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Spotted sea bass holds significant economic importance in China's aquaculture sector. The outbreaks of bacterial
diseases, especially caused by Nocardia seriolae (N.seriolae), have occurred frequently due to intensive farming.
With the high morbidity and mortality, fish nocardiosis is one of the most serious problems faced by the
aquaculture industry of spotted sea bass. However, the regulatory mechanism of immune response in spotted sea
bass after N.seriolae infection remain elusive. In our study, we conducted a comprehensive examination of
clinical symptoms and histological structures of the spleen, revealing noticeable pathological changes in diseased
fish. Subsequently, we employed transcriptome sequencing of the spleen to investigate the effect of N.seriolae on
spotted sea bass at O h, 48 h, 96 h and 120 h at transcriptome level. A total of 3031, 3597, and 4683 differentially
expressed genes (DEGs) were unveiled in 48 h vs. 0 h, 96 h vs. 0 h and 120 h vs. 0 h, respectively. Up-regulated
DEGs were significantly enriched in PRRs and cytokine related pathways, while down-regulated DEGs exhibited
significant enrichment in autophagy related pathways, suggesting potential roles in immune modulation.
Weighted co-expression network analysis (WGCNA) identified a blue module strongly linked to the immune
response against N.seriolae infection, from which 10 hub genes were identified, including ilr2, tnfrsf9, c¢7 and so
on. Moreover, our findings highlighted the involvement of alternative splicing (AS) in the immune response and
found that pathogen infection also induced the AS events in some immune-related genes. Our study could shed
new light on the molecular regulatory mechanisms underlying the immune response after N. seriolae infection in
spotted sea bass, providing a basic guidance for the breeding of spotted sea bass with disease resistance in the
future.

1. Introduction

The spotted sea bass (Lateolabrax maculatus) holds considerable
economic importance in aquaculture with a wide distribution along the
coast of China. The production of spotted sea bass has been increasing
annually, reaching 218,053 tons in 2022, ranking third among marine
aquaculture fish (China, 2023). However, alongside the development of
aquaculture industry of spotted sea bass, degenerating water quality due
to intensive farming and inadequate scientific breeding awareness of
farmers, disease caused by various of bacteria or virus resulted in
adverse impacts on production and huge economic losses.

* Corresponding author.

Nocardia sp. is a gram-positive, aerobic and filamentous bacterium
responsible for fish nocardiosis, characterized by its prolonged incuba-
tion period, high infection rates, and mortality. In recent years, various
species of Nocardia have been isolated from infected fish and shellfish,
including Nocardia asteroides, Nocardia salmonicida, Nocardia crassos-
treae, Nocardia brasiliensis and Nocardia seriolae(Acosta et al., 2024;
Maekawa et al., 2018). Notably, N. seriolae has been documented to
infect approximately 42 species of marine and freshwater teleost, and
more commonly in sea perch (Lateolabrax japonicus), golden pompano
(Trachinotus ovatus), northern snakehead (Channa argus), and large-
mouth bass (Micropterus Salmoides) in China(Liu et al., 2023a). Infected
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fish initially exhibit poor appetite in the early stage, followed by the
accumulation of immune and epithelial cells around lesions, resulting in
the formation of granuloma tissues, characterized by numerous white or
grey nodules on gills and various organs, such as the spleen, kidney, liver
and heart, accompanying congestion and bleeding on the body surface
(Chen et al., 2000). The primary approach for preventing and control-
ling fish nocardiosis involves the administration of various antibiotics
(Yasuike et al., 2017). However, the granuloma caused by N. seriolae
infection will provide a physical barrier to hinder drug penetration and
create a conducive environment for bacterial colonization, thereby
which compromising the efficacy of antibiotics treatments(Wang et al.,
2017). Meanwhile, antibiotics usage will lead to serious concerns, like
environmental contamination, food safety risks, and the emergence of
drug-resistant N. seriolae strains, ultimately impact on human health
(Kraemer et al., 2019). Hence, it is urgent for researchers to determine
immune molecular mechanisms underlying defense against N. seriolae
infection in spotted sea bass, with the aim of achieving efficient
ecological breeding and disease prevention.

