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Pseudomonas plecoglossicida, a gram-negative bacterium, is the main pathogen of visceral white-point disease in marine fish, responsible for substantial economic losses in the aquaculture industry. The FliL protein, involved in torque production of the bacterial flagella motor, is essential for the pathogenicity of a variety of bacteria. In the current study, the fliL gene deletion strain (ΔfliL), fliL gene complement strain (C-ΔfliL), and wild-type strain (NZBD9) were compared to explore the influence of the fliL gene on P. plecoglossicida pathogenicity and its role in host immune response. Results showed that fliL gene deletion increased the survival rate (50%) and reduced white spot disease progression in the hybrid groupers. Moreover, compared to the NZBD9 strain, the ΔfliL strain was consistently associated with lower bacterial loads in the grouper spleen, head kidney, liver, and intestine, coupled with reduced tissue damage. Transcriptomic analysis identified 2 238 differentially expressed genes (DEGs) in the spleens of fish infected with the ΔfliL strain compared to the NZBD9 strain. Based on Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, the DEGs were significantly enriched in seven immune system-associated pathways and three signaling molecule and interaction pathways. Upon infection with the ΔfliL strain, the toll-like receptor (TLR) signaling pathway was activated in the hybrid groupers, leading to the activation of transcription factors (NF-κB and AP1) and cytokines. The expression levels of proinflammatory cytokine-related genes IL-1β, IL-12B, and IL-6 and chemokine-related genes CXCL9, CXCL10, and CCL4 were significantly up-regulated. In conclusion, the fliL gene markedly influenced the pathogenicity of P. plecoglossicida infection in the hybrid groupers. Notably, deletion of fliL gene in P. plecoglossicida induced a robust immune response in the groupers, promoting defense against and elimination of pathogens via an inflammatory response involving multiple cytokines.
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1 Introduction

Bacterial diseases, induced by various factors, continue to represent a considerable challenge within the aquaculture industry (1–4). Pseudomonas plecoglossicida, a conditionally pathogenic bacterium with a polar flagellum, causes a wide range of fish diseases, predominantly under low-temperature conditions (5–8). Recent reports have underscored the high infectivity and mortality rates of visceral white spot disease in large yellow croakers (Larimichthys crocea) and orange-spotted groupers (Epinephelus coioides) (6, 9). The pathogenic mechanisms employed by bacterial pathogens in fish involve various virulence factors, including toxic extracellular products (enzymes and toxins), biofilms, virulence genes, and mobile genetic factors for antimicrobial resistance (1, 10, 11). Genes such as pvdE, rpoD, and znuC are closely related to the virulence regulation of P. plecoglossicida and play critical roles in the host infection process (12–14). In addition, dual RNA sequencing (RNA-seq) analyses previously performed in our laboratory on the spleens of orange-spotted groupers infected with P. plecoglossicida revealed up-regulation of the fliL gene in the host, suggesting its potential involvement in the regulation of P. plecoglossicida virulence.

Flagella serve as essential motile organs in bacteria, playing a pivotal role in bacterial adhesion and invasion (15). The flagellar matrix, consisting of a rotor and multiple surrounding stator units, operates as a rotating motor that generates torque to turn the flagellar filament, facilitating bacterial movement (16). FliL, a membrane protein primarily localized in the periplasm, usually forms a ring around each stator unit, necessary for stator activation (17). In P. aeruginosa, FliL acts in synergy with the MotAB stator to maintain a high motor switching rate and with the MotCD stator to increase motor speeds (18). While fliL gene deletion does not affect the cellular morphology or flagella of Vibrio alginolyticus, it does significantly reduce swimming speed, especially at higher loads (16). In addition, FliL is associated with the swimming or adhesion mechanisms of Clostridium difficile, and deletion of fliL affects the ability of cells to sense surfaces (19). To date, however, the effects of fliL on P. plecoglossicida and its pathogenicity remain unexplored.

Therefore, in the current study, we compared bacterial load and tissue damage in the spleen, head kidney, liver, and intestine of hybrid groupers infected with the fliL gene deletion strain (ΔfliL) and wild-type strain (NZBD9) to explore the influence of fliL on P. plecoglossicida pathogenicity. Differences in splenic immune responses of hybrid groupers infected with the ΔfliL or NZBD9 strain were analyzed by RNA-seq to reveal the role of fliL in the P. plecoglossicida infection process within the host.




2 Materials and methods



2.1 Bacterial strains and culture conditions

The wild-type strain of P. plecoglossicida (NZBD9) used in this study was previously isolated from large yellow croaker with visceral white spot disease in our laboratory (20). The ΔfliL strain was obtained by homologous recombination after knocking out fliL gene of wild strain, and then replacing fliL gene to obtain C-ΔfliL strain (21). Bacteria were cultured in Luria-Bertani (LB) broth containing ampicillin (100 µg/mL) or tetracycline (10 µg/mL) at 18 °C and 220 rpm.




2.2 Experimental fish and feeding

Approximately 50 g of healthy hybrid grouper with body surface free of wounds and parasites were purchased from a Xiamen farm (Fujian, China) and temporarily cultured in a circulating mariculture system for two weeks to adapt to the experimental conditions. The temperature was maintained at 18 ± 1 °C, with commercial feed of no more than 3% of body weight provided daily during the temporary rearing period.




2.3 Ethics statement

All animal experiments were approved by the Ethics Committee of Jimei University (license No. JMULAC201159) and were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health.




2.4 Artificial infection experiment



2.4.1 Preparation of bacterial suspension

The NZBD9, ΔfliL, and C-ΔfliL strains of P. plecoglossicida were cultured in LB broth at 18 °C with shaking at 220 rpm overnight. After centrifugation at 4 °C and 4 000 rpm for 10 min, the bacteria were collected and washed with phosphate-buffered saline (PBS) to prepare a bacterial suspension at a dose of 5 × 104 CFU/fish. Sterile PBS was prepared for injection into the control group.




2.4.2 Mortality measurement

A total of 120 hybrid groupers of similar size and specifications were randomly divided into four groups containing 30 groupers each. The fish were inoculated with a 200-μL injection of the NZBD9 strain, ΔfliL strain, C-ΔfliL strain, or sterile PBS (negative control) into the tail. Observations were made every 12 h after the injection to record the number of fish that died each day. The dead fish were dissected to observe their internal organs and take photographs. Continuous observations and recordings were performed for 10 days.




2.4.3 Tissue sampling

A total of 240 fish were randomly divided into a NZBD9 strain-injected group, ΔfliL strain-injected group, and PBS-injected group, with the injection dose and method as described above. The spleen, liver, head kidney, and intestine were collected at 4 days post-injection (dpi) and stored in 50 mL of fixed solution (37.5 mL of 4% paraformaldehyde, 10 mL of ethanol, 2.5 mL of ice acetic acid) for histopathological observations. The same organs were collected from three fish in each group at 1–6 dpi for bacterial load determination. Additionally, spleens were collected from three fish in each group at 0–6 dpi to detect the expression of host immune-related genes, while the spleens of three fish from each group were collected at 4 dpi for transcriptome sequencing. All samples were temporarily placed in liquid nitrogen before transfer to −80 °C for storage.





