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Abstract

:

The golden pompano (Trachinotus ovatus) is one of the most economically valuable marine fishes in South China. Streptococcus agalactiae, an infectious Gram-positive bacterium that is highly destructive for golden pompano culture, has recently caused massive losses to the golden pompano industry. This study aimed to investigate the dynamic immune response of golden pompano to S. agalactiae infection, using RNA-seq analysis at two different time points after infection. Abundances of differentially expressed genes (DEGs) gradually increased in the liver and spleen 48–120 h post-infection, whereas those in the head kidney were lower at 120 h than at 48 h. Pathway enrichment analysis of DEGs revealed that genes related to the complement system were continuously transcribed between 48 and 120 h. Metabolic and immune-regulation-related pathways were highly enriched in the liver 48 h after infection. Transcriptome analysis was verified using quantitative PCR for eight genes with similar expression trends. This study revealed the inflammatory response of golden pompano after S. agalactiae infection, including inflammation-related chemokines and signaling pathways. Our findings provide a theoretical basis for studying S. agalactiae resistance in golden pompano and provide a reliable resource for the genetic breeding of fish.
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1. Introduction


The golden pompano (Trachinotus ovatus) is an economically important fish usually farmed in deep water nets off the coast of the southeastern part of China. The value of rearing golden pompano has increased considerably with the introduction of deep water netting in aquaculture [1]. However, disease outbreaks due to poor water circulation and other rearing problems have caused severe economic losses [2]. Therefore, research on disease resistance and immunology in fish has recently received considerable attention.



RNA-seq is a powerful tool for studying gene expression profiles under different physiological and pathological conditions [3,4]. Transcriptomic analysis of the immune response to bacterial infections (e.g., Aeromonas hydrophila, Edwardsiella, Vibrio alginolyticus, and Streptococcus agalactiae) has been performed in specific immune tissues (spleen, liver, and head kidney) of some fish [5,6,7,8,9,10,11]. There is evidence that diverse fish species can activate the complement system, pattern recognition pathways, and B-cell and T-cell receptors in response to bacterial infections [12]. Even though these studies have revealed the immune response mechanisms of fish during the bacterial infection process, little research has been performed using transcriptomic analysis to study the dynamic immune response of fish over time and across organs.



Toxicological exposure to bacteria can cause physiological changes in bony fish, disrupt their immune systems and metabolic processes, weaken their natural defenses, and increase the risk of infectious diseases [13]. S. agalactiae is commonly referred to as group B Streptococcus. It is a Gram-positive parthenogenic anaerobic coccus that causes infectious diseases in humans and other animals, including fish. The high pathogenicity and pathogenic mechanisms of S. agalactiae have been extensively studied in several animal species, including humans, rats, cattle, and horses [14,15,16]. To our knowledge, no study has systematically examined the global gene expression and pathways in response to S. agalactiae infection in golden pompano. However, it is necessary to understand how golden pompano respond to bacterial infections to prevent and control diseases.



The liver defends against pathogenic bacteria by regulating immune and metabolic-related pathways [17]. In addition, the spleen and head kidney produce many cytokines and chemokines in response to a pathogen infection due to the large numbers of macrophages and neutrophils [18,19,20].



To better understand the immune response of golden pompano to bacteria, this study investigated the transcriptomic characteristics of the head kidney, spleen, and liver 48 and 120 h after artificial infection with S. agalactiae. All clean reads from the golden pompano reference genome were mapped using available whole-genome sequences. According to our analysis, a significant number of differentially expressed genes (DEGs) were involved in pathways related to ligation/adhesion, pathogen recognition, cell surface receptor signaling, and immune responses. Studying the molecular processes involved in immune responses to bacterial infections can advance our understanding of the immune mechanisms of golden pompano and provide recommendations for selective breeding.




2. Materials and Methods


2.1. Ethical Statement


The Committee of the South China Sea Fisheries Research Institute, Chinese Academy of Fisheries Sciences (no. SCSFRI96-253), approved the animal protocols, and all experiments were performed under the applicable standards.




2.2. Fish, Bacterial Challenge, and Sampling


Healthy juvenile golden pompano (30 ± 1.2 g) were obtained from the fish breeding base at the Shenzhen Experimental Base (114.58° E 22.49° N). Before bacterial infection, the fish were domesticated and cultured, in a laboratory setting, in 140 L water, with a temperature of 27 ± 0.5 °C, salinity of 25‰, and dissolved oxygen above 5.5 mg/L. Fish were fed twice per day (9:00 a.m. and 4:00 p.m.) using a healthy golden pompano diet (Guangdong Yuequn Biological Technology LTD, golden pompano compound feed), at approximately 4% of their biomass per feeding.



