistance in turbot

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1522666-g005.jpg
Hepcidin 1
Haptoglobin
Perforin-1 -like (1)
Perforin-1 -like (2)
Serotransferrin
Nk-lysin

Pituitary adenylate cyclase-activating peptide

Aminopeptidase N
Lysosome-associated membrane glycoprotein 3
Peptidoglycan recognition protein 6
CD48 antigen

Toll-like receptor 22

Sialoadhesin-like

CD209 antigen-like

Pro-cathepsin H

CD83 antigen

MHC class Il beta antigen
Proteasome subunit beta type-11 (1)
Proteasome subunit beta type-11 (2)
Heat shock 70 kDa protein 1

Toll-like receptor 5a
Asialoglycoprotein receptor-like 1
Toll-like receptor 2

Galactose-specific lectin nattectin-like

Resistant Control
Susceptible Control

I 00000
— Interleukin-1 receptor type 2 Row Z-s¢2:ore
7 C-C motif chemokine 19 15
— Interleukin-27 subunit beta 1
— Interleukin-1 receptor accessory protein-like 1 43
) 0
— C-C chemokine receptor type 2
-0.5
L Monocyte chemotactic protein 1B ;

(Ol -
€0 d
€0 S
L0 S
¢O0 S

I:lJ
(@)
N

Lol

Adenosine receptor A1
P2X purinoceptor 3
Tau-tubulin kinase 1

Sodium channel, voltage gated, type VI, alpha subunit b
Voltage-gated calcium channel beta 4 subunit transcript variant 2
Preprosomatostatin Il

Neuronal acetylcholine receptor subunit alpha-7

Insulin gene enhancer protein isl-2a

Pituitary adenylate cyclase-activating peptide

Brain-specific angiogenesis inhibitor 1-associated protein 2
5-hydroxytryptamine receptor 1D

Myelin protein zero-like protein 2

ATP-sensitive inward rectifier potassium channel 1

Prostaglandin D2 receptor 2

Somatostatin receptor type 5

e 0 L

wn
O
w

E3 ubiquitin-protein ligase HECTD2

- 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-1
Sphingosine 1-phosphate receptor 3
Tyrosine-protein kinase ZAP-70

Collagenase 3

- Wiskott-Aldrich syndrome protein family member 3
Tyrosine-protein kinase Mer-like

Ankyrin repeat and SOCS box protein 5

Adhesion G protein-coupled receptor G3
CMRF35-like molecule 1

SH3 domain containing GRB2 like 2a, endophilin A1
Versican core protein

GRB2-related adapter protein 2a

Collagen, type X, alpha 1a

Protein THEMIS2

Eomesodermin-like (2)

Eomesodermin-like (3)

~ MKI67 FHA domain-interacting nucleolar phosphoprotein
Endonuclease domain-containing 1 protein
Proteolipid protein 2

Syntaxin-binding protein 4

Polymeric immunoglobulin receptor-like
B-lymphocyte antigen CD20

Prostaglandin E receptor 4 (subtype EP4) a
Epithelial membrane protein 3

Ubiquitin domain-containing protein 1

Group 10 secretory phospholipase A2

THAP domain-containing protein 4
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta-1
Inter-alpha-trypsin inhibitor

Tumor necrosis factor receptor superfamily member 3
Sentrin-specific protease 2

Placenta-specific gene 8 protein

Ectonucleoside triphosphate diphosphohydrolase 2
DNA damage-inducible transcript 4 protein
Endonuclease 8-like 3

Pleckstrin homology domain-containing family F member 1
E3 ubiquitin-protein ligase TRIM21
Hydroxycarboxylic acid receptor 2
Cytokine-inducible SH2-containing protein

Tripartite motif-containing protein 16
Eomesodermin-like (1)

Grass carp reovirus (GCRV)-induced gene 2e
NADPH oxidase activator 1

Hepatocyte nuclear factor 4-beta

Lysyl oxidase homolog 4

GTPase IMAP family member 8-like (1)
Prostaglandin D2 synthase a

Fetuin B

Leucine-rich alpha-2-glycoprotein
Alpha-2-HS-glycoprotein 2

Extracellular superoxide dismutase

Proteoglycan 4

Anionic trypsin-1

Prostaglandin D2 receptor 2

Thyroid hormone receptor alpha A protein

GTPase IMAP family member 8-like (2)

Protein mono-ADP-ribosyltransferase PARP14

~ Protein FAM111A

Cytosolic acyl coenzyme A thioester hydrolase
Serine/threonine-protein kinase Sgk2

5-beta-cholestane-3-alpha,7-alpha-diol 12-alpha-hydroxylase
von Willebrand factor A domain-containing protein 1

PDZ domain-containing protein 7

Leucine-rich repeat-containing protein 71

ADP-ribosylation factor-like protein 14

Indoleamine 2,3-dioxygenase 1

CCN family member 1





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1522666-g001.jpg
Percent survival

