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A B S T R A C T

Diseases triggered by bacterial and viral infections have caused huge economic losses for three of the most 
important European aquaculture species: turbot (Scophthalmus maximus), gilthead seabream (Sparus aurata) and 
European seabass (Dicentrarchus labrax). Understanding how they respond to pathogens is relevant for advancing 
aquaculture disease management and comprehending evolution of immune response within teleosts. Since 
mechanisms conserved across species are assumed to perform important roles, comparative analysis provides a 
powerful approach to pinpoint key elements of the immune defence. Here, we report the first comparative 
immune-transcriptomic analysis of these three species using bacterial and viral mimics after 20-24 h post- 
stimulation with inactivated Vibrio anguillarum and Poly I:C in the head kidney of live fish (in vivo), and in 
primary leukocyte cultures (in vitro). The transcriptomic response, based on RNA-seq data, revealed a total of 503 
differentially expressed orthologous genes in response to in vitro-Poly I:C, 1472 to in vitro-Vibrio, 920 to in vivo- 
Poly I:C, and 832 to in vivo-Vibrio. Interestingly, consistent expression patterns were identified in seven genes 
across all species in both cell culture and live organisms in response to both pathogen stimuli. Functional 
enrichment analysis revealed associations with immunity, DNA replication and repair, and cytokine pathways, 
with the Toll-Like Receptor (TLR) pathway common to both conditions and stimuli. Our study suggests con
servation of orthologous gene expression during infection across the three species for genes involved in che
mokine pathways, interferon signalling, antigen processing and presentation, cell signalling regulators, and 
MAPK cascades. This study provides insights into key immune defence mechanisms in acanthopterygian bony 
fish.

1. Introduction

Aquaculture is of crucial importance in addressing the growing 
global demand for marine products [1], particularly in Europe, where 
species such as turbot (Scophthalmus maximus), gilthead seabream 
(Sparus aurata) and European seabass (Dicentrarchus labrax) are highly 
appreciated for their rapid growth and production efficiency [2–5]. 
However, with the growth of the aquaculture industry, bacterial and 

viral diseases have become increasingly severe and result in substantial 
economic losses [6].

During infection, a complex interaction takes place between hosts 
and pathogens, whereby the host immune system activates genes within 
immune pathways aimed at neutralizing the infection. Fish depend 
significantly on their innate immunity, which serves as their primary 
defence mechanism. Physical barriers such as skin, scales and mucosal 
surfaces provide physical immunity. Additionally, these mucosal 
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surfaces also confer mucosal immunity through secretory immuno
globulins, which work alongside antimicrobial peptides (AMPs) capable 
of disrupting microbial membranes [7]. The innate immune response 
represents the first line of defence against pathogenic invasion, inducing 
an early response to infection through the pathogen recognition re
ceptors (PRRs) that recognize pathogen-associated molecular patterns 
(PAMPs) such as key structural components of bacterial cell walls (e.g., 
lipopolysaccharides (LPS) and peptidoglycans) and viral RNA [8]. These 
receptors initiate signalling pathways that activate pro-inflammatory 
responses in fish, which include cytokines that act as messengers to 
start inflammation, recruit immune cells, and activate antimicrobial 
defence mechanisms. The head kidney is essential for haematopoiesis 
and the production of cytokines, while the spleen contributes to the 
filtration of pathogens and the coordination of inflammatory responses. 
Cytokines are a family of low molecular weight proteins including in
terferons (IFNs), interleukins (ILs), tumour necrosis factors (TNFs), 
colony stimulation factors, and chemokines (CKs) [9]. Among these, 
IFNs are particularly crucial for pathogen defence, with Toll-like re
ceptors (TLRs), acting as their primary inducers, situating them among 
the most important PRRs in fish. IFNs in turn induce interferon stimu
lated genes (ISGs), allowing the production of intracellular antiviral or 
antibacterial proteins [10,11]. IFNs are also important in adaptive im
munity, which is characterized by the recognition of antigen specificity 
and the development of immunological memory, which can be used to 
induce a stronger response following re-infection [12]. Its principal 
components are antigen-presenting cells (APCs), which include major 
histocompatibility complex (MHC), B cell receptors (BCRs), T cell re
ceptors (TCRs), and immunoglobulins (Ig). Although it is not as devel
oped as in mammals, fish possess T and B cells that generate specific 
antibodies (mainly IgM and IgT) to neutralize pathogens [13,14].

The great diversity of aquaculture fish species and infectious path
ogens poses a challenge for unravelling immune response pathways. 
However, it can be assumed that immune responses include conserved 
pathways, and that different fish species will present similarities in their 
response to, for example, bacterial or RNA-viral infections. Therefore, 
comparative immunology represents an efficient tool to comprehend the 
main mechanisms underpinning immune responses in a group as diverse 
as fish [15,16]. Comparative research on the immune response in fish to 
various pathogens has made significant advances in recent years, 
revealing complex interactions between aquatic species and infectious 
agents. Notably, comparative analyses are often challenged by the fact 
that most pathogens are either species-specific or exhibit species-specific 
serotypes, making direct comparisons difficult [17]. To overcome this 
issue, recent studies have employed both PAMPs, such as Poly I:C 
(Polyinosinic:polycytidylic acid) or LPS, and generalist pathogens, such 
as viral haemorrhagic septicaemia, V. anguillarum or Streptococcus par
auberis [18–20]. The use of PAMPs provides an effective method for 
comparing immune responses across species, without the effect of 
pathogen specificity, thereby enabling more robust interspecies com
parisons [21]. In aquaculture species, a considerable number of tran
scriptomic studies have been conducted aiming to elucidate the immune 
response of fish to inactivated or alive V. anguillarum [22–24] or to 
dsRNA viruses using Poly I:C [25–29], representing common pathogens 
in farmed settings. In addition to comparisons between species, the 
difference between in vivo and in vitro conditions is also of interest due to 
the reduced complexity of cell culture models and widespread use to 
study infectious diseases. Saravia et al. (2022) [30] studied the tran
scriptomic response of Harpagifer antarcticus to LPS and Poly I:C both in 
vitro and in vivo, while Aramburu et al. (2025) [29] assessed not only the 
turbot transcriptome following exposure to Poly I:C and V. anguillarum 
both in vivo and in vitro, but also epigenetic regulation using ATAC-seq 
and ChIP-seq. However, a review of the current scientific literature re
veals no studies comparing the immune responses of different fish spe
cies, to Poly I:C and bacteria, while also considering both in vitro and in 
vivo conditions.