S. agalactiae used for the immune challenge was isolated from diseased golden pompano. Before the experiment, bacteria were inoculated into BHI liquid medium and incubated on a shaker at 140× g and 27 °C for 24 h. As previously reported, the test group was injected intraperitoneally with 200 μL of an S. agalactiae suspension per fish (120 h half lethal amount: 2.0 × 107 CFU/fish), and the control group was injected with an equal amount of phosphate-buffered saline per fish. The experimental and control groups were established using three replicates of 12 fish each. Nine fish were randomly selected from the experimental group at 48 and 120 h post-injection and the control group was selected at 0 h as one biological sample. The sampled fish were euthanized with eugenol (40 mg/L) [21], and samples of the liver, spleen, and head kidney were collected and placed in a 1.5 mL centrifuge tube. Each tissue sample was immediately soaked in liquid nitrogen and stored at −80 °C until RNA extraction was performed.




2.3. RNA Extraction and Sequencing


TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) was used to isolate total RNA, which was then analyzed using NanoDrop (Thermo Fisher Scientific) to determine its concentration, mass, and integrity [22]. Input RNA samples were prepared using 3 µg RNA. Poly-T-oligo magnetic beads were used to purify the mRNA from the total RNA. Divalent cations were used to fragment DNA at high temperatures in Illumina’s proprietary fragmentation buffer. A random oligonucleotide primer and SuperScript II were used for first-strand cDNA synthesis. RNase H and DNA polymerase I were used to synthesize cDNA from the second strand. Exonuclease/polymerase activity was used to convert the remaining overhang to blunt ends and to eliminate the enzyme. Hybridization was performed using Illumina PE oligonucleotides after they were adenylated at the 3′ ends of DNA fragments. A 400–500 bp cDNA fragment was selected, and the library fragment was purified using the AMPure XP system (Beckman Coulter, Pasadena, CA, USA). DNA fragments were selectively enriched for both end-joined molecules in a 15-cycle PCR reaction using an Illumina PCR primer cocktail. The products were purified (AMPure XP system) and quantified on an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) using Agilent High-Sensitivity DNA Analysis. Sequencing libraries were sequenced on a NovaSeq 6000 platform (Illumina) by Suzhou PANOMIX Biomedical Tech Co., Ltd. Transcriptome sequences were mapped to an existing genome of T. ovatus (GenBank GCA_900607315.1).




2.4. Differential Gene Expression Analysis


The read count value of each gene with the original gene expression was statistically compared using HTSeq (0.9.1) and then normalized using FPKM. For DEG analysis, we used DESeq (1.30.0) with the following filters: expression difference multiplicity |log2FoldChange| > 1 and significant p-value < 0.05 [23]. Two-way clustering analysis was performed using the pheatmap (1.0.8) package in R [24]. The distances based on the expression levels of the same gene in different samples and the expression patterns of different genes in the same sample were calculated and clustered using the Euclidean and complete chain methods, respectively, to obtain the maps.




2.5. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment Analyses


Genes were mapped to terms in the GO database, and the number of differentially enriched genes was calculated for each term [25]. GO enrichment analysis of DEGs was performed using topGO, and p-values were calculated using the hypergeometric distribution method to identify GO terms that were significantly enriched (p < 0.05) for differential genes and to determine the main biological functions of differential genes [26]. ClusterProfiler (3.4.4) software was used to perform KEGG pathway enrichment analysis of the DEGs [27,28], focusing on the significantly enriched pathways.




2.6. Verification Result via qPCR


The Applied Biosystems 6300 RT-PCR system (Waltham, MA, USA) was used to detect the mRNA expression levels of selected DEGs in the spleen, head kidney, and liver. The target gene expression was determined via qPCR using a Roche LightCycler 480 II system (Roche Diagnostics, Shanghai, China). The reaction volume of qPCR was 12.5 μL. Melting curve analysis was performed based on a denaturation step at 95 °C for 30 s followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The experiment was repeated three times per sample to ensure accuracy. The primers are listed in Table 1, and amplification efficiency exceeded 90%. EF-1α was selected as the internal reference gene because it was not affected by S. agalactiae infection in our study. The expression levels of target genes relative to the control group were calculated using the 2−ΔΔCT method [29].