100

75

50

25

0

01234567 8 9101112131415
dpi

dekkd

dekedek

0.000100

0.000075

0.000050

0.000025

Normalized expression

A. salmonicida

Bl Resistant (22035)
Ea Susceptible (22039)

HK Liver





OEBPS/Images/table2.jpg
Resistant vs. Susceptible (Naive) - Liver

TOP 25 UP

GENE

Neurofilament medium polypeptide
Protein FAMI51A

Sentrin-specific protease 2

Arachidonate 12-lipoxygenase, 12R-type
Tektin-4

Zona pellucida sperm-binding protein 3
Zinc transporter 2-like

Chemokine receptor 5

Docking protein 3

Endonuclease domain-containing 1 protein
DNA damage-inducible transcript 4 protein
Spondin-2b

Double-stranded RNA-specific editase 1

E3 ubiquitin-protein ligase HECTD2

Prostaglandin E receptor 4 (subtype EP4) a

Ribosomal protein $6 kinase-like 1

B-lymphocyte antigen CD20

Acetylcholine receptor subunit beta

Membrane-spanning 4-domains subfamily A member 4A
B-cell receptor CD22

N-acetyllactosaminide beta-1,3-N-
acetylglucosaminyltransferase 3

C2 domain protein
Src-like-adapter 2
GRB2-related adapter protein 2a

Protein THEMIS2

FOLD
CHANGE

215.36
67.67
51.56
21.69
20.51
16.23
15.43
12.48
1173
10.96
10.72
9.77
9.41

9.30

8.63
8.55
7.72
7.58
7.51
7.33

7.13

6.87
6.19
5.87

5.85

‘ TOP 25 DOWN

GENE

Disabled -like 2

Zonadhesin

Synaptopodin 2-like protein

FRAS1-related extracellular matrix protein 1

Pkinase multi-domain protein

Potassium voltage-gated channel subfamily H member 6
Hepcidin 1 precursor

Immunoglobulin superfamily DCC subclass member 3
Sperm acrosome membrane-associated protein 4

GMP reductase 1

Fos-related antigen la

U11/U12 small nuclear ribonucleoprotein 25 kDa protein
Fer-1-like protein 4

Adenine nucleotide translocase lysine
N-methyltransferase

Zona pellucida sperm-binding protein 4

ATP-binding cassette sub-family A member 1
Synaptonemal complex protein 2

Early growth response protein 1

GTP-binding protein RAD

Telomere repeats-binding bouquet formation protein 1

Transcription factor Sox-18B

Myocardin
Tonsoku-like protein
Myosin-10

DNA polymerase epsilon catalytic subunit A

FOLD
CHANGE

-67.59
-32.62
-23.26
-22.15
-19.00
-17.42
-15.04
-14.70
-13.87
-13.49
-13.11
-12.33
-11.60

-11.44

-10.11
-9.21
-8.67
-8.38
-8.21
-8.09

-7.82

-7.82
-6.80
-6.62

-6.61

Resistant vs. Susceptible (Infected) - Liver

TOP 25 UP ‘ TOP 25 DOWN
GENE FOLD GENE FOLD
CHANGE CHANGE
Pappalysin-2 2699 Ladderlectin-like -9958.07
Protein MRVI1-like 25.83 Angiotensin-converting enzyme 2 -3671.10
Plastin-1 19.49 Aminopeptidase N -1852.92
Trans-1,2-dihydrobenzene-1,2-diol dehydrogenase 9.95 Glyco hydro 18 multi-domain protein -1622.38
Sentrin-specific protease 2 9.18 Acidic mammalian chitinase-like -961.02
Tumor protein p53-inducible nuclear protein 1 7.87 Type-4 ice-structuring protein LS-12 -596.29
E3 ubiquitin-protein ligase HECTD2 7.83 Alkaline phosphatase -458.33
Wiskott-Aldrich syndrome protein family member 3 7.27 Enteropeptidase-like -328.58
XK-related protein 717 Alpha-tectorin -327.49
SLIT and NTRK-like protein 3 6.20 Oligopeptide transporter -304.87
Prolactin receptor 6.01 Alkaline phosphatase, tissue-nonspecific isozyme -289.20
Calcium/calmodulin-dependent protein kinase IT inhibitor 2 5.94 Complement Clq-like protein 4 21179
DNA damage-inducible transcript 4 protein 5.89 Glutaredoxin domain-containing cysteine-rich protein 1 -206.59
Prostaglandin G/H synthase 1 5.61 Cytochrome c oxidase subunit NDUFA4 -199.22
Transcription factor COE1 5.56 Relaxin-3 receptor 1-like -165.07
Neuropilin-1a 555 Cytoglobin-1 -154.77
Neurofilament light polypeptide 5.10 G-protein coupled receptor 128 -151.75
Protein-tyrosine kinase 2-beta 4.85 Chitin synthase 1 -148.35
Glutathione-specific gamma-glutamylcyclotransferase 1 4.85 Meprin A subunit beta -138.86
Serpin H1 4.75 Carboxypeptidase O -138.59
Neuropilin-1a 4.67 Sodium-dependent neutral amino acid transporter B -137.75
(0)AT1

Protein very KIND 4.63 Natterin-3-like -116.57
Dystrobrevin alpha 456 Chitin synthase 1 -104.87
Serine/threonine-protein kinase ULK1 4.52 Lactase-phlorizin hydrolase -53.62
Transient receptor potential cation channel subfamily M 441 Leucine-rich repeat-containing protein 19 -45.79

member 3

The fold-change values indicate gene expression in the resistant family compared with the susceptible family.