2.5 Histopathological sections

Tissue samples were fixed for more than 24 h, then removed and gently rinsed 2–3 times with ultrapure water. After gradient dehydration in 70%–100% ethanol (20 min each), the samples were successively transferred to ethanol/xylene (1:1) mixture and xylene solution (twice) for transparency (20 min each), infiltrated in paraffin for 1 h at 65 °C, then embedded in paraffin. After coagulation, the tissue samples were cut into 7-μm slices in a microtome and spread on a glass slide with distilled water and dried at 37 °C.

A hematoxylin and eosin (H&E) staining kit (C0105S, Beyotime, Shanghai, China) was used according to the manufacturer’s protocols. The slides were dewaxed in xylene solution twice (10 min each), rehydrated with 100%–70% ethanol (2 min each), stained with hematoxylin solution for 5–10 min, and rinsed with running water for 10 min. The slides were then differentiated with hydrochloric acid ethanol solution for 15 s, rinsed with tap water, and stained with eosin solution for 1 min, with excess dye subsequently rinsed off. The slides were then dehydrated with 70%–100% gradient ethanol (10 s each), transparentized in xylene twice (5 min each), sealed with neutral gum and scanned under a Leica microscope after drying.




2.6 Bacterial load measurement

The DNA of each tissue sample from the infected hybrid groupers was extracted using an EasyPure Marine Animal Genomic DNA kit (TransGen Biotech, China) according to the manufacturer’s instructions. Copy number of the P. plecoglossicida housekeeper gene gyrB was used to measure bacterial load in each spleen sample (22). Analysis was performed by quantitative real-time polymerase chain reaction (qRT-PCR), performed using the QuantStudio 6 Flex Real-Time Fluorescent Quantitative PCR system (Life Technologies, USA). The reaction system (10 μL) was: 5 μL of 2 × PerfectStart Green qPCR SuperMix (TransGen Biotech, China), 0.4 μL of 10 μM upper and downstream primers, 0.5 μL of template DNA, and 3.7 μL of nuclease-free water. The gyrB primer sequence is shown in Supplementary Table 1.




2.7 Quantitative analysis of immune-related gene expression

Total RNA of each spleen sample from the infected hybrid groupers was extracted using the TransZolUpKit (TransGen Biotech, China) according to the manufacturer’s instructions. The cDNA was synthesized using TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qRT-PCR (One-Step gDNA Removal) (TransGen Biotech, China). The β-actin gene was used as a reference gene for qRT-PCR analysis, and the relative mRNA expression of the target gene was calculated using the 2-ΔΔCT method (23). The reaction system was the same as above. The relevant genetic primers are listed in Supplementary Table 1.




2.8 RNA-seq and analysis

To explore the effects of fliL from P. plecoglossicida on the immune response of the hybrid groupers, non-reference transcriptomic analysis was carried out on the spleens collected from the NZBD9 and ΔfliL strain-injection groups at 4 dpi. Total RNA was extracted from each spleen sample (30 mg) as described above. RNA concentration and purity were detected using a NanoDrop 2000, and RNA integrity was detected by agarose gel electrophoresis. The RNA integrity number (RIN) was determined using an Agilent 2100 Bioanalyzer. A Ribo-Zero rRNA kit (Epicentre, USA) was used to remove ribosomal RNA (rRNA). An Illumina TruSeq™ RNA Sample Prep kit was used to construct a library. Sequencing was performed on the Illumina NovaSeq 6000 platform (read length 2 × 150 bp) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Fastp software was used to conduct quality control of the original sequencing data, with high-quality (clean) data obtained to ensure the accuracy of subsequent analyses (24). Trinity was used to assemble all clean data (25). TransRate and CD-HIT were used to optimize and filter the obtained initial assembly sequence and BUSCO was used to perform assembly evaluation (26–28). The clean reads of each sample were finally aligned with the reference sequences obtained by Trinity assembly, and the mapped reads of each sample, which could be aligned to the number of clean reads on the assembly transcript, were obtained for subsequent quantitative analysis of genes and transcripts.

Gene and transcript expression levels were quantified using RSEM with transcripts per million (TPM) as the metric of expression (29, 30). DESeq2 was used to identify differentially expressed genes (DEGs) between groups, applying a significance threshold of P-adjusted < 0.05 and |log2 FC| ≥ 1 (31). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses were performed using GOATOOLS and KOBAS, respectively (32, 33). The Fisher method was used for accurate test, and after multiple test correction based on BH method, FDR < 0.05 indicated that there was significant enrichment of this function. In addition, eight DEGs were randomly selected from the transcriptomic analysis results, and the reliability of the RNA-seq results was tested by qRT-PCR. Details on software and validation primers used in this process are provided in Supplementary Tables 2 and 3, respectively.




2.9 Drawing and statistical analysis

GraphPad Prism (v9.0.0) and Adobe Illustrator (USA) were used for drawing and image typesetting. All data are expressed as mean ± standard deviation (SD). IBM SPSS Statistics v26.0 (USA) was used to conduct one-way analysis of variance (ANOVA) and Dunnett’s multiple comparison tests, with P < 0.05 considered statistically significant.




2.10 Data access

The RNA-seq data were deposited in the NCBI GenBank SRA database under accession numbers SRP432909 (NZBD9 strain group) and SRP433934 (ΔfliL strain group).





3 Results



3.1 Effects of fliL on P. plecoglossicida pathogenicity

The 10-day cumulative survival rate of hybrid groupers artificially infected with the P. plecoglossicida NZBD9, ΔfliL, or C-ΔfliL strains is shown in Figure 1A. Fish injected with the NZBD9 or C-ΔfliL strains began to die at 2 dpi, with the survival rates decreasing to 0% by 8 dpi and 7.5 dpi, respectively. Conversely, mortality among fish infected with the ΔfliL strain occurred one day later than those injected with the NZBD9 and C-ΔfliL strains, and no further deaths were observed after 6 dpi, resulting in a final survival rate of 50%. The PBS-injected control group exhibited no mortality. During the later stages of infection (4–6 dpi), white nodules appeared on the spleens of infected hybrid groupers. Figure 1B shows the spleen anatomy of fish from each injection group at 4 dpi, revealing numerous white nodules on the surface of the spleen in fish infected with the NZBD9 or C-ΔfliL strains, while the spleens of the ΔfliL-infected fish contained only a few white spots and the spleens of the PBS-injected fish showed a smooth surface and no white spots. These findings indicate that the virulence of the ΔfliL strain was weaker than that of the NZBD9 and C-ΔfliL strains, highlighting the significant impact of fliL on P. plecoglossicida pathogenicity.




Figure 1 | Pathogenicity of P. plecoglossicida NZBD9, ΔfliL, and C-ΔfliL strains to hybrid groupers. (A) Cumulative survival curve of each injection group of hybrid groupers; (B) Spleen of each injection group of hybrid groupers.