Innate immunity represents the primary host defense against
invading pathogens, with fish relying predominantly on innate immune
defenses compared to higher vertebrates(Buchmann, 2014). Pattern
recognition receptors (PRRs), crucial for innate immunity, identify
diverse pathogen-associated molecular patterns (PAMPs)(Li et al.,
2020). PRRs can divide into membrane-bound toll-like receptors(TLRs)
(Vijay, 2018), cytoplasmic NOD-like receptors(NLRs)(Kim et al., 2016),
as well as other receptors, like RIG-I-like receptors (RLRs) and C-type
lectin receptors(CLRs)(Xiu et al., 2016). Upon the activation of innate
immunity, a cascade of downstream signaling molecules like cytokines
and chemokines is produced(Kawai and Akira, 2010; Thaiss et al.,
2016). Chemokines regulate immune cell migration and positioning
during inflammation, serving as a crucial link between the innate and
adaptive immunity(Sokol and Luster, 2015). Pathogen invasion will lead
to host activated apoptosis and autophagy to maintain the cellular ho-
meostasis. Apoptosis involved in the clearance of pathogen-infected
cells to prevent the spread of harmful agents within the organism.
Simultaneously, it could prevent excessive inflammation and tissue
damage by eliminating activated immune cells after immune response.
While autophagy facilitates the phagocytosis and degradation of
compromised or senescent cells, making the cells more conducive to
survival. Dysregulation of autophagy has been implicated in various
immune-related disorders(Levine and Kroemer, 2019). The sophisti-
cated interplay between apoptosis and autophagy is pivotal in deter-
mining cellular fate during immune responses(Maiuri et al., 2007).

In teleost, the molecular regulatory mechanisms of pathogens
infection are far away from that in mammals. Leveraging advancements
in next-generation sequencing technology, transcriptome profiling
emerges as potent tool for dissecting immune-related genes expression
profiles, thus unraveling host defense mechanisms against pathogenic
onslaughts in teleost. In Yangtze sturgeon (Acipenser dabryanus), re-
searchers have uncovered the immune response of Yangtze sturgeon
after Edwardsiella tarda challenged(Chen et al., 2023). The relationship
between neuroactive receptor genes and immunity has been identified
in Nile tilapia (Oreochromis niloticus) after Streptococcus agalactiae
infection(Hou et al., 2023). Bai et al. identified cd82a as a disease
resistance gene in large yellow croaker after Pseudomonas plecoglossicida
invasion(Bai et al., 2022). These studies demonstrate the utility of
transcriptome analysis in elucidating the host immune response to
bacterial infection in teleost, providing valuable insights into the mo-
lecular mechanisms underlying fish immunity. However, to our
knowledge there have been no studies about transcriptome analysis for
the identification of gene expression profiles in spotted sea bass against
N. seriolae infection.

Therefore, in this investigation, 3 time points of infected spleens
were chosen for sequencing to obtain time-dependent variations in the
expression profiles of immune pathway related genes in spotted sea bass
post N. seriolae infection. This transcriptome sequencing analysis aims to
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pinpoint key genes engaged in regulating the immune response and
elucidate hub gene regulation network of spotted sea bass infected with
N. seriolae. Our findings offer basic directions for the breeding of spotted
sea bass with disease-resistance in future.

2. Materials and methods
2.1. Animals and bacteria

Spotted sea bass (average weight: 53.22 g &+ 9.0 g, average length:
18.16 + 1.2 cm) were obtained from Jinghai Marine Fisheries Co., Ltd.
(Yantai, China). We randomly selected 10 fish to conduct morphological
healthy examination and dissection to ensure their health conditions
and absence of fish nocardiosis symptoms. The fish were acclimatized at
26 °C for 2 weeks in a water circulation system and fed twice a day. The
N. seriolae (WL-2021-1) was provided by Xia Liqun's research group of
Shenzhen Institute of Guangdong Ocean University, which was initially
isolated from snakehead with fish nocardiosis. The bacteria were culti-
vated in brain-heart infusion (BHI) broth at 28 °C, followed by confir-
mation of their identity as N. seriolae through 16S-rDNA sequencing.

All fish experiments adhered to the guideline of the Animal Research
and Ethics Committees of Ocean University of China (Permit Number:
20141201). No endangered or protected species were utilized in the
experiment.