OEBPS/Images/fimmu-15-1522666-g003.jpg
Blood coagulation, extrinsic pathway
Cellular response to granulocyte colony-stimulating factor
Response to genistein
Transepithelial ammonium transport
Envenomation resulting in modulation of blood coagulation in another organism
Regulation of complement activation
Regulation of interleukin-12 production
Antimicrobial humoral response

_ Type Il interferon production Resistant_Control vs. Susceptible_Control

Regulation of tumor necrosis factor production - -

Lymphocyte mediated immunity
Negative regulation of response to external stimulus
Positive regulation of immune response
Negative regulation of immune system process
Inflammatory response
T cell activation
Response to steroid hormone
Positive regulation of response to external stimulus

T cell activation

T cell receptor signaling pathway

T cell differentiation

Blood coagulation, fibrin clot formation
ol sttt Resistant_Infected vs. Susceptible_Infected

Negative regulation of blood coagulation

Skeletal muscle adaptation

Myofibril assembly

Skin development

Regulation of the force of skeletal muscle contraction
Cellular response to 3,3',5-triiodo-L-thyronine
Regulation of twitch skeletal muscle contraction
Regulation of Arp2/3 complex-mediated actin nucleation
Interleukin-6-mediated signaling pathway
Transition between fast and slow fiber
Cellular extravasation
Response to hyperoxia
Regulation of actin cytoskeleton reorganization
Phagocytosis, engulfment
Skeletal muscle adaptation
Skeletal muscle contraction
Positive regulation of actin filament polymerization
Actin-myosin filament sliding . -
Positive regulation of leukocyte chemotaxis Remstant_ControI Vs. SUSCGpthlG_COI‘ItTOl
Cellular response to acid chemical
Cortical actin cytoskeleton organization
Myeloid leukocyte migration
Focal adhesion assembly
Animal organ regeneration
Myofibril assembly
Purine nucleotide biosynthetic process
Regulation of reactive oxygen species metabolic process
Regulation of wound healing
Actin filament bundle assembly
Regulation of actin polymerization or depolymerization
Biomineral tissue development
Temperature homeostasis
Carboxylic acid biosynthetic process
Positive regulation of leukocyte activation

Negative regulation of gap junction assembly
Meiotic chromosome condensation
Chitin biosynthetic process
Positive regulation of meiotic cell cycle process involved in oocyte maturation
Cytoplasmic actin-based contraction involved in cell motility
Intestinal D-glucose absorption
Activation of Janus kinase activity
Mitotic spindle midzone assembly
Regulation of microvillus length
Regulation of establishment of cell polarity
Cellular response to macrophage colony-stimulating factor stimulus
Meiotic chromosome separation
Intestinal lipid absorption
Centrosome separation . .

Growth hormone receptor signaling pathway Re3|stant_lnfected VS. Susceptlble_lnfected
Quaternary ammonium group transport
Mitotic spindle assembly checkpoint signaling
Cholesterol homeostasis
Plasma lipoprotein particle clearance
Regulation of catalytic activity
Regulation of lamellipodium organization
Metaphase chromosome alignment
Triglyceride metabolic process
Protein depolymerization
Negative regulation of protein-containing complex disassembly
Response to cAMP
Negative regulation of supramolecular fiber organization
Meiosis | cell cycle process
Positive regulation of homotypic cell-cell adhesion
Negative regulation of cytoskeleton organization

0 20 40 60 80 100
Fold enrichment

HEAD KIDNEY

LIVER





OEBPS/Images/fimmu-15-1522666-g009.jpg
Resistant Control RoW Z-5¢o18

Susceptible Control 2
Endonuclease domain-containing 1 protein 1.5
Interleukin-22 receptor subunit alpha-2
Prostaglandin E receptor 4 (subtype EP4) a 1
E3 ubiquitin-protein ligase HECTD2
| Chemokine-like receptor 1 0.5
DNA damage-inducible transcript 4 protein
| | Serinefthreonine-protein kinase pim-2 0

| Ectonucleoside triphosphate diphosphohydrolase 2 05
| | Pro-cathepsin H e
‘ | Grass carp reovirus (GCRV)-induced gene 2e
Proteasome subunit beta type-9
Proteasome subunit beta type-7
Proteasome subunit beta type
Proteasome 20S subunit beta 12
Interferon-induced 35 kDa protein
| T-cell antigen CD7
| Apoptosis-associated speck-like protein containing a CARD
Tyrosine-protein phosphatase non-receptor type 22
Chemokine receptor 5
T-cell activation Rho GTPase-activating protein
Hypoxia inducible factor 1 subunit alpha
Interleukin-27 subunit beta
Fibroblast growth factor 1
Tyrosine-protein phosphatase non-receptor type 6
Allograft inflammatory factor 1
Cytokine receptor common subunit gamma
B-lymphocyte antigen CD20
| MHCclass Il beta antigen
Pappalysin-2
Protein THEMIS2
Sentrin-specific protease 2