3.2 Bacterial load in tissues of hybrid groupers infected with NZBD9 and ΔfliL strains

The bacterial load of the ΔfliL strain was lower than that of the NZBD9 strain in the spleen, head kidney, liver, and intestine of hybrid groupers from 1 to 6 dpi. As infection time progressed, the bacterial load of the NZBD9 strain increased in the spleen and head kidney. The bacterial load of the ΔfliL strain in the spleen peaked at 5 dpi, differing significantly (P < 0.05) from the NZBD9 strain in the later infection stages (4–6 dpi) (Figure 2A). The bacterial load of the ΔfliL strain in the head kidney remained relatively stable throughout the infection period (Figure 2B). The bacterial loads of both the NZBD9 and ΔfliL strains showed an increasing then decreasing trend in the liver and intestine, with significant differences (P < 0.05) observed at 1 dpi, 3 dpi, and 5 dpi, respectively (Figures 2C, D).




Figure 2 | Bacterial loads of NZBD9 and ΔfliL strains in hybrid grouper tissues during infection. Column chart shows pathogen load, represented by gyrB gene copy number. Line plots indicate relative pathogen load (gyrB gene copy number in grouper tissue infected with ΔfliL strain/gyrB gene copy number in grouper tissue infected with NZBD9 strain). (A) Spleen. (B) Head kidney. (C) Liver. (D) Intestine. All data are expressed as mean ± SD, n = 3. Differences between two groups are indicated by asterisks. *P < 0.05, **P < 0.01, ****P < 0.0001.






3.3 Histopathological changes in infected groupers

H&E staining was performed on the spleen, liver, head kidney, and intestine of groupers exposed to either the NZBD9 or ΔfliL strains to compare changes in histopathology. In the PBS-injected group, normal splenic tissues exhibited a mixed distribution of red and white medulla, with a small number of melanin macrophage centers (MMCs) and lymphocytes (Figure 3A). In comparison, spleens from NZBD9-infected fish showed pronounced granulomatous tissue changes, with increased MMC area and evidence of tissue hemolysis and necrosis (Figure 3B). Conversely, ΔfliL-infected fish presented with reduced splenic granuloma sizes and MMC areas, alongside lymphocyte aggregates within the tissue (Figure 3C).




Figure 3 | Histopathological changes in hybrid groupers infected with NZBD9 or ΔfliL strains. Spleen: (A) PBS-injected group. Red and white medulla (P), melanin macrophage center (MMC), lymphocytes (L); (B) NZBD9 strain-infected group. Granulomatous tissue (◻), hemolysis and necrosis of tissue (○); (C) ΔfliL-infected group. Lymphocyte aggregation (↖); Liver: (D) PBS-injected group. Hepatic blood sinusoids (HS), central vein (CV); (E) NZBD9-infected group. Loss of nuclei (↗), disorganized cell arrangement (Δ), hemocyte agglutination (○), vacuolization (▭); (F) ΔfliL-infected group. Nuclear loss (Δ), deviated nuclei (↖), blurred cell boundaries (○); Head kidney: (G) PBS-injected group; (H) NZBD9-infected group. MMC (↙), hemocyte agglutination (○); (I) ΔfliL-infected group. MMC (↘); Intestine: (J) PBS-injected group. Plasma membrane layer (S), mucosal muscular layer (MM), submucosal layer (SM), villi (V), goblet cells (GC); (K) NZBD9-infected group. Shedding of intestinal villi (◻), internal division of villi (○); (L) ΔfliL-infected group. Separation of muscularis mucosae from mucosal layer (▯), slight breakage of villi (○).



In liver samples from the PBS-injected group, hepatocytes were neatly arranged in a tightly packed formation, and the hepatic blood sinusoids and the central vein clearly visible (Figure 3D). In contrast, the NZBD9 and ΔfliL-infected groups (Figures 3E, F) exhibited disorganized cells with indistinct borders and occasional blood cell agglutination. These samples also displayed pathological features such as nuclear deviation, nuclear loss, and vacuolization, with these symptoms more pronounced in the NZBD9-infected fish. Compared to the PBS-injected group (Figure 3G), head kidney tissues in the NZBD9 and ΔfliL-injected groups showed dispersed structures and varying levels of MMC or hemocyte agglutination (Figures 3H, I). For the intestinal tissues, the PBS-injected group displayed preserved structures, including the serosal layer, mucosal muscle layer, submucosa, and well-formed villi—comprising mucosal epithelium and lamina propria extending into the lumen—with goblet cells distinctly visible (Figure 3J). In contrast, the NZBD9-injected group showed notable detachment and segmentation of intestinal villi, as well as a significant reduction in goblet cells (Figure 3K), while the ΔfliL-infected group showed separation between the muscle and mucosal layers and slight fracture of villi (Figure 3L).




3.4 Analysis of RNA-seq data from hybrid grouper spleen

Transcriptomic analysis was performed on six spleen samples, yielding a total of 48.59 Gb of clean data, including 6.42 Gb of clean data per sample. Quality metrics revealed a Q30 score of above 93.53% (percentage of total bases with sequencing quality of 99.9% or higher), with a G/C content of approximately 48% and an average error rate of sequenced bases < 0.1% (Supplementary Table 4). In addition, the distribution of A/T/G/C base content was uniform, with N% close to 0 (Supplementary Figure 1). Analysis identified a total of 77 567 unigenes and 111 098 transcripts across all samples. These findings indicate that the sequencing data were of good quality, suitable for further analysis.

Analysis identified 2 238 DEGs between the ΔfliL and NZBD9 strain transcriptomes, including 1 112 up-regulated and 1 126 down-regulated genes (Figure 4A). Four up-regulated and down-regulated DEGs were randomly selected for qRT-PCR detection. The gene expression trends from qRT-PCR were consistent with the sequencing results (Figure 4B). The Pearson correlation coefficient was greater than 0.8, indicating a significant correlation between the two (P < 0.05) (Supplementary Figure 2), confirming the reliability of the transcriptome data.




Figure 4 | Analysis and validation of DEGs in the transcriptomes. (A) Volcano map of transcriptome gene expression. (B) qRT-PCR validation of transcriptome. Horizontal coordinate is the gene name, vertical coordinate is the multiple of expression difference.



GO enrichment analysis of DEGs was performed regarding enrichment in molecular function (MF), cellular component (CC), and biological process (BP) terms. Results showed that the DEGs were enriched in 160 GO secondary pathways, including 19 significantly enriched pathways. Figure 5A shows the top 20 enriched GO pathways, including many immune response-related pathways such as immune system processes, immune response, defense response, response to stimuli, receptor ligand activity, signal receptor regulatory activity, cytokine receptor binding, chemokine activity, cytokine activity, and signal receptor activator activity.




Figure 5 | Enrichment analysis of DEGs in transcriptomes. (A) GO pathway enrichment analysis of DEGs (top 20); (B) Secondary classification of KEGG-enriched pathways; (C) Top 20 enriched KEGG pathways. Red rectangles represent immune system-related pathways. (D) Interactions among enriched immune system-related pathways.