Unravelling the adjustments of gene expression in the host is 

fundamental for the comprehension of the infection process at the mo
lecular level to develop strategies for disease control [31]. In recent 
years, transcriptome analysis using high-throughput RNA sequencing 
(RNA-seq) has emerged as a powerful tool for elucidating the immune 
response mechanisms of fish, understanding the molecular basis of 
pathogen resistance, and examining the comparative immune response 
across species [22,32]. A comparative functional annotation of immune 
responses to two categories of disease pathogens (such as bacterial and 
viral) entails the identification and description of the roles played by 
genes throughout the entire genome. As a part of the European 
AQUA-FAANG project, we conducted an RNA-seq analysis of head kid
ney samples from turbot, seabream and seabass after exposure to 
heat-killed V. anguillarum and Poly I:C treatment, using both the full 
organ (in vivo) and primary leukocyte cultures (in vitro). The objectives 
of this study were first to evaluate anti-viral and anti-bacterial responses 
by direct stimulation of primary leukocyte cultures in comparison with 
the head kidney of intraperitoneally injected fish, and secondly, to 
identify conserved immune response pathways by comparing expression 
in orthologous genes across the three species. To our knowledge, this is 
the first comparative immune response in these species, and the findings 
would provide new tools for improving disease resistance in 
aquaculture.

2. Material and methods

2.1. Animals

Thirty specimens of S. maximus, twenty-six of S. aurata and twenty- 
four of D. labrax were used for the study. Turbot samples were pro
cessed at the University of Santiago de Compostela in Spain, seabass 
samples at the University of Padova in Italy, and seabream samples at 
the Hellenic Centre for Marine Research in Crete, Greece. Mean body 
weights at the time of sampling were 344.16 g for S. maximus, 420.94 g 
for S. aurata, and 252.38 g for D. labrax (Table S1). Sampling was done 
following the publicly available AQUA-FAANG protocols https://data. 
faang.org/api/fire_api/experiments/INRA_SOP_invivo.invitro.challen 
ges_20200131.pdf and details are provided in Supplementary Methods, 
Tables S1 and S2. All three laboratories followed the same AQUA 
FAANG standard operating procedures, reagents and experimental 
conditions, ensuring that sampling, immunostimulation and tissue 
handling were fully harmonised across species.

2.2. In vivo immunostimulation

Eighteen fish were intraperitoneally injected per species with Poly I: 
C (viral mimic, 6 biological replicates), heat-killed V. anguillarum (bac
terial stimulus, 6 biological replicates), or PBS (control, 6 biological 
replicates). Before inoculation, Poly I:C (Sigma-Aldrich P1530; 5 mg/ml 
in PBS) was heated at 55 ◦C for 15 min, cooled to room temperature (20 
min) and administered at five μg/g of body weight. V. anguillarum (strain 
P0382; INRA, France) was cultured in tryptic soy broth to an OD600 of 
1.5. The pellet from 100 ml culture was washed four times with isotonic 
0.9% NaCl, resuspended in 1 ml, heat-inactivated at 100 ◦C for 30 s, 
cooled, and stored at − 80 ◦C. Each specimen received 1:10 PBS-diluted 
bacterial extract (138 μl). Controls were administered with PBS (100 μl). 
Following a 20-24 h period, fish were anesthetized by bath immersion 
(MS-222; 100 mg/L) and euthanized with an anaesthetic overdose (MS- 
222; 150 mg/L). Head kidney samples were excised, rinsed with PBS and 
cut into pieces (>20 mg each fragment), and either flash frozen in liquid 
nitrogen or preserved in RNAlater (Thermofisher Scientific) for down
stream RNA extraction and sequencing protocols. Thereafter, all samples 
were stored at − 80 ◦C (Fig. 1A, Tables S1 and S2).

2.3. In vitro immunostimulation

Leukocytes were isolated from turbot, seabream, and seabass fish. 
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The entire head kidney was aseptically isolated and placed in Petri 
dishes containing 40 ml of cell isolation media (500 ml of Leibovitz L-15 
medium (L-15) [Thermo Fisher Scientific], 2% FBS (10 mL) [LabTech], 
and 0.02% EDTA [Invitrogen]). Subsequently, samples were cut and 
filtered through a 100 μm nylon mesh at a constant flow of cell isolation 
media. Leukocytes were separated by centrifugation (400×g, 10 min, 
4 ◦C) of a 40-ml cell suspension that was layered in a 50 ml tube con
taining 51% Percoll (Sigma-Aldrich). The interface layer was collected, 
centrifuged (400×g, 10 min, 4 ◦C), and washed three times with L-15 
medium with 0.1% FBS. After cell counting and viability assessment 
(trypan blue exclusion test [Sigma-Aldrich]), leukocytes from each of 6 
individual fish per species were combined into six pools per species, 
each containing 18 x 106 viable cells. Each pool was then divided into 
three aliquots of 2 x 106 cells that were dispensed into wells, for a total of 
18 wells (6 pools x 3 aliquots): 6 stimulated with 20 μl of Poly I:C so
lution, 6 with 20 μl of inactivated V. anguillarum, and 6 with 20 μl PBS 
(controls). Leukocyte cultures were incubated for 20-24 h at 16 ◦C. Cells 
were collected in 2 ml Eppendorf tubes, pelleted (500×g for 5 min at 
room temperature), resuspended in RNAlater or flash frozen in liquid 
nitrogen and stored at − 80 ◦C for RNA-seq (Fig. 1B–Tables S1 and S2).

2.4. RNA isolation and sequencing

RNA extraction was performed according to the FAANG protocols for 
both in vivo and in vitro stimulations (data.faang.org; see Table S2). 
Briefly, RNA was isolated and purified using the miRNeasy Kit (QIA
GEN) with specific protocol adjustments for head kidney (>20 mg) and 
isolated leukocytes (2 × 106 cells). RNA quality and quantity were 
assessed using a Bioanalyzer (Bonsai Technologies, Madrid, Spain) and a 
NanoDrop® ND-1000 spectrophotometer (NanoDrop® Technologies 
Inc., Wilmington, DE, USA). Libraries were prepared at Novogene (UK) 
using NEBNext Ultra Directional RNA Library Prep Kits (Illumina). 
Sequencing was performed on an Illumina NovaSeq S4 platform, 

producing 150 bp paired end reads. All procedures were applied iden
tically across species and samples.