Epithelial membrane protein 3
Interleukin-31 receptor subunit alpha
B-cell receptor CD22

Macrophage expressed 1, tandem duplicate 1
Fibrinogen C domain-containing protein 1
Indoleamine 2,3-dioxygenase 1
Spondin-2b

C-type lectin domain family 9 member A
B- and T-lymphocyte attenuator

Class | helical cytokine receptor number 1
B-cell receptor CD22.1

Transcription factor PU.1
Lipopolysaccharide-binding protein
Integrin beta-2

CD209 antigen-like protein E

C-X-C chemokine receptor type 4

| Galectin-3-binding protein A
Thrombospondin-2

Natural resistance-associated macrophage protein 2
von Willebrand factor

Hepcidin 1 precursor

Fibrinogen-like protein 1

Peroxidasin

Trypsinogen-like protein 3

Chemokine CC-like protein

SH2B adapter protein 3

Suppressor of cytokine signaling 3
Atypical chemokine receptor 3a
Interleukin-1 receptor-associated kinase 3
Toll-like receptor 2

Toll-like receptor 5a

Perforin-1

|

18 i
[l

Resistant Infected
Susceptible Infected

Row Z-score

2

Skin mucus antibacterial I-amino acid oxidase 15
Mucin-5AC :
Mitoferrin-1
Transmembrane protein 106B 1
G-protein coupled receptor family C group 5 member B
Dipeptidyl aminopeptidase-like protein 6

| Sedoheptulokinase 0.5
Interleukin-1 receptor type 2
Cytokine-inducible SH2-containing protein (2)
E3 ubiquitin-protein ligase HECTD2 0
Pappalysin-2

| Glutaminyl-peptide cyclotransferase 0.5

Transcription factor COE1
| Proto-oncogene protein c-Fos
| Prostaglandin G/H synthase 1 -1
| Heme oxygenase 1
Sentrin-specific protease 2
DNA damage-inducible transcript 4 protein -1.5
| Cytokine-inducible SH2-containing protein (1)
| GTPase IMAP family member 1
| Hypoxia inducible factor 1 subunit alpha
~ |Insulin receptor substrate 2
Receptor-type tyrosine-protein kinase FLT3
| Insulin receptor
| EGF-like module-containing mucin-like hormone receptor-like 1
IRS domain containing protein
Lymphoid-specific helicase
Lysosome membrane protein 2
| | AMPdeaminase 2
|| Thymic stromal cotransporter homolog
| | B(0-+)-type amino acid transporter 1
| |FAM151B
|| Protein NLRC5
|| Tumor necrosis factor receptor superfamily member 6B
|| Tripartite motif-containing protein 16
| | Complement C2
| llInterferon-inducible protein 56
| lImportin subunit alpha-1
| |Liver-expressed antimicrobial peptide 2
| | GTPase IMAP family member 7
| P2Y purinoceptor 1
| ATP-binding cassette sub-family B member 9
| Suppressor of cytokine signaling 1
| Growth differentiation factor 15
| Peroxidasin
| Receptor-type tyrosine-protein phosphatase F
| WAP four-disulfide core domain protein 18
.| GTP-binding protein Rhes
.| Fcreceptor-like protein 5
| Protein CYR61
| Fibrinogen-like protein 1
| Perforin-1-like
| Sushinidogen and EGF-like domain-containing protein 1
.| Fibroblast growth factor receptor 2
.| E3 ubiquitin-protein ligase HERC4
| Zincfinger E-box-binding homeobox 2
| Perforin-1
| Synaptic vesicle membrane protein VAT-1 homolog
| Regakine-1
Complement receptor type 1
\E/':'IS-reIated transcription factor EIf-3
illin
TNFAIP3-interacting protein 2
AhpC-TSA 2 domain containing protein
Leukocyte antigen CD37
Tumor necrosis factor receptor superfamily member 6
Early growth response protein 1 (2)
Solute carrier family 2 facilitated glucose transporter member 9
Vascular endothelial growth factor C
Growth factor receptor-bound protein 7
CD9 molecule a
Disintegrin and metalloproteinase domain-containing protein 9
Sphingolipid delta(4)-desaturase/C4-monooxygenase DES2
Transmembrane gamma-carboxyglutamic acid protein 4
Mitogen-activated protein kinase
Mucolipin-3
Signal-transducing adaptor protein 1
OCIA domain-containing protein 2
Complement component C6
Transcription factor MafB
E3 ubiquitin-protein ligase TRIM39
Calcineurin B -likeous protein 3
Beta-galactoside-binding lectin
Angiotensin-converting enzyme
CD59 glycoprotein
Tetraspanin-11
G-protein coupled receptor 112
Solute carrier family 26 member 6
Transferrin domain containing protein
Aminopeptidase N
Acidic mammalian chitinase
Ladderlectin-like
Angiotensin-converting enzyme 2
NACHT LRR and PYD domains-containing protein 3
Cationic amino acid transporter 2
Integrin alpha-6
Sodium/potassium-transporting ATPase subunit beta-233
Early growth response protein 1 (1)
Protein unc-93 -like A
Cadherin-17
Scavenger receptor class B member 1