KEGG analysis indicated that the DEGs were enriched in 316 metabolic pathways, including 50 significantly enriched pathways (P < 0.05). Secondary KEGG categories included signaling molecules and interaction, immune system, immune disease, lipid metabolism, cell growth and death, bacterial infectious diseases, nucleotide metabolism, transport and catabolism, signal transduction, endocrine and metabolic disease, carbohydrate metabolism, and digestive system. Among the significantly enriched pathways, seven were associated with the immune system and three with signaling molecules and interactions (Figure 5B). The top 20 enriched KEGG pathways are shown in Figure 5C, including hematopoietic cell profiles, Toll-like receptor (TLR) signaling pathway, complement and coagulation cascade response, RIG-I-like receptor signaling pathway, and other immune system-related pathways. In addition, enrichment network analysis was performed for the top 13 immune system-related KEGG pathways (Figure 5D). Overall, these findings suggest that ΔfliL strain infection elicits a range of immune responses in hybrid groupers.

Figure 6 provides a map of the TLR signaling pathway based on the transcriptome results. Compared to the NZBD9-infected group, TLR5 receptor expression was up-regulated in the ΔfliL-infected group. Through NF-κB pathway and activation of nuclear transcription factor AP-1 and its family members, chemokines, proinflammatory cytokines and other cytokines are induced to express up-regulated, thus triggering inflammatory reaction and resisting bacterial infection.




Figure 6 | Schematic of TLR signaling pathway. Red indicates upward adjustment, blue indicates downward adjustment, and other colors indicate no significant change. Solid arrows indicate direct action, dotted arrows indicate indirect action; +P means phosphorylation.






3.5 Immune response of P. plecoglossicida NZBD9 and ΔfliL strains to hybrid grouper spleen

To compare differences in immune response mechanisms within the spleen of hybrid groupers infected by the NZBD9 or ΔfliL strains from 0 to 6 dpi, the mRNA expression levels of 10 immune-related genes (TLR5, AP-1, JUN, IL-1β, IL-12B, IL-6, CXCL9, CXCL10, CCL4, and CSF3) were detected by qRT-PCR. Collectively, both the NZBD9 and ΔfliL-infected groups showed a substantial up-regulation in immune-related genes in the days following infection (1–6 dpi) compared to baseline (0 dpi) (Figure 7). Notably, the pattern recognition receptor-related gene TLR5 was significantly up-regulated (P < 0.05) at 2 and 4 dpi in the ΔfliL-infected group compared to the NZBD9-infected group. The transcription factor-related gene AP-1 and its family member gene JUN were significantly up-regulated at 1 and 4 dpi and at 2 and 6 dpi, respectively. Proinflammatory cytokine-related genes IL-1β, IL-12B, and IL-6 also showed varying levels of up-regulation. Chemokine-related genes CXCL9 and CXCL10 were significantly up-regulated in the early phase of infection, while CCL4 was significantly up-regulated in the late phase of infection. In addition, CSF3, related to immune cell activity regulation, was significantly up-regulated in the late stage of infection.




Figure 7 | Relative expression levels of splenic immune-related genes in groupers infected with NZBD9 or ΔfliL strains from 0 to 6 dpi. (A) TLR5 (Toll like receptor 5), (B) AP-1 (AP-1 transcription factor), (C) JUN (AP-1 transcription factor subunit), (D) IL-1β (interleukin-1 beta), (E) IL-12B (interleukin-12 subunit beta), (F) IL-6 (interleukin-6-like), (G) CXCL9 (C-X-C motif chemokine 9-like), (H) CXCL10 (C-X-C motif chemokine 10-like), (I) CCL4 (C-C chemokine ligand 4), and (J) CSF3 (colony stimulating factor 3). All data are expressed as mean ± SD, n = 3. Significant differences between two infection groups are indicated by an asterisk. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.







4 Discussion

The infection mechanisms utilized by pathogens are extremely complex, with flagella serving as key virulence factors that facilitate the entrance and adhesion of pathogens to host tissues (34, 35). Activation of the innate immune response in the host is triggered when its cell surface pattern recognition receptors identify flagellin, enabling the host to promptly respond and neutralize the invading pathogen (36). Recent studies have shown that flagellar genes, including flgK and flgC, in P. plecoglossicida—the primary pathogen responsible for visceral white spot disease in large yellow croakers and orange-spotted groupers—significantly impact its pathogenicity and are crucial for its infection process in orange-spotted groupers (32, 37). While the fliL gene is implicated in power generation of bacterial flagellar motility (38), the precise mechanism by which it affects the ability of P. plecoglossicida to infect hybrid grouper fish remains unclear.

This study used the ΔfliL strain to investigate the impact of the fliL gene from P. plecoglossicida on the pathogenicity toward hybrid groupers and their immune response mechanisms. Cumulative survival analysis revealed that hybrid groupers infected with the ΔfliL strain exhibited a 50% higher survival rate compared to those infected with the wild-type strain, suggesting a reduction in the pathogenicity of P. plecoglossicida following deletion of the fliL gene. Interestingly, silencing the flagellar gene fliG similarly attenuates P. plecoglossicida virulence in orange-spotted groupers (39). A hallmark of visceral white spot disease caused by P. plecoglossicida is the presence of white nodules within the fish spleen, which can engulf the entire organ in advanced stages (5, 6). Groupers infected with the ΔfliL strain showed significantly fewer white nodules in their spleens than those infected with the wild-type strain, suggesting that the fliL gene attenuates the symptoms of P. plecoglossicida-induced visceral white spot disease, consistent with the survival rate results. Host pathogen load can also reflect the extent of infection (40). Our results showed that bacterial load in vital immune organs, such as the spleen, head kidney, liver, and intestine, was consistently lower in fish infected with the ΔfliL strain compared to the wild-type strain, further underscoring the importance of the fliL gene in P. plecoglossicida infection of hybrid groupers.

The intestine, spleen, liver, and kidney, crucial for defending against pathogenic bacterial invasions, are key immune-related organs in fish and frequent targets of pathogenic attacks (41–43). For example, barramundi infected with P. plecoglossicida demonstrate granuloma formation in the spleen, hepatocellular swelling, steatosis necrosis, and glomerular collapse (44), while zebrafish show pathological shedding of intestinal villi, vacuolization of hepatocytes, and proliferation of splenic lymphocytes upon infection (45). In the present study, pathological analysis of infected hybrid groupers identified visible granulomas and many MMCs in the spleen in response to P. plecoglossicida infection. Granulomas serve as a protective mechanism by which immune cells organize the host to isolate and destroy infectious agents under continuous stimulation (46). As indicators of the host immune response, MMCs participate in intracellular bacterial deposition, iron ion storage, antigen capture and presentation, and degradation product collection (47–49). Similarly, the fish head kidney, rich in lymphocytes, plays an important role in pathogen phagocytosis and MMC-based immune memory (50). As a chemical, biological, physical, and immune barrier, the fish intestine plays a critical role in resisting pathogenic bacteria (51), while hepatic macrophages phagocytose pathogens that cross the intestinal barrier into the liver (43). In the current study, the tissue damage observed in the spleen, head kidney, liver, and intestine of hybrid groupers caused by the ΔfliL strain was less severe than that of the wild-type strain, suggesting that the ΔfliL strain is much less pathogenic and hybrid groupers can mobilize their immune organs for effective eradication.