2.7. Statistical Analysis


The data obtained from the experiments were analyzed using SPSS statistical software. All data are expressed as the means ± standard errors. Significant differences between the group means were analyzed using a one-way analysis of variance and Duncan’s multiple comparison test, and differences were considered significant at p < 0.05 [30].





3. Results


3.1. Transcriptome Sequencing and Raw Read Data Analysis


Twenty-seven high-quality cDNA libraries were constructed from the liver, spleen, and head kidney, and sequenced using the NovaSeq 6000 platform (Illumina) (Supplementary Table S1). Liver samples yielded 39,676,608–53,730,328 raw reads with Q20 and Q30 (quality score) values greater than 97.5% and 94.2%, respectively. In spleen samples, the raw reads ranged from 38,767,690 to 48,411,046 with Q20 and Q30 greater than 97.5% and 93.9%, respectively. In head kidney samples, the raw reads ranged from 40,243,318 to 47,852,690 with Q20 and Q30 scores greater than 97.5% and 93.7%, respectively. After filtration, clean reads were mapped to golden pompano sequences, with mapping rates for each sample exceeding 92% in the liver samples and 96% in the spleen and head kidney samples (Supplementary Table S2).




3.2. DEG Analysis during S. agalactiae Infection Stress


We compared the gene expression between the experimental and control groups after S. agalactiae infection and identified 6061, 7775, and 5177 DEGs in the liver, spleen, and head kidney, respectively. The total numbers of upregulated and downregulated DEGs in the liver samples were 3714 and 2347, respectively (Table 2). After 48 h of infection, the total number of DEGs was lower than that at 120 h, and the number of upregulated DEGs was significantly higher than the number of downregulated DEGs at all time points (p < 0.05). In addition, the number of upregulated and downregulated DEGs in the liver continued to increase between 48 and 120 h.



The total number of upregulated and downregulated DEGs in spleen samples was 3557 and 4198, respectively (Table 2). The proportions of upregulated and downregulated DEGs 48 h post-infection were 43.4% and 56.6%, respectively. After 120 h of infection, the percentage of upregulated DEGs increased; however, it remained lower than that of downregulated DEGs. Overall, the total number of DEGs after 120 h of infection (4617) was higher than that after 48 h (3138).



The total numbers of upregulated and downregulated DEGs in the head kidney samples were 2229 and 2948, respectively (Table 2). The number of DEGs after 48 h post-infection in the head kidney (3554) was significantly higher than that after 120 h (1623). The percentage of downregulated DEGs at 48 h was 66.2% and that of upregulated DEGs increased (63.2%) after 120 h of infection.




3.3. DEG Functional Analysis


In total, 98,661 GO-annotated DEGs and 11,299 KEGG-annotated DEGs were detected in the liver; 102,177 GO-annotated DEGs and 12,566 KEGG-annotated DEGs were observed in the spleen; 78,267 and 9440 DEGs were annotated in the liver by the GO and KEGG databases, respectively (Table 3). Among all of the DEGs in the spleen, liver, and head kidney at different time points post-infection, the proportion of GO-annotated DEGs was distinctly higher than that of KEGG-annotated DEGs.



GO enrichment analysis was performed using topGO, where the gene list and the number of genes were calculated for each term using GO-annotated DEGs. The results of the GO enrichment analysis of DEGs were classified into GO categories according to molecular function, biological process, and cellular component. The top 10 GO term entries with the smallest p-value and the most significant enrichment in each GO classification were selected (Figure 1). The liver, spleen, and head kidney were enriched for multiple GO terms at both 48 and 120 h time points.



With regard to liver molecular function enzyme activity, peptidase activity GO terms were detected at 48 h, and hydrolase activity GO terms were detected at 120 h. Among biological processes, GO terms related to the immune response, protein decomposition, chemotaxis, and cell metal ion homeostasis were detected at 48 h, and GO terms related to metabolic processes were detected at 120 h. In addition, collagen trimer was detected in cell components at 120 h. The GO terms MHC class II protein complex, MHC protein complex, anchored component of membrane, and peptidase complex were detected at 48 h. Moreover, many upregulated genes were enriched in the phagosome, proteasome (Supplementary Figure S1), and ubiquitin-mediated proteolysis (Supplementary Figure S2).



Most GO terms related to biological processes and molecular functions in the spleen, including cytokine activity, chemokine activity, and enzyme inhibitor activity, were detected at 48 h. At 120 h, serine-type peptidase activity and serine hydrolase activity were detected. In biological processes, GO terms related to the response to stimulus, signal transduction, and cellular response to stimulus were detected at 48 h. GO terms related to stimulus and signal transduction were detected at 120 h.