2.2. Bacterial challenge and sampling

N. seriolae were centrifuged at 5000 xg for 15 min to separate the
bacteria from culture medium. The bacterial pellet was then resus-
pended in 1 x phosphate-buffered saline (PBS, pH 7.3) to adjust the
bacterial concentration to 1 x 10% CFU/mL, as determined by pre-
liminary experiments. Spotted sea bass were allocated into control and
treatment groups, with three replicates per group, each containing 60
fish. Treatment groups were anesthetized and intraperitoneally injected
with 100uL suspension of 1 x 10° CFU/mL N. seriolae, while control
group injected intraperitoneally with 100uL PBS. Both the control and
treatment groups were reared in separate tanks under the same condi-
tions (temperature: 26.0 + 2.0 °C) after injection.

The spleen tissues of treatment and control groups were dissected
and sampled at 0 h, 48 h, 96 h and 120 h post-infection. Subsequently,
they were promptly frozen in liquid nitrogen and stored at —80 °C.
Besides, spleen tissues were also sampled and fixed in 4% para-
formaldehyde for 24 h to facilitate subsequent histological observations.

2.3. Morphological and histological analysis

The spleen tissues underwent dehydration using a series of ethanol
(from70% to 100%) after overnight tissue fixation. Subsequently, the
samples were cleared with xylene to remove the ethanol. Following
clearance, the tissues were infiltrated with molten paraffin and
embedded. All tissue blocks were sectioned into 5 pm slices by LEICA
RM206. These sections were then stained with hematoxylin and eosin (H
& E) for histological observation using an optical microscope (OLYMPUS
BX53).

2.4. RNA isolation, cDNA library construction and sequencing

The total RNA of spleen samples was extracted using TRIzol Reagent
(Invitrogen, USA). Assess the quantity and quality of isolated RNA
through biophotometer (OSTC, China) to measure RNA concentration
and agarose gel electrophoresis to check RNA integrity. A total of 12
mRNA sequencing libraries were prepared, with 3 replicate samples
collected at each of 4 time points. The libraries were constructed
following the protocol of RNA Library Prep Kit (NEB, USA). After quality
assessment and quantification, the libraries were subjected to PE150
sequencing on Illumina platforms at Novogene Bioinformatics



Y. Dong et al.
Technology Co., Ltd. (Beijing, China).
2.5. Differential expression and functional enrichment analysis

The raw data generated by Illumina platforms were subjected to
quality control by FastQC (version 0.11.9). Low-quality sequences and
adapters were trimmed by Trimmomatic (version 0.39). Then, clean
reads were aligned to spotted sea bass female reference genome
(JAYMHBO000000000) by Hisat2 (version 2.2.1). Transcript quantifica-
tion was performed using featureCounts (version 2.0.1)(Liao et al.,
2014). Differential expression analysis between the control group and
treatment group of each time point was carried out by DEseq2 (version
1.30.1)(Kim et al., 2015), applying a threshold of adjusted p-value
<0.05 and |log2FoldChange| > 1. Principal component analysis (PCA)
was then conducted to analyze the correlation between each samples.
KOBAS (http://kobas.cbi.pku.edu.cn/) was used to conducted func-
tional enrichment analysis to delineate the potential function of DEGs,
applying a threshold of adjusted p-value <0.05 to filter the significant
GO terms and pathways. Ggplot2 v3.35 R package was used to visualized
the significant results.

2.6. WGCNA and hub genes identification

Preprocess the gene expression data to remove low-quality reads,
normalize expression values, and filter out genes with low expression
level (FPKM <1) and import the genes into WGCNA in R(Langfelder and
Horvath, 2008). Samples were clustered to assess the presence of any
obvious outliers. We chose the soft-threshold p = 16 to constructed a
scale-free network. Calculated the module eigengene and hierarchically
clustered the modules. Performed module-trait correlation analysis to
assess the relationship between module eigengenes and traits, and the
strongest positive correlation was selected for further analysis. Within
significant modules, we identified hub genes based on their intra-
modular connectivity, through measuring gene significance (GS) and
module membership (MM). Finally, functional enrichment analysis (GO
and KEGG pathway) was carried out on genes in the significant modules,
with hub genes identified using criteria of GS > 0.8 and MM > 0.8. The
interaction network of hub genes was displayed by Cytoscape (v3.8.2)

2.7. Differential alternative splicing (DAS) events analysis

The rMATS (v.4.01) was used to detect and quantify AS events,
including skipped exon (SE), alternative 5 splice site (A5SS), alternative
3’ splice site (A3SS), mutually exclusive exons (MXE), and retained
intron (RI). Percent Spliced In (PSI) values were calculated for each
splicing event. Significant differences in PSI values between different
treatment groups were assessed to identify the DAS, applying a
threshold of FDR < 0.05. Functional annotation and enrichment analysis
of genes undergoing differential splicing were conducted to understand
their biological relevance.