RNA-seq technology has been widely used to study the mechanisms of pathogen invasion and host immune responses (52–54). In this study, RNA-seq was employed to further understand the mechanism underlying the effects of the fliL gene on infection of hybrid groupers and their resulting immune response. Among the 2 238 DEGs identified in the transcriptome, 1 112 were up-regulated and 1 126 were down-regulated. These DEGs were predominantly enriched in immune system-related pathways and signal transduction pathways, including the TLR signaling pathway, cytokine-cytokine receptor interaction, complement and coagulation cascade reaction, and IL-17 signaling pathway. Immune defense is energetically demanding, requiring metabolic adjustments by the host to redistribute energy resources intended for growth and development to sustain an effective immune response (55). Pathogenic exposure triggers the activation of many processes related to lipid, carbohydrate, and amino acid metabolism, marshaling these competent molecules to support the immune response (56–58). Consistently, our results showed enrichment in metabolism-related pathways, including retinol and arachidonic acid metabolism, in many up-regulated DEGs, suggesting an effective immune response and increased energy expenditure by the host.

In contrast to mammals, the innate immune system in fish assumes a more important role in combating pathogenic infections (59–61), with pattern recognition receptors (PRRs) playing a critical role in recognizing microbial pathogens and initiating innate immune responses (62). TLRs are a type of cell surface PRR with the ability to specifically recognize ligands, mobilize multiple transcription factors (e.g., NF-κB, AP1, and IRFs), and activate intracellular innate immunity (63, 64). Notably, TLR5, known for its specific recognition of bacterial flagellin, induces an immune response and plays an important role in protecting fish from disease (65). Activation of TLR5 stimulates the expression of proinflammatory cytokines via the Myd88 and NF-κB pathways (62, 66), as well as transcription factor AP-1, which, in turn, induces the production of chemokines and other cytokines (66, 67). As a core AP-1 transcription factor, JUN is also involved in the inflammatory response, ensuring proper immune system activation and immune cell proliferation and differentiation (68). The chemokine superfamily, comprising chemotactic cytokines, is essential for directing immune cells to the site of infection, thereby facilitating an immune response (69).

In this study, AP-1 and its family gene JUN were significantly up-regulated in the spleen of infected groupers, as were proinflammatory cytokine-related genes IL-1β, IL-12B, and IL-6 to varying degrees. IL-1β, a critical proinflammatory factor produced by macrophages and other immune cells, plays a major role in stimulating and mediating inflammation (70). Our results also showed that chemokine-related genes CXCL9, CXCL10, and CCL4 were also up-regulated, indicating potential involvement in recruiting inflammatory cells (e.g., neutrophils, T-lymphocytes, and natural killer cells) to the site of inflammation to modulate the immune response (71–73). Of note, CXCL10 is crucial for controlling the inflammatory response and maintaining the balance between tissues and stroma (74). The CSF3 gene was also significantly up-regulated in the middle and late stages of infection. Granulocyte colony-stimulating factor (G-CSF or CSF3) stimulates granulocyte production and regulates neutrophil migration and antimicrobial activity (75). In conclusion, deletion of the fliL gene induced changes in multiple immune-related and signal transduction pathways in the host, enabling groupers to initiate innate immunity-driven defense through an inflammatory response involving a wide range of cytokines.




5 Conclusions

The results of this study underscore the critical role of the fliL gene in the pathogenicity of P. plecoglossicida. Deletion of the fliL gene increased the survival of hybrid groupers infected with P. plecoglossicida, reduced bacterial load in the spleen, head kidney, liver, and intestine, and mitigated tissue damage. Transcriptomic analysis revealed that ΔfliL strain infection in hybrid groupers activated the TLR5-mediated NF-κB pathway and transcription factor AP-1 in the MyD88 pathway, resulting in an effective immune response. Up-regulation of multiple genes associated with inflammatory response in the spleen further suggested a critical role for the fliL gene in the activity of multiple cytokines and in regulating the immune response to P. plecoglossicida in hybrid groupers.





Data availability statement

The RNA-seq data were deposited in the NCBI GenBank SRA database under accession numbers SRP432909 (NZBD9 strain group) and SRP433934 (ΔfliL strain group).





Ethics statement

The animal study was approved by the Ethics Committee of Jimei University (license No. JMULAC201159). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

LS: Investigation, Writing – original draft. LZ: Investigation, Writing – original draft. QL: Investigation, Methodology, Writing – original draft. LH: Methodology, Resources, Writing – original draft. YQ: Conceptualization, Resources, Writing – original draft. ZZ: Conceptualization, Resources, Writing – review & editing. XW: Conceptualization, Resources, Writing – review & editing. HH: Data curation, Methodology, Writing – original draft. JNZ: Methodology, Resources, Writing – original draft. JLZ: Conceptualization, Resources, Writing – original draft. QY: Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by National Natural Science Foundation of China under contract No. 32373181, Science and Technology Plan Project of Fujian Province under contract No. 2022L3059, Natural Science Foundation of Fujian Province under contract No. 2022J02044, Science and Technology Plan Project of Fuzhou City under contract No. 2022-P-014, Open fund of Fujian Province Key Laboratory of Special Aquatic Formula Feed under contract No. TMKJZ2302.





Conflict of interest

Authors JNZ and JLZ are employed by Fujian Tianma Technology Co.

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

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1415744/full#supplementary-material




References

1. Elgendy, MY, Ali, SE, Abbas, WT, Algammal, AM, and Abdelsalam, M. The role of marine pollution on the emergence of fish bacterial diseases. Chemosphere. (2023) 344:140366. doi: 10.1016/j.chemosphere.2023.140366

2. Cai, HY, Ma, Y, Qin, YX, Zhao, LM, Yan, QP, and Huang, LX. Vvrr2: A new Vibrio ncRNA involved in dynamic synthesis of multiple biofilm matrix exopolusaccharides, biofilm structuring and virulence. Aquaculture. (2023) 563:738925. doi: 10.1016/j.aquaculture.2022.738925

3. Zhang, Z, Mao, LL, Qin, YX, Zhao, LM, Huang, LX, Xu, XJ, et al. Comparative transcriptome analysis revealed the role and mechanism of a FeoC-like LuxR-type regulator in intracellular survival of Aeromonas hydrophila. Aquaculture. (2022) 556:738287. doi: 10.1016/j.aquaculture.2022.738287

4. Du, ZY, Zhang, MM, Qin, YX, Zhao, LM, Huang, LX, Xu, XJ, et al. The role and mechanisms of the two-component system EnvZ/OmpR on the intracellular survival of Aeromonas hydrophila. J Fish Dis. (2022) 45:1609–21. doi: 10.1111/jfd.13684

5. Akayli, T, Çanak, Ö, and Başaran, B. A New Pseudomonas Species Observed in Cultured Young Rainbow Trout (Oncorhynchus mykis Walbaum, 1792): Pseudomonas plecoglossicida. Biyoloji Bilimleri Araştırma Dergisi. (2011) 4:107–11. Available at: https://www.researchgate.net/publication/311455353.