Unlike in the liver and spleen, in the head kidney the 48 h GO enrichment was more significant than the 120 h GO enrichment and was most pronounced in terms of molecular functions. GO terms related to heme binding, chemokine activity, and chemokine receptor binding were detected at 48 h. At 120 h, enzyme activity, such as serine-type endopeptidase activity, was detected. Regarding biological processes, GO terms related to head kidney development, renal system development, and immune responses were detected at 48 h. At 120 h, GO terms related to leukocyte differentiation, cytokine responses, and cell activation were detected.



After infection, KEGG enrichment analysis was used to identify the 20 most enriched pathways in the liver, spleen, and head kidney (Figure 2). Among them, cytokine–cytokine receptor interactions (ko04060), hematopoietic cell lineage (ko04640), and complement and coagulation cascades (ko04610) were significantly enriched in the liver, spleen, and head kidney at 48 h and 120 h. Moreover, the JAK-STAT signaling pathway was strongly enriched.




3.4. Inflammation-Related Genes against S. agalactiae Infection


After infection, several inflammatory cytokine-related DEGs were detected in the liver, spleen, and head kidney. Three TNF and three TNF receptors (TNFR) were detected in the liver, spleen, and head kidney. In the liver, TNFα, TNFβ, TNFR3, and TNFR5 were significantly upregulated at 48–120 h (p < 0.05). In the spleen, TNFα and TNFR3 mRNA were significantly upregulated at 48–120 h (p < 0.05), and TNFβ was only significantly upregulated at 120 h (p < 0.05). The gene expression of TNF in the head kidney differed from that in the liver and spleen; however, significant differences were only observed at 120 h after infection. Seven interleukins and nine interleukin (IL) receptors were detected in the liver, spleen, and head kidney. IL-1β, IL-6α, and IL-1 mRNAs were significantly upregulated at 48–120 h (p < 0.05) in the liver and spleen. IL-17α and IL-6β mRNAs were significantly upregulated only at 120 h (p < 0.05), and IL-15 was also significantly upregulated in the spleen at 120 h (p < 0.05). In the head kidney, IL-1β, IL-6, and IL-11 mRNAs were significantly upregulated at 48 h (p < 0.05), and IL-8 mRNA was highly expressed at 120 h (p < 0.05). Notably, the expression of colony-stimulating factor 1 (CSF1), interferon γ (IFNγ), and IFNγ receptor (IFNγR) were detected in the spleen; CSF1, IFNγ, and IFNγR mRNAs were highly expressed at 48–120 h (Supplementary Figure S3).




3.5. Inflammation-Related Pathways against S. agalactiae Infection


Based on the 19,553 DEGs that were co-detected in the liver, spleen, and head kidney, ten inflammation-related pathways were significantly enriched in the KEGG enrichment analysis, namely the chemokine signaling pathway, cytokine–cytokine receptor interaction, JAK-STAT signaling pathway, Th17 cell differentiation, complement and coagulation cascades, MAPK signaling pathway, TNF signaling pathway, NF-κB signaling pathway, Th1 and Th2 cell differentiation, and antigen processing and presentation (Table 4). The cytokine–cytokine receptor interaction signaling pathway is important for cell signaling as it mediates downstream signal transduction of chemokines and JAK-STAT pathways. Thirteen chemokine DEGs were detected in the liver, spleen, and kidney after infection.



In the liver, IL-2α, Janus kinase 1 (JAK1), and suppressor of cytokine signaling 1 (COCS) mRNAs were significantly upregulated at 48–120 h (p < 0.05). However, IL-2α, ciliary neurotrophic factor, and tyrosine-protein phosphatase non-receptor type 6 were significantly upregulated at 48 h (p < 0.05) but were downregulated at 120 h. IL-2α, IL-2 rα, and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α/β mRNA were significantly upregulated in the spleen at 48–120 h. JAK1, signal transducer, and activator of transcription 1 (STAT1) mRNAs were significantly upregulated only at 48 h (p < 0.05). However, four and a half LIM domains of protein 1 (SLIM) and cytokine-inducible SH2-containing protein mRNA were significantly downregulated only at 48 h (p < 0.05). Additionally, except for the glial fibrillary acidic protein, no significant differences were observed in the gene expression in the spleen at 120 h compared to 0 h. In the head kidney, only a few genes were upregulated or downregulated at the mRNA level; CXC motif chemokines 1/2/3/13 were significantly upregulated (p < 0.05), whereas CXC chemokine receptor type 2 (CXCR2) was significantly downregulated (Supplementary Figure S3).