I
R T MR I
i Nl





OEBPS/Images/fimmu-15-1522666-g007.jpg
Resistant Control

Susceptible Control Row Z-score

2
Disabled -like 2 1.5
cAMP-specific 3,5-cyclic phosphodiesterase 4D .
E3 ubiquitin-protein ligase NEDD4a
Rho-related GTP-binding protein RhoU i
Anoctamin-3
F-BAR and double SH3 domains protein 2
Homer protein-like 1
Protein-methionine sulfoxide oxidase micall
Brain-specific angiogenesis inhibitor 1-associated protein 2
SH2B adapter protein 3
Spectrin beta chain, erythrocytic
Pleckstrin-likey-like domain family B member 2 (2)
Pleckstrin-likey-like domain family B member 2 (1)
Mothers against decapentaplegic homolog 3
GTP-binding protein RAD
Natural resistance-associated macrophage protein 2
RILP-like protein 1
Synaptopodin 2
Rho GDP-dissociation inhibitor 1
Protein arginine N-methyltransferase 5
Epiplakin
.| Zinc finger protein 518A
Serine/threonine-protein kinase 38
Nesprin-2
Plexin-A1
Rho-related GTP-binding protein RhoC
Teneurin-3
Wilms tumor protein 1-interacting protein
Lysosome membrane protein 2a
| Breakpoint cluster region protein
Zinc finger FYVE domain-containing protein 9

| |ProteinMTSS 1

|| Myotubularin

ATP-binding cassette sub-family A member 1

Laminin subunit beta-4

_| FERM, ARHGEF and pleckstrin domain-containing protein 1
| Plastin-1

7L |

0.5

-0.5

|

-'I-.T_l‘-.ll

ODHAAH 1 VAW

-1.5

Src-like-adapter 2
- | Neurofilament medium polypeptide
| Ras homolog family member Gb

Death-associated protein kinase 2

Chemokine-like receptor 1

Serine/threonine-protein kinase D3

Differentially expressed in FDCP 6

Neuropilin-1a

Myosin-11

Ribosomal protein S6 kinase-like 1

Pleiotrophin

Wiskott-Aldrich syndrome protein family member 3

Arachidonate 12-lipoxygenase, 12R-type

Formin-like protein 1

Dedicator of cytokinesis protein 2

High affinity immunoglobulin epsilon receptor subunit gamma (1)

Nck-associated protein 1

Glia maturation factor gamma

SH3 domain-binding protein 1

Ras-like protein Rac2

Ankyrin-3

Integrin beta-2

Coronin-1A

Src substrate protein p85

| |Plastin-2

] Plexin-C1

. Unconventional myosin-If

.| Laminin subunit gamma-3

GRB2-related adapter protein 2a

Tyrosine-protein phosphatase non-receptor type 6

Amphiphysin

High affinity immunoglobulin epsilon receptor subunit gamma (2)

| Immunoglobulin-like and fibronectin type Ill domain-containing protein 1
| Profilin-1

.| Allograft inflammatory factor 1

1 Rho GTPase-activating protein 9

) Xin actin-binding repeat-containing protein 2

| _ Active breakpoint cluster region-related protein

Tyrosine-protein kinase Lyn

] Band 4.1-like protein 3

[ I Src-like-adapter

| |Tyrosine-protein kinase HCK

.| Protein-tyrosine kinase 2-beta

I(D

O
w

LI TR

i

Il

TN
] J

0
@
N

B

REGULATION OF ACTIN CYTOSKELETON

Chemotactic factor

LPA o

'

Chemotactic factor
_BK
O Acetylcholine

—_— Ty i |

—

IR
| AKTL
e x|
.l ¥
R3]
_ MEK |
v’

(i o - -~

- 0l |—— GITL [ FIX e
Focal adhesion ~ #———
assembly .
Focal adhesion I >
| | MLCK | PI4P5K |
|
|
|
|
i =
I } : PIP2
| | |
I\ Actin pol ti /‘ !
ctin merization
e fner ¥ I
Actomyosin | £
assembly contraction | [ vl ][ osn
|
¥
Focal complex
Stress fibers Amsiiy;

04810 10/18/22
(c) Kanehisa Laboratories

i

A E2
Wavel

[TFe 53 |
Baiap2

m Stabilization

of actin

Focal adhesion

F—»