6. Zhang, JT, Zhou, SM, An, SW, Chen, L, and Wang, GL. Visceral granulomas in farmed large yellow croaker, Larimichthys crocea (Richardson), caused by a bacterial pathogen, Pseudomonas plecoglossicida. J Fish Dis. (2014) 37:113–21. doi: 10.1111/jfd.12075

7. He, L, Wang, LY, Zhao, LM, Zhuang, ZX, Wang, XR, Huang, HB, et al. Integration of RNA-seq and RNAi reveals the contribution of znuA gene to the pathogenicity of Pseudomonas plecoglossicida and to the immune response of Epinephelus coioides. J Fish Dis. (2021) 44:1831–41. doi: 10.1111/jfd.13502

8. He, L, Zhao, L, Li, Q, Huang, L, Qin, Y, Zhuang, Z, et al. Flagellar gene fliP contributes to the virulence of Pseudomonas plecoglossicida by regulating its motility. Aquaculture. (2023) 576:739874. doi: 10.1016/j.aquaculture.2023.739874

9. Tang, Y, Jiao, JP, Zhao, LM, Zhuang, ZX, Wang, XR, Fu, Q, et al. The contribution of exbB gene to pathogenicity of Pseudomonas plecoglossicida and its interactions with Epinephelus coioides. Fish Shellf Immunol. (2022) 120:610–9. doi: 10.1016/j.fsi.2021.12.026

10. Ben Hamed, S, Tavares Ranzani-Paiva, MJ, Tachibana, L, de Carla Dias, D, Ishikawa, CM, and Esteban, MA. Fish pathogen bacteria: Adhesion, parameters influencing virulence and interaction with host cells. Fish Shellf Immunol. (2018) 80:550–62. doi: 10.1016/j.fsi.2018.06.053

11. He, RC, Wang, JJ, Lin, MZ, Tian, J, Wu, B, Tan, XH, et al. Effect of ferredoxin receptor fusA on the virulence mechanism of pseudomonas plecoglossicida. Front Cell Infect Microbiol. (2022) 12:808800. doi: 10.3389/fcimb.2022.808800

12. Xin, G, Wang, F, Zhao, LM, Qin, YX, Huang, LX, and Yan, QP. Integration of RNA-seq and RNAi provides a novel insight into the effect of pvdE gene to the pathogenic of Pseudomonas plecoglossicida and on the immune responses of orange-spotted grouper (Epinephelus coioides). Aquaculture. (2020) 529:735695. doi: 10.1016/j.aquaculture.2020.735695

13. Xin, G, Zhao, LM, Zhuang, ZX, Wang, X, Fu, Q, Huang, HB, et al. Function of the rpoD gene in Pseudomonas plecoglossicida pathogenicity and Epinephelus coioides immune response. Fish Shellf Immunol. (2022) 127:427–36. doi: 10.1016/j.fsi.2022.06.045

14. Huang, LX, Zuo, YF, Qin, YX, Zhao, LM, Lin, M, and Yan, QP. The Zinc Nutritional Immunity of Epinephelus coioides Contributes to the Importance of znuC During Pseudomonas plecoglossicida Infection. Front Immunol. (2021) 12:678699. doi: 10.3389/fimmu.2021.678699

15. Laganenka, L, López, ME, Colin, R, and Sourjik, V. Flagellum-mediated mechanosensing and rflP control motility state of pathogenic escherichia coli. mBio. (2020) 11:10. doi: 10.1128/mBio.02269-19

16. Zhu, SW, Kumar, A, Kojima, S, and Homma, M. FliL associates with the stator to support torque generation of the sodium-driven polar flagellar motor of Vibrio. Mol Microbiol. (2015) 98:101–10. doi: 10.1111/mmi.13103

17. Tachiyama, S, Chan, KL, Liu, XL, Hathroubi, S, Peterson, B, Khan, MF, et al. The flagellar motor protein FliL forms a scaffold of circumferentially positioned rings required for stator activation. Proc Natl Acad Sci U.S.A. (2022) 119:e2118401119. doi: 10.1073/pnas.2118401119

18. Zhang, L, Wu, Z, Zhang, R, and Yuan, J. FliL differentially interacts with two stator systems to regulate flagellar motor output in pseudomonas aeruginosa. Appl Environ Microbiol. (2022) 88:e0153922. doi: 10.1128/aem.01539-22

19. Lee, YY, Patellis, J, and Belas, R. Activity of Proteus mirabilis FliL is viscosity dependent and requires extragenic DNA. J Bacteriol. (2013) 195:823–32. doi: 10.1128/JB.02024-12

20. Hu, J, Zhang, F, Xu, XJ, Su, YQ, Qin, YX, Ma, Y, et al. Isolation, identification and virulence of pathogen of white-spots disease in internal organs of Pseudosciaena crocea. Oceanol Limnol Sin. (2014) 45:409–17. doi: 10.11693/hyhz20140300078

21. Shi, L, Zhang, J, Zhao, L, Li, Q, Huang, L, Qin, Y, et al. Effect of the Flagellar Gene fliL on the Virulence of Pseudomonas plecoglossicida to Hybrid Grouper (Epinephelus fuscoguttatus ♀ × E. lanceolatus ♂). Fishes. (2023) 8:397. doi: 10.3390/fishes8080397

22. Izumi, S, Yamamoto, M, Suzuki, K, Shimizu, A, and Aranishi, F. Identification and detection of Pseudomonas plecoglossicida isolates with PCR primers targeting the gyrB region. J Fish Dis. (2007) 30:391–7. doi: 10.1111/j.1365-2761.2007.00820.x

23. He, L, Zhao, L, Li, Q, Huang, L, Qin, Y, Zhuang, Z, et al. Pseudomonas plecoglossicida fliP gene affects the immune response of Epinephelus fuscoguttatus ♀×Epinephelus lanceolatus ♂ to infection. Fish Shellf Immunol. (2023) 140:108971. doi: 10.1016/j.fsi.2023.108971

24. Chen, S, Zhou, Y, Chen, Y, and Gu, J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics. (2018) 34:i884–90. doi: 10.1093/bioinformatics/bty560

25. Grabherr, MG, Haas, BJ, Yassour, M, Levin, JZ, Thompson, DA, Amit, I, et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat Biotechnol. (2011) 29:644–52. doi: 10.1038/nbt.1883

26. Smith-Unna, R, Boursnell, C, Patro, R, Hibberd, JM, and Kelly, S. TransRate: reference-free quality assessment of de novo transcriptome assemblies. Genome Res. (2016) 26:1134–44. doi: 10.1101/gr.196469.115

27. Li, W, and Godzik, A. Cd-hit: a fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics. (2006) 22:1658–9. doi: 10.1093/bioinformatics/btl158