In addition, DEGs of inflammatory signaling pathways were detected in the liver, spleen, and head kidney after infection. In the liver, the mRNA levels of the NF-κB inhibitor alpha-like (IKBα) and caspase-8 were significantly increased at 48 h (p < 0.05), and that of the NF-κB kinase subunit alpha (IKKα) was significantly increased at 120 h (p < 0.05). In the spleen and head kidney, IKBα, IKBβ, and caspase-8 mRNA were significantly upregulated at 48 h (p < 0.05). However, caspase-3 was only significantly upregulated at 120 h (p < 0.05) (Supplementary Figure S3).




3.6. Validation of RNA Sequencing Data Results via qPCR


To validate the DEGs identified through comparative transcriptome analysis, we randomly selected eight genes at each time point (48 and 120 h post-infection) to confirm the differential expression via qPCR. Three sets of biological samples (n = 5 per pool) from the control and S. agalactiae-infected groups at different time points were used in the qPCR analysis. As shown in Figure 3, the results of the comparative analysis of all detected genes and transcriptomes were consistent, and there was little difference in expression levels. There was no significant difference in expression between the two methods, indicating the accuracy of transcriptome expression analysis. Melting curve analysis showed that only one product was amplified, indicating that the reference assembly was accurate and did not contain a large number of chimeric transcripts.





4. Discussion


Bacterial infections develop through pathogen–host interactions, and a strong response to the pathogen is necessary for the host’s survival [31]. We have previously studied the physiological and pathological changes of Streptococcus aureus infection in golden pompano, but failed to study its pathogenic mechanisms in depth [32]. Using modern molecular biology techniques to conduct transcriptomic analysis of the resistance of infected hosts and analyzing the expression and function of differential pathogenic genes during infection will help further clarify the pathogenic mechanisms involved. Such research will provide a theoretical basis for the prevention and treatment of diseases. Transcriptomics is widely used in marine animal research as it provides a vast amount of genetic data and lays the foundation for studies on aquatic animal growth and development, molecular markers, genetic improvements, and stress [33,34]. Using transcriptomics, analyzing the differential expression of genes is commonly applied to identify DEGs at the mRNA level [35,36,37].



4.1. Dynamic Immune Response of Golden Pompano against S. agalactiae


Previous transcriptomic analyses of the immune response to bacterial infection in fish have focused on specific tissues or time points after infection [4,17]. However, studies investigating the immune response in multiple tissues and at various time points after bacterial infections are limited. In the present study, we used RNA-seq to examine the course of immune responses in the liver, spleen, and head kidney at two different time points after infecting golden pompano fish with S. agalactiae. The spleen had the largest number of DEGs, followed by the liver, and then the head kidney. Overall, the number of DEGs annotated in the liver, spleen, and head kidney based on the GO database was higher than that based on the KEGG database (Table 2). This differential expression in golden pompano was similar to that reported in adult zebrafish infected with S. agalactiae for 24 and 48 h [38]. GO and KEGG enrichment analyses at different time points after infection showed differences in the biological functions of the liver, spleen, and head kidney.



The number and level of DEGs in the liver increased with time, as shown by the 48 h and 120 h post-infection levels. KEGG enrichment analysis revealed that during this period, the TNF signaling pathway (ko04668), NF-κB signaling pathway (ko04064), and complement and coagulation cascades (ko04610) were enriched. These results suggest that an immune response occurs in the liver 48 h after infection and is mediated by the production and activation of cytokines. It is then that the complement system plays an important role [39]. This immune dynamic is similar to that reported in Pelteobagrus fulvidraco after infection with Edwardsiella ictaluri [40]. Additionally, considerable energy is consumed during the inflammatory response to infection [41]. In the liver GO enrichment analysis, GO terms associated with fat digestion and absorption (ko04975) processes were detected at 48 h, whereas in the KEGG enrichment analysis, glycerolipid metabolism (ko00561), amino sugar and nucleotide sugar metabolism (ko00520), and fructose and mannose metabolism (ko00051) were enriched at 120 h after infection. This indicates that metabolic regulation in the liver of golden pompano is activated within 48 h of infection to provide energy for the immune response against bacterial infections.