2.8. Real-time RT-PCR verification and statistical analysis

Eight candidate DEGs were randomly chosen for the verification of
the RNA-Seq data by RT-qPCR. Specific primers for candidate genes
were designed by Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/) (Table S1). 18 s RNA was used as the reference gene to
calibrate the RT-qPCR. First-strand cDNA synthesis was performed with
SPARKscript II RT Plus Kit (with gDNA Eraser) (Sparkjade, China) ac-
cording to the protocol. Briefly, RNA was reverse transcribed into cDNA
using oligo(dT) primers and reverse transcriptase enzymes. PCR
amplification was performed using a thermal cycler with appropriate
cycling conditions and the reactions were executed in a StepOne Plus
Real-Time PCR system (Applied Biosystems). Each data point was
analyzed in triplicate to ensure reproducibility. The 2"*2Ct method was
used to analyze the relative gene expression level(Livak and Schmittgen,
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2001).
3. Results
3.1. Clinical symptoms and histological structures

Upon infection of spotted sea bass with N. seriolae, distinct clinical
symptoms emerged, including abdominal and anal redness and swelling.
Subsequent dissection revealed the congestion in visceral organs,
alongside the presence of abundant white nodules on the gill and in
visceral mass, particularly on the spleen (Fig. 1). Histological analysis of
spleen tissues at 48 h, 96 h, and 120 h post-infection revealed notable
alterations in tissue structure. The control group exhibited a healthy
spleen with a standard structure (Fig. 2A). At 48 h post-infection, the
macrophage and lymphocyte were filtrated into the lesion site (Fig. 2B).
And at 96 h post-infection, a thin layer of fibrous connective tissue
enveloped the lesion (Fig. 2C). While at 120 h post-infection, the center
of the granulomas displayed caseous necrosis, accompanied by a sub-
stantial increase in macrophage density within the granuloma center
(Fig. 2D).

3.2. The data statistics of transcriptomes

To investigate the transcriptional mechanism of pathogenesis, we
constructed 12 cDNA libraries for further sequencing, yielding 547.32
million (547,324,082) raw reads. Following quality filtering, 506.71
million (506,705,872, 92.58%) high-quality clean reads were attained.
Approximately 81% of the high-quality clean reads were mapped to
spotted sea bass genome (Table S2). The raw RNA-seq data have been
submitted to the NCBI Sequence Read Archive (SRA) database

Fig. 1. Clinic symptoms of spotted sea bass infected with N. seriolae. Diseased
fish showing abdominal and anal redness and swelling. Numerous white nod-
ules on the gill (A), and in visceral mass (B, C). The spleen of infected fish (D)
and healthy fish (E).
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Fig. 2. Histopathological observation of the spleens of spotted sea fish infection with N.seriolae. Normal spleen tissue from control group (A); 48 h spleen tissue (B);

96 h spleen tissue (C); 120 h spleen tissue (D). H & E, Bars = 50 pm.

(PRJNA1093234). The PCA revealed distinct clustering of samples into 4
groups, confirming the suitability of the generated sequencing data for
subsequent analysis (Fig. S1).

3.3. Identification of DEGs

The expression differences were compared between 48 h, 96 h, 120 h
post-N. seriolae infection and control group, which generated three
comparison groups, including 48 h vs. 0 h, 96 hvs. 0 h and 120 h vs. O h.
A total of 3031, 3597, and 4683 DEGs were identified in three com-
parison groups, respectively. A progressive augmentation in the count of
DEGs was observed concomitant with the prolonged duration of bacte-
rial challenge. Among these DEGs, there were 1663, 1948, and 2413
upregulated genes were identified in comparison groups of 48 h vs. 0 h,
group 96 h vs. 0 h and 120 h vs. 0 h, respectively. Additionally, 1368,
1649 and 2270 downregulated genes were identified in the respective
comparison groups (Fig. 3). As illustrated in Venn diagram (Fig. 3D),
there is a large quantity of overlapping DEGs, accounting for 2180,
between three comparison groups.