2.5. Differential expression analysis

Read quality was assessed using FastQC (v0.12.1) [33] and raw reads 
were trimmed using FastP v0.22.0, with Phred quality <15 and reads 
with length <30 bp [34]. Clean reads were pseudo-aligned to the cor
responding reference transcriptome using Kallisto (v0.46.1) [35] and 
gene expression was quantified using 100 bootstraps. The reference 
transcriptomes used were ASM1334776v1 (GCA_013347765.1) for 
S. maximus, fSpaAur1.1(GCA_900880695.1) for S. aurata and dlab
rax2021 (GCA_905237075.1) for D. labrax. Count data were filtered to 
remove genes with fewer than 5 reads in all samples and represented in 
only one sample across all conditions. Raw counts were analysed in R 
v4.3.3 using DESeq2 [36] for differential expression. A variance stabi
lizing transformation was applied to normalize counts prior to quality 
assessment and identification of potential outliers through Principal 
Component Analysis (PCA) plots. Genes with a false discovery rate 
(FDR) adjusted p-value less than 0.05 were identified as differentially 
expressed genes (DEGs). Analysis in S. maximus, S. aurata and D. labrax 
data were all performed using the same pipeline.

2.6. Enrichment and gene ontology analysis

Functional enrichment of the lists of DEGs was performed using g: 
Profiler (version e111_eg58_p18_f463989d) [37] using the Ensembl 
reference genomes mentioned in Section 2.5 (last accession in October, 
2024). Enriched biological process Gene Ontology (GO) terms were 
estimated with the Benjamini-Hochberg FDR-adjusted P-value <0.05 in 
Reduce + Visualize Gene Ontology software (ReviGO v1.8.1) [38], 
applying SimRel semantic similarity (threshold: 0.4) to reduce redun
dancy. Immune-related GO terms were identified using the online tools 

Fig. 1. Experimental workflow for S. maximus, S. aurata and D. labrax stimulations: A) In vivo stimulation with PBS, Poly I:C, and Vibrio, followed by subsequent 
sampling of head kidney; B) In vitro stimulation with head kidney leukocyte cultures using the same agents.
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QuickGO (https://www.ebi.ac.uk/QuickGO/annotations) [39] and 
AmiGO2 (https://amigo.geneontology.org/amigo) [40] (Last accession 
on October, 2024). Immune-related DEGs were screened and ortho
logues among species were identified using the Ensembl Biomart tool via 
the BiomaRt package (v2.58.2 in R) [41,42]. The resulting orthology 
mapping table was used to map immune-related DEGs across these 
species, facilitating comparative analysis of immune gene expression 
patterns. Venn Diagrams [43] and heatmaps (pheatmap v1.0.12, scale: 
“row” in R) [44] were used to visualize DEG distributions and expression 
patterns.

2.7. Identification and functional analysis of conserved orthologous genes

To infer the homology of response in the three species using DEGs, 
five lists of potentially conserved genes were compiled. Each list 
included DEGs in at least one species with consistent regulatory trends in 
the others, defined as genes showing the same upregulation or down
regulation across all three species. List 1 contained genes consistently 
responding to both Poly I:C and Vibrio under in vitro and in vivo condi
tions. Lists 2 and 3 included genes with conserved responses in vitro or in 
vivo conditions and lists 4 and 5 contained genes with conserved 
response either to Poly I:C, or Vibrio challenges. The latter four lists were 
further annotated by Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis [45] using the Database for Annotation, Visualization 
and Integrated Discovery (DAVID) tool [46]. For species comparison, 
1:1 orthologs to S. maximus were used to identify the biological path
ways that were significantly enriched. The KEGG pathway enrichment 
analysis was performed with FDR <0.05. KEGG Mapper was used to 
provide a graphic representation of interactions between genes. To 
further investigate the relationship between genes with the same 
expression profile, protein interaction networks were constructed using 
STRING v12.0 for the lists [47] based on the S. maximus proteome 
annotation.

3. Results

3.1. Sample metadata

A total of 108 RNA-seq datasets were used in this study: 36 for turbot, 
36 for seabream and 36 for seabass. These samples represented 6 
experimental groups: control (mock-challenged with PBS), challenged 
with V. anguillarum and challenged with Poly I:C, both in vivo and in 
vitro. Full sample and metadata information is provided in Tables S1 and 
S2.

3.2. RNA-sequencing

For turbot, the average number of RNA-seq raw reads per sample was 
69,606,581, with an average mapping of 98.9% to the turbot tran
scriptome (Table S3A); for seabream, the average number of raw reads 
was 66,673,811 and 99.1% mapping to its transcriptome (Table S3B); 
and for seabass 67,880,066 raw reads on average and 99.2% mapping to 
its transcriptome (Table S3C).

Clear PCA distinctions are evident between control and stimulated 
samples across species and conditions (Fig. S1). In in vitro conditions, 
Poly I:C stimulation resulted in the strongest separation in S. aurata and 
the lowest in D. labrax, while Vibrio stimulation showed consistent dif
ferentiation across species. In in vivo, both Poly I:C and Vibrio stimula
tions demonstrated non-overlapping groups, with clear separations 
along PC1 and PC2 (see details in Supplementary Results).