28. Simão, FA, Waterhouse, RM, Ioannidis, P, Kriventseva, EV, and Zdobnov, EM. BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics. (2015) 31:3210–2. doi: 10.1093/bioinformatics/btv351

29. Li, B, and Dewey, CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC Bioinf. (2011) 12:323. doi: 10.1186/1471-2105-12-323

30. Conesa, A, Madrigal, P, Tarazona, S, Gomez-Cabrero, D, Cervera, A, McPherson, A, et al. A survey of best practices for RNA-seq data analysis. Genome Biol. (2016) 17:13. doi: 10.1186/s13059-016-0881-8

31. Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8

32. Yuan, B, Zhao, LM, Zhuang, ZX, Wang, XR, Fu, Q, Huang, HB, et al. Transcriptomic and metabolomic insights into the role of the flgK gene in the pathogenicity of Pseudomonas plecoglossicida to orange-spotted grouper (Epinephelus coioides). Zool Res. (2022) 43:952–65. doi: 10.24272/j.issn.2095-8137.2022.216

33. Klopfenstein, DV, Zhang, L, Pedersen, BS, Ramírez, F, Warwick Vesztrocy, A, Naldi, A, et al. GOATOOLS: A Python library for Gene Ontology analyses. Sci Rep. (2018) 8:10872. doi: 10.1038/s41598-018-28948-z

34. Sun, H, Wang, M, Liu, Y, Wu, P, Yao, T, Yang, W, et al. Regulation of flagellar motility and biosynthesis in enterohemorrhagic Escherichia coli O157:H7. Gut Microbes. (2022) 14:2110822. doi: 10.1080/19490976.2022.2110822

35. Yang, K, Kao, C, Su, MS, Wang, S, Chen, Y, Hu, S-T, et al. Glycosyltransferase Jhp0106 (PseE) contributes to flagellin maturation in Helicobacter pylori. Helicobacter. (2021) 26:e12787. doi: 10.1111/hel.12787

36. Vijayan, A, Rumbo, M, Carnoy, C, and Sirard, J-C. Compartmentalized antimicrobial defenses in response to flagellin. Trends Microbiol. (2018) 26:423–35. doi: 10.1016/j.tim.2017.10.008

37. Yang, D, Zhao, LM, Li, Q, Huang, LX, Qin, YX, Wang, P, et al. flgC gene is involved in the virulence regulation of Pseudomonas plecoglossicida and affects the immune response of Epinephelus coioides. Fish Shellf Immunol. (2023) 132:108512. doi: 10.1016/j.fsi.2022.108512

38. Takekawa, N, Isumi, M, Terashima, H, Zhu, SW, Nishino, Y, Sakuma, M, et al. Structure of vibrio fliL, a new stomatin-like protein that assists the bacterial flagellar motor function. mBio. (2019) 10:e00292–19. doi: 10.1128/mBio.00292-19

39. Jiao, JP, Zhao, LM, Huang, LX, Qin, YX, Su, YQ, Zheng, WQ, et al. The contributions of fliG gene to the pathogenicity of Pseudomonas plecoglossicida and pathogen-host interactions with Epinephelus coioides. Fish Shellf Immunol. (2021) 119:238–48. doi: 10.1016/j.fsi.2021.09.032

40. De Tomassi, A, Reiter, A, Reiger, M, Rauer, L, Rohayem, R, Study Group, CK-CARE, et al. Combining 16S Sequencing and qPCR Quantification Reveals Staphylococcus aureus Driven Bacterial Overgrowth in the Skin of Severe Atopic Dermatitis Patients. Biomolecules. (2023) 13:1030. doi: 10.3390/biom13071030

41. Castro, R, Coll, J, del M. Blanco, M, Rodriguez-Bertos, A, Jouneau, L, Fernández-Garayzábal, JF, et al. Spleen and head kidney differential gene expression patterns in trout infected with Lactococcus garvieae correlate with spleen granulomas. Vet Res. (2019) 50:32. doi: 10.1186/s13567-019-0649-8

42. Deng, Y, Zhang, Y, Chen, H, Xu, L, Wang, Q, and Feng, J. Gut–liver immune response and gut microbiota profiling reveal the pathogenic mechanisms of Vibrio harveyi in Pearl Gentian Grouper (Epinephelus lanceolatus♂ × E. fuscoguttatus♀). Front Immunol. (2020) 11:607754. doi: 10.3389/fimmu.2020.607754

43. Thornton, LM, LeSueur, MC, Yost, AT, Stephens, DA, Oris, JT, and Sellin Jeffries, MK. Characterization of basic immune function parameters in the fathead minnow (Pimephales promelas), a common model in environmental toxicity testing. Fish Shellf Immunol. (2017) 61:163–72. doi: 10.1016/j.fsi.2016.12.033

44. Sun, Y, Zhu, Z, Weng, S, He, J, and Dong, C. Characterization of a highly lethal barramundi (Lates calcarifer) model of Pseudomonas plecoglossicida infection. Microb Pathog. (2020) 149:104516. doi: 10.1016/j.micpath.2020.104516

45. Yan, L, Jin, D, Yang, S, Li, X, Li, H, Hu, S, et al. Pathogenicity of fish pathogen Pseudomonas plecoglossicida and preparation of its inactivated vaccine. Microbial Pathogen. (2022) 166:105488. doi: 10.1016/j.micpath.2022.105488

46. Ramakrishnan, L. Revisiting the role of the granuloma in tuberculosis. Nat Rev Immunol. (2012) 12:352–66. doi: 10.1038/nri3211

47. Agius, C, and Roberts, RJ. Melano-macrophage centres and their role in fish pathology. J Fish Dis. (2003) 26:499–509. doi: 10.1046/j.1365-2761.2003.00485.x

48. Vigliano, FA, Bermúdez, R, Quiroga, MI, and Nieto, JM. Evidence for melano-macrophage centres of teleost as evolutionary precursors of germinal centres of higher vertebrates: an immunohistochemical study. Fish Shellf Immunol. (2006) 21:467–71. doi: 10.1016/j.fsi.2005.12.012

49. Steinel, NC, and Bolnick, DI. Melanomacrophage centers as a histological indicator of immune function in fish and other poikilotherms. Front Immunol. (2017) 8:827. doi: 10.3389/fimmu.2017.00827

50. Kuang, SY, Xiao, WW, Feng, L, Liu, Y, Jiang, J, Jiang, WD, et al. Effects of graded levels of dietary methionine hydroxy analogue on immune response and antioxidant status of immune organs in juvenile Jian carp (Cyprinus carpio var. Jian) Fish Shellf Immunol. (2012) 32:629–36. doi: 10.1016/j.fsi.2011.12.012

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

52. Zhou, J, Zhao, H, Zhang, L, Ye, X, Wang, Z, Li, Q, et al. Effects of bacterial haemorrhagic septicemia on the immune response of Leiocassis longirostris by RNA-Seq and microRNA-Seq. Comp Biochem Physiol Part D Genomics Proteomics. (2020) 34:100659. doi: 10.1016/j.cbd.2020.100659