In the spleen, the number of DEGs increased at 48 h after infection. Pathways related to DNA replication, cell cycle, RNA translocation, transcription, translation, and cellular metabolism of bacterial proliferation were enriched during infection. The glycolysis/gluconeogenesis pathway is essential for energy generation. Significant upregulation of genes in the glycolysis/gluconeogenesis pathway was also observed in golden pompano infected with S. agalactiae. Moreover, apoptosis (ko04210) was detected in the KEGG enrichment analysis. Because host signaling pathways play an essential role in many cellular processes [42], bacteria regulate these pathways in various ways; bacterial infections can activate PI3K-Akt/PKB signaling (ko04151) in golden pompano spleens, which induces bacterial replication and apoptosis [5]. In the present study, the PI3K-Akt/PKB signaling pathway was enriched for 88 DEGs at 120 h post-infection, most of which were related to cell activation. Activated PKB can directly phosphorylate apoptotic precursor proteins, such as BAD, and prevent apoptotic pathway activation [37,43]. This explains our observation of severe apoptosis in the spleen of golden pompano following infection with S. agalactiae.



The number of DEGs in the head kidney of golden pompano after infection with S. agalactiae was lower at 120 h than at 48 h. In the golden pompano spleen, cytokines were expressed at both 48 and 120 h, and a cytokine–cytokine receptor interaction (ko04060) was detected in the KEGG enrichment analysis at 48 and 120 h. Chemokines, a class of small extensively regulated cytokines or signaling proteins, are secreted by cells to induce targeted chemotaxis in nearby cells [44]. These results suggest that cytokines can be consistently and significantly transcribed in the spleen of golden pompano after S. agalactiae infection. A similar expression pattern was found in common carp [45].



Notably, the cytokine–cytokine receptor interaction (ko04060), hematopoietic cell lineage (ko04640), and complement and coagulation cascades (ko04610) were enriched in the liver, spleen, and head kidney during the whole assay. The JAK-STAT signaling pathway is a hub for cytokine secretion [46]; several pro-inflammatory molecules signal via the JAK-STAT pathway to mediate downstream effects and activate gene transcription to regulate local and systemic inflammation in response to bacterial infection [47]. These findings indicate that the immune response is ongoing, the innate immune and coagulation systems interact, and in pathological situations, they are organically linked to coordinate defense against pathogenic invasion and damage to the organism.




4.2. Changes in the Expression of Inflammation-Related DEGs in S. agalactiae Infection


In fish, antimicrobial peptides belong to the innate immune system and have an important defense function. Antimicrobial peptide expression occurs mainly after recognizing binding patterns between receptors and pathogenic molecules. The binding induces the activation of transcription factor NF-ĸB, leading to the production of antimicrobial peptides and other pro-inflammatory factors. Host immune responses against microorganisms are regulated and mediated by several molecules that can exert both pro-inflammatory and anti-inflammatory roles [48,49,50]. When the inflammatory process is initiated, several pro-inflammatory cytokines, such as IL-1β, IL-8, and TNF, are activated and released [51,52]. IL-11, a member of the IL-6 cytokine family, exhibits multiple pro-inflammatory and anti-inflammatory effects, such as stimulation of the acute-phase response and induction of immunoglobulin production [53]. IL-11 can bind to macrophage receptors to form a positive feedback regulation mechanism, causing cells to produce inflammation [54]. Meanwhile, IL-11 can also play an anti-inflammatory role by inhibiting inflammatory factors, such as TNF and IL-12, or enhancing the expression of the inhibitor of NF-κB (IκB) to inhibit IκBα. This finding was also verified by inflammation in Ctenopharyngodon idella infected with A. hydrophila [55]. Moreover, IL-11 mediates its anti-inflammatory effects by promoting the binding of NF-κB to TNF and IL-1β promoter sites. IL-12 acts as a pro-inflammatory factor and can promote the differentiation of Th1 cells. Differentiated Th1 cells produce IFNγ, which can indirectly activate neutrophils [56]. IL-17α, an important inflammatory factor in Th17 cells, can induce both chemokines and inflammatory factors [57].



Chemokines are a class of low-molecular-weight proteins secreted by cells upon activation by pathogenic factors such as viruses, bacteria, and parasites, and can induce leukocyte chemotaxis [58]. CXC13 mainly attracts lymphocytes and monocytes after pathogenic bacterial infection [59]. Tian et al. found that a triple vaccine quickly induced significant upregulation of CXC13 in the visceral tissue of Larimichthys crocea, suggesting that CXC13 is involved in the inflammatory response caused by bacterial infection [60]. CXC13 maintained a high expression level in this study after S. agalactiae infection. This result showed that it might be involved in the chemotaxis process of phagocytes after infection.