A differential expression analysis was conducted to compare each 
stimulated condition with its respective control for both in vitro and in 
vivo conditions. Overall, 55.03% of the genes were upregulated in the 
treatments compared to the controls, and 49.96% were downregulated 
on average (Fig. S2A). Moreover, the in vitro Vibrio stimulation revealed 
a significant and somewhat similar number of DEGs in all three species 

compared to the other experimental conditions with 8,783, 6,238, and 
7,296 DEGs in turbot, seabream and seabass, respectively (Fig. S2B, 
Table S4). In the other three conditions, the response was quite species- 
specific, with seabream showing the weakest response in the two in vivo 
conditions (Poly I:C (856 DEGs) and Vibrio (430 DEGs)), while the 
strongest one was in the in vitro Poly I:C (4,335 DEGs); turbot showed the 
greater number of DEGs in in vivo Poly I:C (6,101 DEGs), compared to in 
vitro Poly I:C (1,383 DEGs), and in vivo Vibrio (2,557 DEGs); finally, 
seabass showed a strong response in vivo both for Vibrio (7,296 DEGs) 
and Poly I:C (6,586 DEGs), while it showed a very weak for in vitro Poly I: 
C (504 DEGs). In general, turbot showed a slightly higher in vitro than in 
vivo response (10,166 vs 8,658 DEGs), seabream showed the same trend 
but with a much larger difference (10,573 vs 1,286 DEGs), and seabass 
showed the opposite trend, with a higher number of DEGs in vivo than in 
vitro response (13,881 vs 7,800 DEGs). Additionally, the UpSet plot 
analysis revealed that shared DEGs across conditions within each species 
displayed species-specific patterns (Fig. S3). In S. aurata, the highest 
number of shared DEGs (2,619) was observed under in vitro conditions 
(Poly I:C and Vibrio exposures). For S. maximus, 1,862 shared DEGs were 
found in the comparison between the in vitro (Vibrio) and in vivo (Poly I: 
C) experiments. A high number of shared DEGs was also observed be
tween in vivo (Poly I:C and Vibrio) and in vitro (Vibrio) challenges for 
D. labrax (2,786).

3.3. Functional enrichment among DEGs

Biological Processes (BP) Gene Ontology (GO) analysis of DEGs in 
the three teleost species revealed conserved immune-related pathways 
across viral (Poly I:C) and bacterial (Vibrio) challenges, with notable 
differences in species-specific responses. REVIGO-clustered GO terms 
highlighted shared immune mechanisms, such as immune system pro
cess (GO:0002376), immune response (GO:0006955), response to 
external stimuli/pathogens (e.g., GO:0006952; GO:0009615), and 
interspecies interaction (GO:0044419), among others. These results 
provide a framework for comparative transcriptomic studies of immune 
evolution in teleost fish (see details in Supplementary Results, Tables S5 
and S6 and Fig. S4).

3.4. Turbot, seabream and seabass head kidney comparative 
transcriptome

A comparative analysis of immune response-associated DEGs across 
the three species revealed a small but consistent set of shared DEGs in 
each challenge, while most responses remained species-specific across 
both in vitro and in vivo with Poly I:C and Vibrio stimulations. Notably, in 
the in vitro stimulation with Poly I:C, we identified 31 shared DEGs that 
were consistently upregulated across the three species. Overall, turbot 
exhibited a more divergent transcriptional profile, with stronger in
duction of interferon and immune signalling genes, whereas seabream 
and seabass showed higher expression of genes involved in antigen 
processing and cell regulation (see detailed in Supplementary Results; 
Table S7, Fig. 2).

3.5. Conserved immune responses across fish species

We identified conserved genes activated by Poly I:C across in vitro 
and in vivo models (Table S8) and Vibrio-Poly I:C challenges in cell 
cultures of the three species (Table S9). Seven DEGs were consistently 
upregulated (bpifcl, ifi35, ifi44, ifih1, lgals9l, nlrc5, stat1a) in both cell 
cultures and live fish following exposure to Poly I:C, but not in response 
to Vibrio (see detailed Suppl. Results, Table S8); 15 DEGs were detected 
across the three species when challenged in vitro with both Poly I:C and 
Vibrio, with 13 exhibiting the same directional expression change (ccl19, 
ifi35, irf3, isg15, psme1, psme2, psmb13a, socs1b, tapbp2, etv7, tap1, tap2a, 
uba7). Notably, bpifcl was upregulated against Poly I:C but down
regulated against Vibrio, while ly75 displayed species-specific 
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regulation. No overlapping DEGs were detected in vivo for Vibrio and 
Poly I:C (see details in Suppl. Results, Table S9).

Moreover, DEGs in at least one species, which showed the same di
rection of change in the other two species, were identified to look for 
consistent patterns of gene regulation (Table S10A). A total of 7 genes 
were detected in all species and challenges, of which four upregulated: 
endoplasmic reticulum protein 44 (erp44), chemokine (C-C motif) ligand 
19 (ccl19), proteasome 20S subunit beta 9a (psmb9a), immunoglobin 
binding protein 1 (igbp1), while three were downregulated: mitogen- 
activated protein kinase kinase 6 (map2k6), IL2 inducible T cell kinase 
(itk) and arrestin beta 2 (arrb2). An interaction network was explored 
between those genes using the STRING program, which showed that all 
genes were interconnected except for igbp1. It was also observed that itk 
was related to all nodes, showing a weaker interaction with the errp44 
gene, but a strong interaction with the remaining genes (Fig. 3).

In addition, genes that shared similar regulatory patterns were also 
analysed separately in the in vitro and in vivo conditions and under Poly I: 
C and Vibrio stimulations. The list of identified genes is presented in 
Table S10. For in vitro, a total of 140 genes showed the same pattern for 
Poly I:C and Vibrio (Table S10B), while in vivo a total of 59 genes were 
detected (Table S10C). Meanwhile for Poly I:C a total of 54 genes were 
revealed (Table S10D) and under Vibrio stimulation a total of 90 genes 
showed the same pattern (Table S10E).

Enrichment pathway analyses for each of these lists were conducted 
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database 
(see detailed in Suppl. Results, Table S11, Fig. S5). Analyses demon
strated that the TLR signalling pathway is a common pathway of all 
experimental conditions (Fig. S5). A detailed analysis of the TLR sig
nalling pathway reveals a complex network of interactions involving 
several interconnected signalling pathways for in vitro (Fig. 4A, 
Table S12A) and in vivo (Fig. 4C–Table S12B), as well as under Poly I:C 

(Fig. 5A; Table S12C) and Vibrio (Fig. 5C–Table S12D) stimulations. 
Further details are provided in Supplementary Results.