Actin a4
polymerization

Lamellipodia

FeyR-MEDIATED PHAGOCYTOSIS

Neutrophil
Macrophage
Monocyte

bkt

DAG

1P

Calcium signaling
pathway

cPKC*&A

04666 6/24/19
(c) Kanchisa Laborataries

—m  Phagocylosis
[

Regulation of
skeleton

Membrane remodeling
Focal exocylosis
Pseudopod extention
Particle intemalization

Digestion of bacterium
Ld Respiratory burst in phagosome

Phagocytosls

Regulation of

Membrane trfficking
Particle intemalization
Phagosome elosure
Phagosome-lysosome fusion

Lysosome






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1522666-g010.jpg
Head kidney Liver
Rvs.S_C_HK R vs. S_Inf_HK Rvs. S_C_Liver R vs. S_Inf_Liver
. . R vs.S_C_Liver R vs. S_Inf_HK
Naive Infected
Rvs.S_C_HK Rvs. S_C_Liver R vs. S_Inf_HK R vs. S_Inf_Liver
. . Rvs. S_C_HK R vs. S_Inf_Liver

HAMP . ZAN . METTL22 FGLl
. ) ( ) VN TDRKH
N—r” ' - Reactome pathway - Inmune system
CCDCSO _ SYNPO2 GRAP?2 4
. KNDC1
/ N - GO - Regulation of Inmune system
ASB5 CTSH
~\JORD2 - GO - Response to other organism
. PDZK1 [ |
___sLcia4 HUA-DRB1 g 7/ _J
\ GO - Inflammatory response
. EMP3 ARPC4

: GO - Response to bacterium

IL31RA
I THEMIS2 BAIAP2
. SESN1 ‘
7\ "¢ 2 PTGER4 ~JRI20
pDIT4 . ATP8B2
— - I ENDODL [ )
. ENTPD2 \ - SuLTesl
() \_ ousi? TLR5
TRIM63 . sck2
) . PIPOX
HECTD2
CHIT1 .
# Resistant control B Susceptible control 2 Resistant infected O Susceptible Infected
senp2 endod1 tirba hamp1
150 ' 800 : 6000 .
| o] 1 . a
o | o o 5000 '
" . 600 i ‘ ' %
£ 100 ' 7 ' © 4000 . 7]
E : 5 %00 o B E : $ o 3
© ! © 400 ) & 3000 B [
> . ' > 60 ' Z 200 ' i
E : o E 1 % = ' =
- 50 : % = 40 : % & 150 o o : IE
’ 100 .
. P P - .
T 20 :'? ; 50 + -+
0 ] ' o] . —






OEBPS/Images/fimmu-15-1522666-g006.jpg
A Row Z-score

1.5 Resistant Infected
Susceptible Infected

I 4@ 1
Thymus-specific serine protease 0.5
Forkhead box protein N1 0
CD3 gamma/delta protein -0.5

|‘|— Src-like-adapter 2 1
Cytokine-inducible SH2-containing protein Py

.
SH2 domain-containing protein 1A
T-cell antigen CD7-like
FYN-binding protein
Thymocyte selection-associated high mobility group box protein TOX
M1-specific T cell receptor beta chain-like (3)
Recombination activating protein 1
Early growth response protein 1
T-cell differentiation antigen CD6
T cell receptor alpha chain
Trans-acting T-cell-specific transcription factor GATA-3
M1-specific T cell receptor beta chain-like (1)
Tyrosine-protein kinase ITK/TSK
Probable G-protein coupled receptor 174
‘ T-cell receptor beta chain V region 3H.25 (1)
T-cell surface glycoprotein CD8 beta chain
- Tyrosine-protein kinase Lck
T-cell receptor beta chain
FYN-binding protein 1
CD8 alpha chain
M1-specific T cell receptor beta chain-like (2)
CD4-1 molecule
CD3 epsilon
T-cell surface glycoprotein CD4-like
T-cell receptor beta chain V region 3H.25 (2)
I I

lm lm l:u w w lU)
o o o o o o
Q Q Q Q Q jab)
(@) (@) (@] (@) (@) (@]
- w N w -t [\
T CELL RECEPTOR SIGNALING PATHWAY
—m| CD45
AN
Cd4 u Ubiquitin mediated
Cds E CBL |———— O eolysis
+u
—
et e :
- | TCRy | cpot | *p
MHC / Antigen etk j L IS
g L )
Cell adhesion ch3s E E F + ,
T sipt6] - wex L[ B F—————- ;%
™
. FLDS l hY
P Y ™
) AR
1.7 e {Frho Regulation of actin
e \
P %
™,
Calci ignali b
alcium signalin
= +p pathwag' & \\
: Anergy
PLCy »O [Se » Call £ S et >0 » [z
P Ca®" : DNA
3 d Er_oﬁl_ifemttjon E
Itterentiation
+ 4 Immuno [ESPCH'ISE E
SCE RﬁSSRle Rl im—i Eik o———» IL-10
o DNA
Co-inhibito M-"PKlﬂE”ﬂli”E @
_.. pathway CMLCSE
-‘ :TNF“‘
— | CTL &g SHF12
P Tl CDK4
I ‘ [ Tk | -—"-l‘-tﬂﬂ{? | orca |
3 PECH PrlC AR P
CD40L
DAG BCL-10
MALTL +u IKED
Co-stimula -I p p KK
ICOS P . +p IKKa
-' PI3K o AKT »{ coT | NIK
—®| CD22 PIP, Survival