3.4. Functional enrichment analysis of DEGs

GO enrichment analysis were carried out to discern the biological
functions of overlapping DEGs of three comparison groups. A total of
142 GO terms were found to be significantly enriched in up-regulated
overlapping DEGs of three comparison group (Table. S3). More specif-
ically, under the Biological Process category, most of the terms are
related to immune, including macrophage chemotaxis, response to
bacterium and inflammatory response. Among these, complement

activation has the highest enrichment level. Cytokine binding and
cytokine receptor activity were the predominant subcategory within the
Molecular Function category (Fig.4A). By contrast, only 49 GO terms
were found to be significantly enriched in down-regulated overlapping
DEGs (Table. S3). Under the Biological Process category, the highest
enrichment level term was swimming. Besides, some terms related with
autophagy were enriched, including autophagy of mitochondrion and
autophagosome assembly. Under the Cellular Component category, the
highest enrichment level term was Cul4-RING E3 ubiquitin ligase com-
plex. And autophagosome was also involved (Fig.4B). The DEGs were
then subjected to KEGG pathway enrichment analysis. A total of 39
pathways were found to be significantly enriched in up-regulated
intersection DEGs of three comparison group (Table S4). Among these
pathways, up-regulated DEGs have significant enrichment in immune-
related pathways, including C-type lectin receptor signaling pathway,
NLR signaling pathway and TLR signaling pathway. Meanwhile, some
inflammation related pathways, like Cytokine-cytokine receptor inter-
action and VEGF signaling pathway, were also identified. Besides, the
enrichment of cell cycle and p53 signaling pathway were also identified,
which participate in cell growth and death (Fig. 4C). By contrast, only 7
pathways were significantly enriched in down-regulated DEGs, which
mainly related to autophagy (Fig. 4D). In order to determine the func-
tional differences between the DEGs in three comparison groups, we also
performed KEGG pathway enrichment analysis in each comparison
groups, respectively. More specifically, except that pathways mentioned
above, we identified Chemokine signaling pathway in 96 h vs. 0 h group.
And mTOR signaling pathway and Apoptosis in 120 h vs. 0 h group
(Fig. S2).
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Fig. 4. Functional enrichment analysis of overlapping DEGs. Gene Ontology (GO) annotations analysis of up (A) and down (B) overlapping DEGs. KEGG enrichment

analysis of up (C) and down (D) overlapping DEGs.

3.5. Identification of hub genes by WGCNA

The samples were clustered using parson's correlation coefficient,
resulting in a dendrogram displaying sample-trait relationships
(Fig. 5A). To constructed a scale-free network, a soft thresholding
parameter f = 16 was selected (Fig. 5B, C). A total of 11 modules were

identified shown in hierarchical cluster dendrogram (Fig. 5D). To
identified the key module related to N.seriolae infection, the correlation
between the modules and the phenotype traits was investigated. We
found that the blue module emerged as the most highly correlated with
pathogenic infections (correlation coefficient = 0.95, p = 2e-6) (Fig. 5E).
The blue module contains 2090 genes, of which 449 genes were
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identified as core genes with MM > 0.9 and GS >0.9 (Fig. 6A). KEGG
enrichment analysis suggested the enrichment of immune-related
pathways within the core genes, including Ferroptosis, Necroptosis
and TLR signaling pathway (Fig.6B). A PPI network of top 10 hub genes
form 449 core genes were analyzed and constructed using the Cytoscape
plugins (CytoHubba) (Fig. 6C).

3.6. Identification of DAS events and DAS genes

Alternative splicing analysis identified a total of 114, 103 and 113
DAS events in 48 h vs. 0 h, 96 h vs. 0 h and 120 h vs. 0 h, respectively.
Among these events, SE was the most prevalent, constituting approxi-
mately 51%, while A3SS was the least common, constituting approxi-
mately 2% (Fig. 7A). Fifteen genes exhibited alternative splicing across
all comparison groups, including mif (macrophage migration inhibitory
factor) and LOC111227158 (cell death-inducing p53-target protein 1
homolog) (Fig. 7B). In order to reveal the potential function of DAS
genes, all the DAS genes were subjected to KEGG enrichment analysis. A
total of 23 pathways were significantly enriched, including RIG-I-like
receptor signaling pathway, p53 signaling pathway and Autophagy-
other, and some pathways related genetic information Processing like

Nucleotide excision repair (Fig. 7C).
3.7. Verification of RNA-seq data by RT-qPCR

To validate the RNA-seq results, eight DEGs were randomly chosen
for RT-qPCR. The expression patterns of all selected DEGs exhibited
concordance with the RNA-seq data, with R% = 0.966 (Fig. S3). Overall,
the congruence between the RNA-seq and qPCR outcomes underscores
the dependability and precision of the RNA-seq analysis.