4. Discussion

Infectious diseases present a significant challenge to European 
aquaculture, impacting both animal welfare and the economic growth of 
the sector. Exploring the genomic basis of immune function and disease 
resistance in farmed fish has a high priority for improving health in 
aquaculture breeding and ensuring the industry's sustainability. This 
study examined the immune responses of three commercially relevant 
fish species in Southern Europe, S. maximus, S. aurata, and D. labrax, 
chosen for their strong research foundation, evolutionary diversity, and 
their relevance for comparison with other aquaculture teleosts. In the 
current study, we investigated the impact of viral (Poly I:C) and bacterial 
(V. anguillarum) stimulations in vitro and in vivo on transcript levels in 
these species. This effort represents a first step towards elucidating the 
conserved cellular and organismal responses to pathogens in fish. By 
analysing these three species under harmonised in vitro and in vivo viral 
and bacterial challenges, our comparative framework uncovers biolog
ical features that remain invisible in single-species studies. In particular, 
it reveals evolutionarily conserved immune modules and pathogen- 
specific regulatory programs that can only be detected through a 
multi-species design. This comparative scope not only highlights the 
elements of the teleost immune response are evolutionarily stable, but 
also exposes species-specific adaptations relevant to aquaculture 
breeding. Together, these insights mark a conceptual advance beyond 
descriptive transcriptomics, establishing a framework for understanding 
both conserved and divergent immune responses in farmed fish. Tran
scriptomic profiling was used to analyse gene expression changes, 
identify DEGs specific to each pathogen type and annotate their 

Fig. 2. Venn's diagrams showing the unique and common differentially expressed genes (DEGs) among S. maximus, S. aurata and D. labrax and heatmaps of 
expression-normalized DEGs across species. A) In vitro response to Poly I:C stimulation, B) In vitro response to Vibrio stimulation, C) In vivo response to Poly I:C 
stimulation, and D) In vivo response to Vibrio stimulation. Venn's diagrams illustrate genes that are up- (red), down- (blue), or up/down-regulated (yellow) versus 
control in each species. The heatmaps show normalized deviations from the average expression of each gene across samples (color scale in heatmaps: − 1 (blue, below 
mean) to 1 (red, above mean)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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biological functions using the GO and KEGG databases.

4.1. Comparative transcriptomics: overview

To identify conserved and robust gene interaction networks, 
orthologous DEGs across the three species were compared at two levels: 
in vitro vs in vivo and Poly I:C vs Vibrio. The general observations sug
gested no common overlapping between in vitro and in vivo responses to 
Vibrio, whereas partial overlap was observed under Poly I:C stimulation, 
indicating better concordance for the viral challenge. This difficulty in 
finding overlap between the two conditions has also been documented 
in salmonids, where only ~25% gene overlapping was found between in 
vitro and in vivo responses to Poly I:C [48]. In our multi-species com
parison, the higher conservation of DEGs across the three species with 
viral stimuli suggests that a potent stimulant, such as Poly I:C, induces a 
more evolutionarily conserved response among teleosts, whereas the 
response to bacterial stimuli exhibits greater variability across experi
mental systems and species.

In addition, a conserved pattern was observed in vitro for all three 
species against both pathogens. A set of DEGs was identified in response 
to Poly I:C and Vibrio under in vitro conditions, but no overlapping DEGs 
were found in vivo between the two stimuli and all species. This high
lights the complexity of the immune system when the DEGs identified 
within an entire organism are compared to a simplified cell culture 
setting. This complexity encompasses systemic immune interactions, 
tissue-specific and species-specific responses, and the microbiome's role 
in bacterial and viral infections in a living organism.

Across experimental conditions, the predominance of species- 

specific DEGs indicates that immune responses are shaped primarily 
by the intrinsic immunological properties of each lineage and by the 
nature of the stimulus involved [13,48,49]. These species- and 
context-dependent patterns in fish reflect deep evolutionary divergence 
in their immune cell composition and in the organization of signalling 
pathways, including both innate and adaptive effector mechanisms 
[49–53]. These features strongly influence their transcriptional re
sponses to infection, indeed, comparative transcriptomic analyses 
consistently show that species-unique DEGs vastly outnumber conserved 
orthologs across diverse pathogenic challenges [29,48,49]. In particular, 
these immune differences might be explained by evolutionary diver
gence shaped by the ecological niches in which each species evolved. For 
instance, turbot shows genomic features associated with adaptation to a 
demersal lifestyle in cold and stable benthic habitats [54], whereas 
seabass displays gene family expansions linked to ion and water regu
lation that support its euryhaline physiology in highly variable coastal 
environments [55]. Similarly, seabream exhibits metabolic patterns 
indicative of adaptation to dynamic coastal habitats, which likely fav
oured greater physiological and immunological plasticity [56]. In 
addition, long-term host-pathogen co-evolution has further diversified 
immune gene families and regulatory networks tuned to lineage-specific 
pressures. Notably, immune diversification correlates with speciation 
rates in teleosts, which explains the functional importance of immune 
variation across lineages. These differences influence susceptibility, 
tolerance, and resistance, revealing how conserved immune pathways 
coexist with lineage-dependent strategies that define each immunolog
ical identity [57]. Nonetheless, this variability underscores the value of a 
comparative multi-species framework, which enables the identification 

Fig. 3. Protein-protein interaction (PPI) network based on the STRING database and showing fold change profiles. The interaction pattern and fold change (FC) were 
inspected in differentially expressed genes identified in at least one of the three species while maintaining consistent regulation direction across all species under the 
four stimulation scenarios. The network was performed with a confidence score of 0.150. Nodes representing genes and lines between them are the edges, indicating 
types of evidence for interactions. Blue and pink edges are known interactions (from curated databases and experimentally determined, respectively); grey, green and 
purple edges are interactions derived from text mining, co-expression and protein homology respectively. Gene expression changes across species and challenges are 
described in bar charts. X-axis represents experimental conditions: VT P (In Vitro-Poly I:C), VT V (In Vitro-Vibrio), VV P (In Vivo-Poly I:C), and VV V (In Vivo-Vibrio). Y- 
axis: FC between control and stimulated conditions. Asterisks (*) indicate significant differences (p < 0.05) between control and stimulated conditions for each 
species in individual experiments (Table S10A). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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of conserved transcriptional modules that persist despite 
species-dependent immune strategies and challenge-specific responses 
[48,51]. These conserved pathways provide stable targets for vaccine 
development, biomarkers, and resilience focused breeding programs. 
Integrating species-specific and conserved immune features via genomic 
selection, systems immunology, and comparative transcriptomics holds 
substantial promise for aquaculture strategies [13,58].