EESH e

_ PI3K-Akt
signaling pathway

GEB2 T

Ubiquitin mediated
proteolysis

04660 7/5/23 )
(c) Kanehisa Laboratories






OEBPS/Images/fimmu-15-1522666-g004.jpg
COMPLEMENT AND COAGULATION CASCADES

Resistant Control
Susceptible Control Coagulation cascade Complement cascade
I ] Row Z'SZC‘"E Extrinsic pathway Intrinsc patway Classical pathway Lectin pathway Alternative pathway

e Tisue damage "ot Anign iy Carvohyirte Micohe
i (aged Ve Sl i 5
. | |
Thrombospondin-2 15 | v | |
| Fi2 RIRBI]  Kallikrein-kinin system } <[ }
H |
Complement component C8 gamma chain 1 ! F‘L_b{:!f ! | Jrekane
Fibrinogen-like protein 1 05 - l Py vmmm l l i anop
TBL
Coagulation factor X 0 —R B Bl > <o
4 Prothrombin 05 | i m
: l . Itmaton, teo  [GHE S,
H Coagulation factor VII d e T = pUBR > Nasodfanon o | o o
. 3 3 e a
Complement component C8 beta chain =7 s - Homman et - fi;a ,,,,, N
Fibrinogen alpha chain 75 5 «
i 3 CFHR.
Carboxypeptidase B2 L '< R iyieegi Pocin — J)—i’ 77777777
Complement component C7 J2 o] Per GaEF i © Sf,."ﬁ“msc) kfisﬁ\a;\an)
. . b 4 L Degranulation,
7 1] Fomats
Carboxypeptidase N subunit 2 = _ ) - - S :
CD59 glycoprotein Serpinat0 A aec ! G ’ﬁm:}ﬂ ENEN
pre oy v [Cotced 3 Pragocyoss
Thrombopoietin B Zemn gt cxcocu ¥ 3
E (C4ba3b C3bBb3b

Complement component C3

ro———
Fibrinogen beta chain oty L
Complement factor H e e
fob Rl S
|
T

(C5 convertase) (CS convertase)

B cell receptor
signaling pathway

B sy

=
_[E==
Complement component C5 an Eerea

| Les

Protein Z-dependent protease inhibitor S )
I I VNV B 7 RN ) B oY R ¥ iy dertaicn HMMA T+ Callysc —> Do
oo 'o'oloo o e R e
- N = b e sorores
Resistant Infected COMPLEMENT AND COAGULATION CASCADES
Susceptible Infected
[ Coogtion e | [EE——
Row Z-score —————
Exinsepatimay [r— Clsstat pathway Lo pathay Atermate iy
15 Tissue damage Comc it Anige-aiody Carbohydrate Microbe
— Tetranectin d | o }” | ]
—~ I |
. . ikrein-kinin system |
— Proteinase-activated receptor 3 0s i g e e -
: | el i ‘ ; i
—l— i Fiza Y | | C3(H:0)
Carboxypeptidase B2 : ﬁ 5 l%“"‘*'°"‘l | . -
Fibrinogen alpha chain 05 [ Spm pain o > - <@
VWE ]
Complement component C3 4 Sl L | < Guom
e ‘J‘;Ez:}*‘mﬁmﬁ'\" ooy | o« ‘gb SN (C3 convertase)
Complement component C7 ) v Serpinaid 2 o
s MR Dt Iflammatory medistor I S
Prothrombin DA R e
F3 5
Coagulation factor X - FIG — »
) e ! Fibrinolytic system T ‘ -
Complement component C8 alpha chain T Por cEr] © E;“i;“m\
da | Fsa |
. P b4 | — - Degranulation,
Protein Z-dependent protease inhibitor ] ‘ = S| z
lation factor VII Pt L e e 1,
Coagulation factor o 3 Cotoed ; B Py
Complement factor H o _— i cudocus = g
Fibri beta chai W oot (Seomete) .
ibrinogen beta chain — T (Dot
9 (g somligpaiy
M Annexin A3 o i -

il g B sy
o -

A2 CEB2

Thrombospondin-4-B

T W W O O O» I g A2M
I | 'I Serpin %

gFggEEE [ R S oo LR— e cans —
o o o Fibrin Cross-linked

A S O ) 3 o el e

046100822
(c) Kanehisa Laboratories






OEBPS/Images/table1.jpg
Resistant vs. Susceptible (Naive) - Head kidney

TOP 25 UP

Pituitary adenylate cyclase-activating peptide

P2X purinoceptor

Proteasome subunit beta type-11
Neurofilament medium polypeptide
Neurofilament light polypeptide