4. Discussion

Aquaculture , as a mean of supplying food and protecting fishery
resources, has important strategic significance. However, the frequent
outbreaks of bacterial diseases have significantly hindered aquaculture
development and caused substantial economic losses(Frans et al., 2011;
Teng et al.,, 2022; Zapata et al., 2006). Among these diseases, fish
nocardiosis caused by N.seriolae emerges as the most prevalent bacterial
diseases in spotted sea bass, which is characterized by numerous white
or grey nodules on gill and in visceral mass(Maekawa et al., 2018).
There is still limited research on the molecular mechanism of immune
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response against to pathogens on spotted sea bass. Thus, in this study, to
provide a comprehensive view of the immune response against N.seriolae
infection, transcriptome analysis was performed on the spleen, one of
the fish immunocompetent organs (Zapata et al., 2006), to investigate
the regulatory mechanism and the expression of core immune genes.
The innate immune system of fish recognizes pathogens through
PRRs in order to trigger the immune cascade. TLR5, a kind of membrane-
bound signaling PRRs, have been proved that had specific binding ca-
pacity to bacteria and exhibited strong expression at 10 h-16 h after
V. alginolyticus infection in teleost (Wang et al., 2016; Zhu et al., 2020).
TLR signaling pathway has been significantly enriched at 48 h after
pathogens invasion on snakeheads and silver pomfret (Pampus argenteus)
(Nawaz et al., 2022; Teng et al., 2022). A broad repertoire of CTLs have
been identified and functional indicated in teleost, such as blunt snout
bream (Megalobrama amblycephala)(Liu et al., 2023b), large yellow
croaker(Lv et al., 2016) and spotted knifejaw (Oplegnathus punctatus)
(Liu et al., 2019). Notably, CTLs were able to activate the complement
system and participate in the immune response to against pathogens
infections in roughskin sculpin (Rachidermus fasciatus)(Yu et al., 2020).
Unlike TLRs and CTLs, researches on NLRs were limited in teleost. NOD1
and NOD2 have been demonstrated that could identify the bacterial
components and its degraded products and then initiate the NF-xB
signaling pathway, inducing inflammatory response in teleost(Bi et al.,
2017; Bietal., 2018; Swain et al., 2013). In our study, a large quantity of
overlapping up-regulation DEGs among three comparison groups were
identified, with enrichment in TLR receptor signaling pathway, NLR
signaling pathway and C-type lectin receptor signaling pathway. Be-
sides, we identified some PPRs like tIr5 and clec1b exhibited significantly
upregulated at the comparison group of 120 h vs. 0 h with fold-change of
4.74 and 6.28, respectively. Our findings indicated that the PRRs of
spotted sea bass could participated in recognizing and combating N.

seriolae invasion, and N.seriolae infection could upregulate the genes
involved in these pathways and activate the innate immunity of spotted
sea bass throughout the course of infection.

Previous studies have showed that PRRs identify the invading
pathogens, initiating the signaling cascades to activate the innate im-
munity by stimulating various downstream signaling molecules, most of
which are cytokines, and even directed the appropriate adaptive im-
mune response(Kawai and Akira, 2010; Thaiss et al., 2016). As is widely
known, tumor necrosis factor (TNF), interleukins (IL) and chemokines
are typical cytokines. In our investigation, we revealed the enrichment
of up-regulated DEGs in the Cytokine-cytokine receptor interaction
pathway. Notably, many cytokines-related DEGs were involved in this
pathway. The TNF superfamily are known for their ability to bind to
specific receptors on the cell surface, triggering intracellular signaling
cascades that modulate cellular responses, like inflammation. TNFRSF9,
as a member of these superfamily, could activate signaling pathways like
NF-kB, AKT, p38 and MAPK to promote cell survival and participate in
inflammation in human diseases(Jung et al., 2004). So far, the reports
about TNFRS9 in fish are still lack. It has been reported that rainbow
trout (Oncorhynchus mykiss) tnfrsf9 could be significantly up-regulated
after F.psychrophilum infenction(Kutyrev et al., 2016). Interleukin-1 re-
ceptor type II (IL1R2) has been identified in some teleost, like rainbow
trout(Sangrador-Vegas et al., 2000), Japanese flounder (Paralichthys
olivaceus)(Fan et al., 2010) and seabream (Sparus aurata) (Lopez-
Castejon et al., 2007). Researches in Atlantic salmon (Salmo salar)
showed that IL-1R2 was up-regulated after Vibrio anguillarum infection
(Stansberg et al., 2005). In this study, thfsf9 and ilr2 have both been
identified that significantly upregulated at all time points. Furthermore,
they were also identified as two of the ten hub genes in blue module
identified by WGCNA, which means they were highly associated with N.
seriolae infection. Chemokines could guide immune cells to the sites of
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inflammation and arrage communications between immune cells,
bridging innate and adaptive immunity(Sokol and Luster, 2015). In our
study, Chemokine signaling pathway were investigated the enrichment
in the 96 h vs. 0 h group, with several chemokine genes such as cxcl8,
cxcll2, cxcr3, ccl8 and ccl19 significantly up-regulated, particularly