Beyond variations in immune responses among species to viral vs 
bacterial pathogens, there may also be differences in their response to 

both pathogens on different timescales. Our study focused on the 20-24 
h post-challenge period, a widely used window that captures an inter
mediate and biologically informative phase of the teleost immune 
response, during which interferon-related genes, inflammatory media
tors and antigen-processing components are typically detectable [29,
48]. However, previous work has shown that early and late transcrip
tional peaks can differ substantially between pathogens and across 
species, with antiviral and antibacterial pathways often displaying 
distinct kinetic profiles [28,49]. Consequently, the time point analysed 

Fig. 4. An overview of the toll-like receptor (TLR) signalling pathway under different experimental conditions. A and C represent the TLR pathway in in vitro and in 
vivo conditions, respectively. Genes upregulated in S. maximus, S. aurata and D. labrax are shown in green colour, while genes that are downregulated across the three 
species are represented in red; grey boxes indicate no consistent regulation across species or absence of differentially expressed genes in any species. In each gene, the 
left side corresponds to Poly I:C stimulation, and the right side to Vibrio stimulation. Dark blue squares represent genes that are regulated in the same direction in both 
experiments and include a statistically significant differentially expressed gene in at least one species (Table S10B and S10C, respectively). These figures are modified 
from KEGG map04620 [39]. Figures B and D show protein-protein interaction (PPI) network analysis of genes with the same regulation pattern across species and 
stimulations for in vitro and in vivo conditions, respectively. The network was constructed using the STRING database with a confidence interval threshold of 0.150, 
where nodes connected by green edges indicate upregulated genes and red edges downregulated genes. The lines connecting nodes represent different evidence of 
interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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here likely represents a comparable but not identical stage of immune 
activation among species. This emphasizes the need for further studies at 
varying intervals to identify conserved responses between organisms.

4.2. Immune pathways enriched across fish species

To expand the scope of our analysis, we also examined genes and 
pathways that exhibited consistent regulatory patterns across all species 
and immunostimulants, focussing not only on DEGs between infection 
stages, but also exploring similar expression trends across species. This 

comparative approach revealed that the toll-like receptor (TLR) signal
ling pathway was significantly enriched across both conditions and 
challenges, emerging as a central hub of cross-species immune 
activation.

Shared genes among species revealed that the most enriched in vitro 
pathways were related to the main PRRs of the innate immune system. 
The PRRs family, which helps identify pathogens and initiate immune 
response, includes TLR, NLR (NOD-like receptor signalling pathway), 
RLR (RIG-I-like receptor signalling pathway), and CLR (C-type lectin 
receptor signalling pathway), among others [50]. These receptor 

Fig. 5. An overview of the toll-like receptor (TLR) signalling pathway under different experimental stimulants. A and C represent the TLR pathway under Poly I:C 
and Vibrio stimulants, respectively. Genes upregulated in S. maximus, S. aurata and D. labrax are shown in green colour, while genes that are downregulated across the 
three species are represented in red, grey boxes indicate no consistent regulation across species or absence of differentially expressed genes in any species. In each 
gene, the left side corresponds to the in vitro, and the right side to the in vivo condition. Dark blue squares represent genes that are regulated in the same direction in 
both experiments and include a statistically significant differentially expressed gene in at least one species (Table S10D and S10E, respectively). These figures are 
modified from KEGG map04620 [39] Figures B and D show protein-protein interaction (PPI) network analysis of genes with the same regulation pattern across 
species and conditions under Poly I:C and Vibrio stimulants, respectively. The network was constructed using the STRING database with a confidence interval 
threshold of 0.150, where nodes connected by green edges indicate upregulated genes and red edges downregulated genes. The lines connecting nodes represent 
different evidence of interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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families exhibit functional specialization in pathogen recognition: NLRs 
functioning as cytoplasmic sensors that identify intracellular bacterial 
components or stress signals; RLRs, such as RIG-I and MDA5, detect viral 
RNA within the cytoplasm and stimulate type I interferon production 
through MAVS signalling on mitochondria, which is vital for antiviral 
defence in both epithelial and immune cells; CLRs attach to carbohy
drate structures found on fungi, bacteria and viruses, activating the Syk 
kinase and CARD9 pathway, which promotes cytokine production and 
antigen presentation [13].

In contrast to the PRR-dominated in vitro response, the in vivo one 
revealed enrichment of pathways associated with DNA replication and 
repair, which may reflect increased proliferation and activation of im
mune cells during the host response. This process plays a key role in 
restoring immune populations following exposure to pathogens [59], 
but also reflects elevated haematopoietic activity in general [60]. The 
divergence between in vitro and in vivo pathway enrichment patterns 
suggests that while direct pathogen recognition mechanisms dominate 
immediate cellular response, systemic immune activation involves 
broader cellular reprogramming and proliferative responses.

Analysis of stimulant-specific responses revealed distinct functional 
specialization of the fish immune system. Beyond the enriched TLR 
pathway, Poly I:C activated additional PRR-related pathways such as 
NLR or CLC, consistent with the multi-layered viral recognition mech
anisms employed by innate immunity [61]. In contrast, Vibrio primarily 
enriched the cytokine-cytokine receptor interaction, emphasizing in
flammatory responses and intercellular communication networks [62]. 
This pattern demonstrates that Poly I:C primarily triggers pathogen 
recognition cascades similar to those observed under in vitro conditions, 
while Vibrio exposure activates pathways focused on inflammatory sig
nalling and immune cell coordination. These findings align with 
comparative studies of viral and bacterial stimulation in teleosts, which 
demonstrate pathogen-specific pathway enrichment patterns, support
ing the concept that fish have evolved specialized immune recognition 
and response mechanisms tailored to distinct classes of pathogens [29,
49].