Many inflammatory cytokines, such as IL-1β, IL-12, IL-17, and IFNγ, have been reported. They are mainly synthesized by peripheral immune cells (such as macrophages, lymphocytes, and fibroblasts), participate in immune and inflammatory responses and reactions, and play essential roles in the chemotaxis and activation of macrophages, neutrophils, and lymphocytes [61,62,63]. In the present study, the mRNA expression levels of the four factors were significantly increased after infection, indicating that phagocytosis played an essential role in the defense against S. agalactiae infection. At the same time, IFNγ activates the JAK-STAT signaling pathway through IFNγR1 and IFNγR2 [64]. Many genes, such as IL-1β, IL-12, IL-17, and IFNγ, play similar roles in mammals [61,62,63]. IFNγ activates the JAK-STAT signaling pathway through IFNγR1 and IFNγR2 [64].




4.3. Changes in the Expression of the JAK-STAT Signaling Pathway against S. agalactiae


The JAK-STAT signaling pathway plays a key role in regulating the functions of various cells and maintaining stem cell homeostasis during the adaptive immune response of the fish liver, spleen, and head kidney (Supplementary Figure S4) [65]. Transcriptional gene activator proteins are involved in the signal transduction process of various cytokines and growth factors in cells, and this pathway plays a role in signal transduction. There is a close connection between the JAK-STAT pathway and cell proliferation, differentiation, apoptosis, bacterial infection, immune regulation, and inflammation [66]. During regulation of the JAK/STAT pathway, STAT1 and STAT4 can regulate type I interferon, which plays a crucial role in natural killer cells. When Mycobacterium tuberculosis infects macrophages, JAK/STAT signaling is rapidly activated, reducing infection risk. STAT1 is rapidly phosphorylated, and the transcription of downstream apoptotic factors is promoted [67,68].



In the present study, several DEGs were involved in the JAK/STAT pathway. Regarding the JAK family, JAK1, JAK2, JAK3, and TYK2 are widely distributed in the liver, spleen, and head kidney, and JAK1 has been shown to play a key role in the overall immune response [69]. Similarly, IFNγ-mediated STAT1 signaling induces macrophages to enhance resistance to bacteria, conferring protection to the host [70]. STAT3 acts as an important mediator of IL-6 and IL-22, plays a pro-inflammatory role in regulating the adaptive immune system, and exhibits an important protective effect on innate immune cells [71]. Additionally, it has been shown that inflammation develops because of the co-activation and interaction of multiple STATs [72]. Together with previous research, our results suggest that this pathway may have an essential role in the host’s response to S. agalactiae infection.



Collectively, these findings indicate that the immune system of golden pompano is rapidly activated upon S. agalactiae infection to fight invading pathogens. Although we systematically elucidated the immune response of golden pompano infected with S. agalactiae, we were limited to analyzing spatiotemporal expression patterns in the liver, spleen, and head kidney after infection. In the future, we plan to further study the spatiotemporal expression patterns in various immune tissues and the pathogenesis of fish infections.





5. Conclusions


This study describes the immune responses, at the mRNA level, of the liver, spleen, and head kidney at different times after infection. Our results indicate that multiple inflammation-related signaling pathway genes are dysregulated during S. agalactiae infection. The slightly lower expression levels of most genes in immune-related pathways relative to those of inflammatory genes suggest that S. agalactiae may suppress the host’s innate immunity. Future research will focus on screening for those DEGs associated with S. agalactiae resistance to improve survival. In conclusion, the transcriptomic data and related analyses presented here will contribute to a better understanding of the defense mechanisms related to bacterial infections and provide essential information regarding the immune regulation of bacterial diseases in golden pompano.
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Figure 1. The 30 most enriched GO terms in the liver, spleen, and head kidney of golden pompano at various time points following S. agalactiae challenge. Notes: CC, cellular component; MF, molecular function; BP, biological process. 
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Figure 2. Bubble chart of KEGG pathway enrichment of DEGs in the (A) liver, 48 h vs. 0 h; (B) liver, 120 h vs. 0 h; (C) spleen, 48 h vs. 0 h; (D) spleen, 120 h vs. 0 h; and (E) head kidney, 48 h vs. 0 h and (F) 120 h vs. 0 h. The vertical axis represents the pathway categories, and the horizontal axis shows the DEG ratio. The point size shows the number of DEGs enriched in the KEGG pathway. The point color shows different Q values, as indicated on the right. 
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Figure 3. Comparison of the transcriptome sequencing results and qRT-PCR determination of the DEG expression profiles. (A,C,E) show the liver, spleen, and head kidney 48 h after infection, respectively. (B,D,F) show the liver, spleen, and head kidney 120 h after infection, respectively. 
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Table 1. Primers used for mRNA expression analysis.
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Primer Name