Tol receptor
C-type lectin receptor gnaling pathway
signaling pathway

ccl19 exhibiting a maximum fold-change of 4.76 at 48 h vs. 0 h group.
Taken together, our results suggest that invading N.seriolae would be
recognized by PPRs like TLRs, NLRs and CLRs in spotted sea bass,
leading to the secretion of cytokines regulated by genes like thfsf9, ilr2,
cxcl and ccl to activate both innate and adaptive immunity. The secretion
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Fig. 8. Schematic regulatory network of immune response in spotted sea bass infected with N. seriolae using Figdraw (www.figdraw.com).
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of a series of chemokines might guide some inflammation factors to
surround the lesions and result in the formation of granuloma in visceral
mass of spotted sea bass (Fig. 8).

The complement system has a sophisticated linkage in bridging
innate and adaptive immunity in teleost(Nakao et al., 2011). While the
mammalian complement system consist a wide variety of types, only a
few complement proteins have been recognized in teleost and are ho-
mologies to their mammalian equivalents(Schmidt et al., 2016). Initia-
tion of the complement system cascade resulting in formatting the
membrane attack complex (MAC). C7 with other lytic complement
participated in the assemble of MAC, which can insert into target cell
membrane, aiding in host defense against pathogens while also
contributing to the promotion of inflammation(Bossi et al., 2009). The
expressions of c¢7 were significantly changed after bacteria challenge in
fish including grass carp (Miichthys miiuy) and miiuy croaker (Cteno-
pharyngodon idella) (Shen et al., 2012; Wang et al., 2015). In our study,
we observed that up-regulated genes were notably enriched in the
complement activation term. Meanwhile c¢7 gene was also differently
expressed after N.seriolae infection, showing a continuous increase
throughout the infection process. Besides, we identified c7 as a hub gene
within the blue module was positive correlated with N.seriolae infection
trait.

The VEGF signaling pathway is intricately involved in numerous
ligand-receptor interactions that orchestrates various processes (Penn
et al., 2008). VEGF, known as a multifunctional angiogenic regulator, is
capable of stimulating epithelial cell proliferation and promoting blood
vessel formation. It also has been characterized as a vascular perme-
ability factor due to its capacity of inducing tissue edema(Lee et al.,
2004). It has been proved that VEGF-A activated VEGF receptor2 tyro-
sine kinase, inducing angiogenesis and increase vascular permeability
(Peach et al., 2018). Vascular barrier could significantly influence the
containment of antigen spreading and inflammation. Intestine vascular
barrier dysfunction will lead to intestine inflammation. In this study, we
observed enrichment of VEGF signaling pathway in up-regulated genes.
And we found that spotted sea bass infected with N.seriolae exhibited
severe intestine inflammation. Therefore, N.seriolae infection may
impair the intestine barrier and induce an increase in inflammatory
cytokines, activating the VEGF signaling pathway, which induces
angiogenesis and increases vascular permeability.