4.2.1. Toll-like receptors signalling pathway
All experiments enriched the toll-like receptor signalling pathway 

involving numerous genes conserved across all three species. The TLR 
signalling pathway involves TLRs, which are membrane-bound re
ceptors located on immune cells such as dendritic cells and macro
phages. These receptors recognize extracellular pathogens or their 
components (like LPS, flagellin, and viral RNA). Upon activation, they 
lead to NF-κB and IRF signalling, resulting in the production of cytokines 
and type I interferons [13]. The consistent enrichment of the TLR sig
nalling pathway in all experiments, regardless of stimulus (viral vs 
bacterial) or experimental condition (in vitro vs in vivo), reveals a func
tional convergence toward evolutionarily conserved innate immunity 
mechanisms. As will be discussed later, this pathway includes numerous 
genes that belong to other pathways and are potentially conserved 
across all three species. Downstream signalling cascades converge to
ward common immune activation pathways [51,52], although specific 
ligands and primary TLR receptors vary between conditions, as observed 
in our study (e.g., conserved upregulation of TLR1 under in vivo condi
tions, and conservation of TLR7 and TLR3 genes in response to Poly I:C). 
Functional analysis of our data demonstrated this convergence through 
three fundamental aspects: i) the upregulation of genes associated with 
inflammatory cytokines or co-stimulatory molecules; ii) the negative 
regulation of the MAPK signalling pathway; and iii) the upregulation of 
the JAK-STAT pathway. The overexpression of genes linked to inflam
matory cytokines or co-stimulatory molecules can result in excessive 
inflammation, hyperactivation of immune cells, and potential tissue 
damage or autoimmune-like symptoms, which are often observed in 
cytokine storms during severe viral infections [63]. Conversely, the 
downregulation of the MAPK signalling pathway, which plays a role in 
inflammation, cell survival, and proliferation, leads to reduced 

inflammatory signalling, decreased immune cell activation, and possibly 
a weakened response to bacterial infections or stress signals. This could 
serve as a protective mechanism against over-inflammation, or it might 
indicate immune evasion by pathogens [64]. Moreover, the upregula
tion of the JAK-STAT pathway, which transmits signals from cytokines 
like interferons to the nucleus to activate immune genes, plays a crucial 
role in antiviral defence. This upregulation increases the expression of 
antiviral genes, improves communication among immune cells, and 
strengthens the body's ability to fight off viruses [65].

4.3. Key conserved genes

In addition, the comparative transcriptomic study revealed poten
tially conserved differentially expressed genes shared between in vitro 
and in vivo in responses to Poly I:C (Table S8), DEGs shared between Poly 
I:C and Vibrio in vitro stimulation (Table S9) and genes that demon
strated a uniform expression pattern in the four experimental challenges 
performed (DEGs and non-DEGs) (Fig. 3). This integrated approach 
allowed to investigate the most important genes involved in the three 
species’ response to viruses and bacteria, particularly those related to 
chemokines, interferon, antigen processing and presentation, cell sig
nalling regulators and MAPK (for details, see Supplementary Discus
sion). These conserved transcriptional modules represent high 
confidence candidates for future species-specific validation and func
tional studies in teleost immunity.

4.3.1. Chemokine related genes
Chemokines, a superfamily of small chemoattractant cytokines, are 

classified into CC, CXC, CX3C, XC, and teleost-specific CX subfamilies 
based on conserved N-terminal cysteines. They play a fundamental role 
in modulating immune responses in teleost immunity by mediating 
leukocyte migration, inflammation, and antimicrobial activity [66]. In 
teleosts, genome duplications have expanded CC/CXC lineages (such as 
multiple ccl19, cxcl8 paralogs), enabling responses to PAMPs like Poly I: 
C or Vibrio via TLR signalling in head leukocytes [66,67]. Notably, ccl19 
emerged as a primary gene, showing consistent upregulation both in 
vitro and in vivo in response to bacterial and viral pathogens across the 
three species studied (Table S9, Fig. 3). This gene is known to be 
involved in the recruitment of T cells and maturation of dendritic cells 
(DCs), thereby facilitating adaptive immune response. The TLR pathway 
identified in this study links ccl19 upregulation with the production of 
pro-inflammatory cytokines (il-12, il-1β) and co-stimulatory molecules, 
consistent with its role in bridging innate and adaptive immunity during 
host defence responses in other species [68,69].

4.3.2. Interferon-related genes
Interferons are a family of pleiotropic cytokines that represent a 

crucial part of the innate immune response against invading pathogens 
[10] by inducing hundreds of IFN-stimulated genes [70]. In teleosts, 
interferon pathways have undergone extensive diversification following 
whole-genome duplications, resulting in type I, II and III IFN groups and 
they orchestrate innate antiviral immunity by binding JAK-STAT re
ceptors to inhibit viral replication, enhance antigen representation, and 
promote apoptosis [71]. IFN regulatory factors (IRFs) are transcription 
factors regulating the expression of IFN and other related genes [72]. 
This study identified several conserved IFN-related genes in response to 
stimulators across the three species, including the viral sensor ifih1, 
IFN-induced genes such as ifi35, ifi44, and isg15, and regulators such as 
irf3, etv7 and uba7 (Tables S8 and S9). Infection with Poly I:C induced 
strong upregulation of ifih1, a helicase that detects viral dsRNA and 
activates type I IFN signalling cascades [73–75]. This process subse
quently leads to the induction of isg15, a major interferon-stimulated 
gene involved in ISGylation [76]. The E1 enzyme uba7, along with 
other ligases, mediates this ISGylation by modulating the stability and 
activity of proteins during infection; uba7 was also significantly upre
gulated, supporting its pivotal antiviral role [70,77]. Although 
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knowledge regarding ifi35, etv7, and uba7 in teleosts is still limited, ifi35 
is known to regulate pro-inflammatory cytokines and ifn-β [78], while 
etv7 serves as a negative regulator that may prevent excessive inflam
matory signalling [79]. Both genes emerged as conserved upregulated 
DEGs, indicating their role in controlling interferon responses in fish. 
Additionally, the conserved ifi44, which encodes an antiviral intracel
lular protein [80,81] and irf3, which is essential for mediating type I IFN 
and ISG expression [72,82], displayed increased expression in response 
to viral and bacterial stimuli, underlining their central roles in pathogen 
defence.