Sentrin-specific protease 2

Insulin gene enhancer protein isl-2a
Proteasome subunit beta type-11
Preprosomatostatin 1T

Regulator of G-protein signaling 7a
Trafficking regulator of GLUT4 1
Deleted in bladder cancer protein 1

PHD finger protein 24

Grass carp reovirus (GCRV)-induced gene 2e

Leucine-rich repeat-containing protein 15

Dentin matrix acidic phosphoprotein 1

Endonuclease domain-containing 1 protein

Collagen, type X, alpha la
Actinodin 2
Carbonic anhydrase 4

Parvalbumin 8

Deleted in malignant brain tumors 1 protein

Regulator of G-protein signaling 7-binding protein

CD48 antigen

MAGUK p55 subfamily member 3

FOLD
CHANGE

370.52
214.57
109.06
39.46
3293

2898

23.06
21.89
16.68
15.23
14.07
12.64
11.74
11.56
11.28
11.17
10.82
10.68
10.03
9.98

972

9.54
9.47
9.32

9.27

TOP 25 DOWN

Myoglobin

Lysyl oxidase homolog 4

Protein FAM111A

Solute carrier family 12 member 3

Low-density lipoprotein receptor-related protein 2

Short-chain dehydrogenase/reductase family 42E
member 2

Ammonium transporter Rh type B
Myosin light chain 3

ATP-sensitive inward rectifier potassium channel 1
Ammonium transporter Rh type C
Protocadherin Fat 4

Prostaglandin D2 receptor 2
Perforin-1-like

Leucine-rich repeat-containing protein 4B
GTPase IMAP family member 8
5-hydroxytryptamine receptor 1D
Fibrinogen-like protein 1

Carbonic anhydrase-like

Perforin-1-like

Hepatocyte nuclear factor 4-beta

Serine/threonine-protein phosphatase with EF-
hands 2

Guanine nucleotide-binding protein subunit alpha-11
GTPase IMAP family member 8
Haptoglobin

Solute carrier family 26 member 6

Resistant vs. Susceptible (Infected) - Head kidney

TOP 25 UP

FOLD
CHANGE

TOP 25 DOWN
GENE

FOLD
CHANGE

-106.91
-105.63
-92.61
-32.38
-24.19

-19.77

-18.21
-17.23
-15.31
-14.77
-14.42
-13.86
-13.83
-13.73
-12.44
-12.34
-12.26
-12.01
-11.91
-11.65

-11.25

-10.64
-10.12
-9.80

-9.70

FOLD
CHANGE

Neurofilament medium polypeptide 34236 Von Willebrand factor A domain-containing -54.22
protein 7
Transcobalamin-1 172.07 Kinesin-like protein -18.35
Claudin-15 11213 Low-density lipoprotein receptor-related protein 2 -12.83
P2Y purinoceptor 3 100.80 Serine/threonine-protein phosphatase with EF- -10.40
hands 2
Ferric-chelate reductase 1 66.47 Potassium voltage-gated channel subfamily C -9.40
member 1
Coagulation factor VII 39.02 Complexin-1 -8.60
Keratin type I cytoskeletal 13 36.64 Clg-related factor -8.04
Transmembrane protease serine 2 34.88 Synaptonemal complex protein 2 -7.68
Vitamin D3 24-hydroxylase 33.04 G-protein coupled receptor 158 =742
Coagulation factor X 3140 Kinesin-like protein KIF1A -7.39
Fibrinogen alpha chain 30.11 Contactin-associated protein 1 -6.46
Complement factor H 29.57 Dynein heavy chain 3, axonemal -6.46
Low choriolytic enzyme 26.79 Von Willebrand factor A domain-containing -591
protein 7
Apolipoprotein B-100 2430 Contactin-associated protein-like 4 -5.87
Myelin protein zero-like protein 2 2397 Protein FAM111A -5.52
Basement membrane-specific heparan sulfate proteoglycan 2215 Sperm-tail PG-rich repeat-containing protein 2 -5.52
core protein
Perforin-1-like 20.88 SLIT and NTRK-like protein 4 -5.36
Carboxypeptidase B2 19.60 Beta-2 adrenergic receptor -5.14
Skin mucus antibacterial I-amino acid oxidase 16.74 T-box transcription factor TBX20 -5.11
Transcobalamin-1 16.16 Myelin regulatory factor-like protein -4.94
Xin actin-binding repeat-containing protein 2 16.01 CAP-Gly domain-containing linker protein 3 -4.80
Heat shock protein beta-1 15.27 N-terminal EF-hand calcium-binding protein 2 -4.39
Preprosomatostatin IT 14.67 Dynamin-3 -4.22
Proteasome subunit beta type-11 14.32 Gamma-aminobutyric acid receptor subunit alpha-3 -4.18
CD48 antigen 1431 Sodium- and chloride-dependent GABA transporter 3 = -4.17

The fold-change values indicate gene expression in the resistant family compared with the susceptible family.
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