mTOR orchestrates the assembly of two distinct complexes, mnTORC1
and mTORC2, to regulate various progresses, including autophagy
(Laplante and Sabatini, 2012). Autophagy acts as a means to eliminate
misfolded proteins and dysfunctional organelles, which is also a way to
clear invading pathogens(Morishita and Mizushima, 2019). During
cellular stress when mTORCI is inactive, autophagy will be initiated
(Dossou and Basu, 2019). Researches show that autophagy related genes
were up-regulated after pathogens invasion in fish(Nombela et al., 2019;
Wang et al., 2021). Contrary to prevailing research findings, our
investigation reveals a divergence. Notably, genes up-regulated in the
120 h vs. 0 h comparison group exhibit enrichment in the mTOR
signaling pathway, while down-regulated genes manifest enrichment in
several autophagy-related pathways and GO terms. This incongruity
prompts a deeper exploration. Studies showed that the transcription
factor p53 intertwines with autophagy through mTOR inhibition (Feng
et al., 2005), while in other study, cytoplasmic p53 was able to repress
the autophagy(Tasdemir et al., 2008). The p53 and autophagy are
functionally intertwined. Recently, studies in large yellow croaker
showed that the involvement of a cd82a-mediated p53 signaling
pathway activation in response to VWND(Bai et al., 2022). Remarkably,
our findings unveil that the up-regulated overlapping genes are also
enriched in the p53 signaling pathway. In light of our study, it is plau-
sible to infer that when faced with an overwhelming barrage of patho-
gens, the cellular milieu succumbs to external pressures, surpassing its
coping capacity. The down-regulation of autophagy-related genes leaves
the organism bereft of its intrinsic defense mechanisms, thereby setting
the stage for the activation of programmed cell death pathways.
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Simultaneously, the suppression of key autophagic genes such as atg101
and bcll culminates in the paralysis of the autophagy program, unrav-
eling the cell's innate self-protective mechanisms. These findings un-
derscore the intricate balance between autophagy, apoptosis, and
pathogen-induced cellular responses, thereby enriching our compre-
hend of host-pathogen interactions at the molecular level.

In the intricate landscape of host-pathogen interactions, alternative
splicing emerges as a pivotal regulatory mechanism orchestrating im-
mune responses against pathogen infection. The DAS genes of large
yellow croaker infected with Cryptocryon irritans were predominantly
enriched in immune related pathways(Qu et al., 2022). Similarly,
studies in tongue sole (Cynoglossus semilaevis) unveiled the participation
of DAS events in the immune response after Vibrio anguillarum infection,
and they also found two isoforms of hp genes to exert divergent effects
on the expression of immune factors (Han et al., 2024). In our investi-
gation, we discern that DAS genes were significantly enriched in RIG-I-
like receptor signaling pathway. In aquatic animals, RLRs exhibit
structural and functional diversity including RIG-I, MDAS5, and LGP2,
each exerting differential regulatory effects on the expression of IFNs.
(Liang and Su, 2021). For instance, RIG-Ib notably potentiates the
activation of IFN promoter, whereas RIG-Ia remains inert in zebrafish.
Similarly, zebrafish MDA5a emerges as a potent inducer of IFN promoter
activation, outstripping the efficacy of MDA5b(Zou et al., 2015; Zou
et al., 2014). Trout LGP2a plays a positive regulatory role in antiviral
response, while LGP2b exerts a negative regulatory effect on the anti-
viral signal transduction induced by LGP2a by competing with viral RNA
PAMP(Chang et al., 2011). Overall, different isoforms may have
different functions to regulated the expression of downstream genes.
Our study uncovered the possibility that genes involved in the RIG-I-like
receptor signaling pathway may have different isoforms, ultimately
shaping immune responses against N.seriolae infection in spotted sea
bass. In addition, we also found a cadre of immune-related genes within
the DAS gene set, including E3 ubiquitin-protein ligase genes, C-type
lectin domain-containing protein (clc4c), mif, and LOC111227158,
which indicated that their plausible role in orchestrating responses to N.
seriolae infection in spotted sea bass and AS played an important roles
under various immune related responses, like proteolysis pathways, cell
apoptosis and the activation of innate and adaptive immunity.

In summary, in our current investigation, the pathogenic bacterium
N.seriolae caused the formation of numerous white or grey nodules on
gills and in visceral mass. The histological analysis showed the structural
changes of the spleen after N.seriolae infection in different stages. We
provided a time series of gene expression profiles within the spleen of
spotted sea bass after N.seriolae infection, along with their involved
signaling pathway. We identified 10 pivotal immune-related hub genes
by WGCNA. We carried out the AS analysis to investigate the potential
impact of DAS events on immune response. These results offer novel
insights to the molecular regulatory mechanism governing the immune
response against N.seriolae invasion, and lay a foundational framework
endeavor aimed at breeding spotted sea bass endowed with heightened
disease resistance.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2024.741178.
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