4.3.3. Antigen processing and presentation-related genes
Upon the invasion of a pathogenic antigen into the cytoplasm, the 

initiation of antigen processing and presentation (APP) occurs. This 
process involves the transformation of an antigenic protein into smaller 
peptides, their loading and subsequent transportation to the cell surface 
by MHC proteins, and the recognition of these peptides by CD8+ T cells 
[83]. In teleosts, this process is dependent on immunoproteasome acti
vation (PSMB subunits) for MHC I peptide generation, endoplasmic re
ticulum loading via TAP/TAPBP and chaperones, and NLRC5-mediated 
transactivation of MHC I transcription [84–86]. We observed activation 
of this APP process in response to viral and bacterial stimuli, as evi
denced by the upregulation of several DEGs in all species for both in vitro 
challenges: psme1, psme2, psmb13a, tapbp.2, tap1, tap2a and in Poly I:C in 
both conditions: nlrc5 (Tables S8 and S9). Additionally, two other DEGs 
were upregulated in all four conditions: psmb9a and erp44 (Fig. 3). These 
comparative findings demonstrate that the molecules involved in APP 
are essential for the immune system, not only in cell models but also in 
vivo, showing their conservation in the three species studied and their 
conserved positive regulation in response to external infections across 
taxa.

4.3.4. Cellular signalling regulators
In this study, we identified expression changes of several conserved 

cellular signalling regulators 20-24 h after stimulation (Tables S8 and 
S9, Fig. 3). In teleost fish, these regulators act as central hubs integrating 
pathogen detection with downstream effector response via conserved 
pathways shaped by genome duplications and the fine-tuning of innate- 
adaptive immunity [50]. As they orchestrate immune responses, upre
gulation of these conserved genes aims to enhance immune activation, 
reflecting their roles in the release of antibacterial peptides (bpifcl) [87], 
immunomodulation (lgals9l5) [88,89], B cell receptor signalling (igbp1) 
[90], regulation of antiviral transcription and inflammatory genes 
(stat1a) [91,92] and feedback inhibition of cytokine signalling (socs1b) 
[93,94], respectively. Conversely, downregulation of arrb2 and itk may 
reflect pathogen strategies to modulate surface receptor signalling [95] 
and, in the case of itk, also T cell activation for immune evasion [96].

4.3.5. Mitogen-activated protein kinase
In teleosts, MAPK cascades act as key convergence points down

stream of TLR, RLR and cytokine receptors, integrating diverse inflam
matory, antiviral and stress signals to coordinate transcriptional outputs 
[97]. Their activation and attenuation are tightly regulated to ensure 
effective pathogen control without immunopathological excess [98,99]. 
In the experiments, the map2k6 gene was consistently downregulated 
across all conditions (Fig. 3). Examination of the TLR-MAPK pathway 
revealed that most genes also exhibited downregulation. Even though 
MAPK pathway upregulation would typically be expected due to its role 
in activating inflammatory cytokines and immune responses, the sig
nificant downregulation observed here in response to the experimental 
challenges suggests a distinct modulation of this pathway under these 
conditions. However, because this study analyses a single time point (20 
- 24 h post-stimulation), the underlying regulatory dynamics of this 
transcriptional pattern cannot be resolved from the available data. Early 
activation of map2k6 followed by later attenuation has been reported in 
other teleost immune studies [29,100], but the present data do not allow 

us to determine whether similar temporal dynamics occur here. Simi
larly, previous studies have been observed that map2k6 expression can 
be significantly decreased in certain contexts under specific immune 
conditions [31,101], highlighting variability in MAPK signalling across 
immune responses.

4.4. Aquaculture applications

Conserved immune gene responses identified across turbot, seab
ream, and seabass may inform future aquaculture disease management 
strategies. The consistent activation of TLR signalling alongside orthol
ogous genes involved in interferon signalling, antigen processing, and 
chemokine activity suggests these pathways as strong candidates for 
cross-species vaccine design [102]. Their evolutionary conservation 
indicates essential functions maintained under strong selective pressure, 
making them less susceptible to pathogen evasion and suitable for broad 
spectrum and multivalent vaccine formulations [103].

Likewise, these conserved orthologues offer strong candidates for 
selective breeding programs aimed at enhancing disease resistance. The 
high level of conservation provides reliable valuable genomic markers 
for polygenic selection targeting innate immune pathways, as demon
strated in several comparative transcriptomics [104–106]. These shared 
signatures also indicate heritable immune traits that can be strength
ened through breeding, enabling the development of fish lines with 
more robust and genetically stable resistance. Integrating such 
conserved genes into breeding programs could facilitate the develop
ment of more resilient aquaculture stocks with improved protection to 
prevalent pathogens [106].

5. Conclusions

This study provides the first comprehensive comparative tran
scriptomic analysis for three acanthopterygian fish species, S. maximus, 
S. aurata, and D. labrax, in response to viral and bacterial infections, 
using both in vitro and in vivo conditions. The findings reveal that all 
three species exhibit remarkable changes in the expression of immune- 
related genes in vitro. In contrast, in vivo, they show an enhanced 
response related to DNA replication and repair. Additionally, viral and 
bacterial challenges elicited differentiated immune pathway activations, 
reflecting specialized host defence mechanisms. Moreover, a more 
conserved response was observed across the three species when exposed 
to the viral mimic than to the heat-killed gram-negative bacteria. 
Analysis of orthologous gene sets across the three species revealed 
conservation of genes involved in chemokines, interferons, antigen 
processing and presentation, cell signalling regulation, and MAPK 
pathways in response to external pathogens, with some of these genes 
reported for the first time as part of a shared response to Poly I:C or 
Vibrio. Our results demonstrate not only several of the deeply conserved 
pathways in immune responses among Acanthopterygian fish species, 
but also the use of the comparative method to uncover responses that 
may have been overlooked in single-species studies, e.g., due to differ
ences between species in response time. This comprehensive approach 
offers valuable insights into immune responses across multiple species 
and conditions, while significantly contributing to the critical field of 
comparative immunology in aquaculture.
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[2] R. Fernández-González, M.I. Pérez-Pérez, J. Correia-Da-Silva, Production 
strategies, productivity changes and innovation: an analysis of European turbot 
aquaculture from 2009 to 2020, Rev. Aquacult. 15 (2022) 610–624, https://doi. 
org/10.13039/501100011033/.

[3] K. Mhalhel, M. Levanti, F. Abbate, R. Laurà, M.C. Guerrera, M. Aragona, 
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