	
Primer Sequences (5′−3′)

	
Amplification Target






	
Caspase-3-F

	
GCTGCTCTACTGCTTCTGCCTGATG

	
qRT-PCR




	
Caspase-3-R

	
TGGCTGAGGATTGTGATGTTGCTG




	
Caspase-8-F

	
GCAACAAAACAGCCATCCA

	
qRT-PCR




	
Caspase-8-R

	
GCAGGGGTAAAGGGTCATT




	
TNF-α-F

	
GCTCCTCACCCACACCATCA

	
qRT-PCR




	
TNF-α-R

	
CCAAAGTAGACCTGCCCAGACT




	
NF-κB-F

	
CGTGAGGTCAGCGAGCCAATG

	
qRT-PCR




	
NF-κB-R

	
ATGTGCCGTCTATCTTGTGGAATGG




	
1L-8-F

	
TGCATCACCACGGTGAAAAA

	
qRT-PCR




	
1L-8-R

	
GCATCAGGGTCCAGACAAATC




	
C4-F

	
TGGAGAAAAAGTTAAAGGGGC

	
qRT-PCR




	
C4-R

	
CAGGAAGGAAGTATGAGCGAGT




	
Bax-F

	
ACTGAGCAGGAGCAGAAGGT

	
qRT-PCR




	
Bax-R

	
CTGAATCCAGCCCAAGAGA




	
Bcl-F

	
GGACATCGTGGAGGATTACC

	
qRT-PCR




	
Bcl-R

	
GACCGTCATTAGGCTTTGC
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Table 2. Statistics of differentially expressed genes at different time points following S. agalactiae challenge.
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Time

	
Liver

	
Spleen

	
Head Kidney




	
Upregulated (%)

	
Downregulated (%)

	
Total

	
Upregulated (%)

	
Downregulated (%)

	
Total

	
Upregulated (%)

	
Downregulated (%)

	
Total






	
48 h

	
1655 (67.28)

	
805 (32.72)

	
2460

	
1362 (43.40)

	
1776 (56.60)

	
3138

	
1203 (33.85)

	
2351 (66.15)

	
3554




	
120 h

	
2059 (57.18)

	
1542 (42.82)

	
3601

	
2195 (47.54)

	
2422 (52.46)

	
4617

	
1026 (63.22)

	
597 (36.78)

	
1623




	
Total

	
3714

	
2347

	
6061

	
3557

	
4198

	
7775

	
2229

	
2948

	
5177
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Table 3. Annotated DEGs in gene ontology and KEGG database.
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Time

	
Liver

	
Spleen

	
Head Kidney




	
Total DEGs

	
GO-Annotated DEGs

	
KEGG-Annotated DEGs

	
Total DEGs

	
GO-Annotated DEGs

	
KEGG-Annotated DEGs

	
Total DEGs

	
GO-Annotated DEGs

	
KEGG-Annotated DEGs






	
48 h

	
323,646

	
39,011

	
6320

	
326,269

	
54,618

	
6445

	
326,546

	
54,228

	
6285




	
120 h

	
327,857

	
59,650

	
4979

	
326,592

	
47,559

	
6121

	
316,992

	
24,039

	
3155




	
Total

	
651,503

	
98,661

	
11,299

	
652,861

	
102,177

	
12,566

	
643,538

	
78,267

	
9440
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Table 4. Based on KEGG enrichment analysis, ten inflammation-related pathways were significantly enriched.
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	Ko id
	Term
	Number of DEGs
	p-Value





	ko04630
	JAK-STAT signaling pathway
	77
	0.000150446



	ko04064
	NF-kappa B signaling pathway
	72
	0.000123683



	ko04060
	Cytokine–cytokine receptor interaction
	63
	2.63 × 10−10



	ko04668
	TNF signaling pathway
	52
	3.31 × 10−8



	ko04062
	Chemokine signaling pathway
	52
	9.47 × 10−5



	ko04659
	Th17 cell differentiation
	35
	0.000938016



	ko04610
	Complement and coagulation cascades
	33
	1.90 × 10−9



	ko04010
	MAPK signaling pathway
	31
	0.006077547



	ko04612
	Antigen processing and presentation
	29
	4.36 × 10−5



	ko04658
	Th1 and Th2 cell differentiation
	26
	0.004317579
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