53. Kong, W, Wu, Z, Liu, Y, Yan, C, Zhang, J, and Sun, Y. RNA-seq analysis revealing the immune response of Neocaridina denticulata sinensis gill to Vibrio parahaemolyticus infection. Fish Shellf Immunol. (2022) 130:409–17. doi: 10.1016/j.fsi.2022.09.049

54. Konczal, M, Ellison, AR, Phillips, KP, Radwan, J, Mohammed, RS, Cable, J, et al. RNA-Seq analysis of the guppy immune response against Gyrodactylus bullatarudis infection. Parasite Immunol. (2020) 42:e12782. doi: 10.1111/pim.12782

55. Bajgar, A, Kucerova, K, Jonatova, L, Tomcala, A, Schneedorferova, I, Okrouhlik, J, et al. Extracellular adenosine mediates a systemic metabolic switch during immune response. PloS Biol. (2015) 13:e1002135. doi: 10.1371/journal.pbio.1002135

56. Jeria, E, Oyanedel, D, Rojas, R, Farlora, R, Lira, G, Mercado, A, et al. Resistance of Argopecten purpuratus scallop larvae to vibriosis is associated with the front-loading of immune genes and enhanced antimicrobial response. Front Immunol. (2023) 14:1150280. doi: 10.3389/fimmu.2023.1150280

57. Lu, J, Shi, Y, Cai, S, and Feng, J. Metabolic responses of Haliotis diversicolor to Vibrio parahaemolyticus infection. Fish Shellf Immunol. (2017) 60:265–74. doi: 10.1016/j.fsi.2016.11.051

58. Zheng, Z, Wang, F, Aweya, JJ, Li, R, Yao, D, Zhong, M, et al. Comparative transcriptomic analysis of shrimp hemocytes in response to acute hepatopancreas necrosis disease (AHPND) causing Vibrio parahemolyticus infection. Fish Shellf Immunol. (2018) 74:10–8. doi: 10.1016/j.fsi.2017.12.032

59. Zhou, QJ, Wang, J, Liu, M, Qiao, Y, Hong, WS, Su, YQ, et al. Identification, expression and antibacterial activities of an antimicrobial peptide NK-lysin from a marine fish Larimichthys crocea. Fish Shellf Immunol. (2016) 55:195–202. doi: 10.1016/j.fsi.2016.05.035

60. Magnadóttir, B. Innate immunity of fish (overview). Fish Shellf Immunol. (2006) 20:137–51. doi: 10.1016/j.fsi.2004.09.006

61. Vincent, WJB, Freisinger, CM, Lam, P, Huttenlocher, A, and Sauer, J-D. Macrophages are required for inflammasome-dependent host defense in vivo. Cell Microbiol. (2016) 18:591–604. doi: 10.1111/cmi.v18.4

62. Gao, F, Pang, J, Lu, M, Liu, Z, Wang, M, Ke, X, et al. TLR5 recognizes Aeromonas hydrophila flagellin and interacts with MyD88 in Nile tilapia. Dev Comp Immunol. (2022) 133:104409. doi: 10.1016/j.dci.2022.104409

63. Chen, X, Li, Y, Bao, X, Zhang, E, Cui, C, Liu, X, et al. Transcriptome profiling based on protein-protein networks provides a core set of genes for understanding blood immune response mechanisms against LPS stress in Amphioctopus fangsiao. Dev Comp Immunol. (2022) 136:104509. doi: 10.1016/j.dci.2022.104509

64. Seçme, M, Dodurga, Y, Demirkan, NÇ, Kaçar, N, Günel, NS, and Açıkbaş, İ. Determination of T-cell clonality and expression profiles of Toll-like receptors signaling pathway genes and related miRNAs in patients with mycosis fungoides. Gene. (2024) 891:147825. doi: 10.1016/j.gene.2023.147825

65. Basu, M, Swain, B, Maiti, NK, Routray, P, and Samanta, M. Inductive expression of toll-like receptor 5 (TLR5) and associated downstream signaling molecules following ligand exposure and bacterial infection in the Indian major carp, mrigal (Cirrhinus mrigala). Fish Shellf Immunol. (2012) 32:121–31. doi: 10.1016/j.fsi.2011.10.031

66. Li, Y, Wu, J, Li, D, Huang, A, Bu, G, Meng, F, et al. Transcriptome analysis of spleen reveals the signal transduction of toll-like receptors after Aeromonas hydrophila infection in Schizothorax prenanti. Fish Shellf Immunol. (2019) 84:816–24. doi: 10.1016/j.fsi.2018.10.064

67. El-Zayat, SR, Sibaii, H, and Mannaa, FA. Toll-like receptors activation, signaling, and targeting: an overview. Bull Natl Res Centre. (2019) 43:187. doi: 10.1186/s42269-019-0227-2

68. Zenz, R, and Wagner, EF. Jun signalling in the epidermis: From developmental defects to psoriasis and skin tumors. Int J Biochem Cell Biol. (2006) 38:1043–9. doi: 10.1016/j.biocel.2005.11.011

69. Zhu, Ly, Nie, L, Zhu, G, Xiang, Lx, and Shao, Jz. Advances in research of fish immune-relevant genes: a comparative overview of innate and adaptive immunity in teleosts. Dev Comp Immunol. (2013) 39:39–62. doi: 10.1016/j.dci.2012.04.001

70. Weber, A, Wasiliew, P, and Kracht, M. Interleukin-1 (IL-1) pathway. Sci Signaling. (2010) 3:cm1. doi: 10.1126/scisignal.3105cm1

71. Sokol, CL, and Luster, AD. The chemokine system in innate immunity. Cold Spring Harb Perspect Biol. (2015) 7:a016303. doi: 10.1101/cshperspect.a016303

72. Sahingur, SE, and Yeudall, WA. Chemokine function in periodontal disease and oral cavity cancer. Front Immunol. (2015) 6:214. doi: 10.3389/fimmu.2015.00214

73. Valdés, N, Cortés, M, Barraza, F, Reyes-López, FE, and Imarai, M. CXCL9-11 chemokines and CXCR3 receptor in teleost fish species. Fish Shellf Immunol Rep. (2022) 3:100068. doi: 10.1016/j.fsirep.2022.100068

74. Li, H, Sun, Y, and Sun, L. A teleost CXCL10 is both an immunoregulator and an antimicrobial. Front Immunol. (2022) 13:917697. doi: 10.3389/fimmu.2022.917697

75. Li, W, Guan, X, Sun, B, and Sun, L. A novel microRNA of Japanese flounder regulates antimicrobial immunity involving a bacteria-binding CSF3. Front Immunol. (2021) 12:723401. doi: 10.3389/fimmu.2021.723401




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


Copyright © 2024 Shi, Zhao, Li, Huang, Qin, Zhuang, Wang, Huang, Zhang, Zhang and Yan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2024.1415744_cover.jpg
& frontiers | Frontiers in Immunology

Role of the Pseudomonas plecoglossicida
fliL gene in immune response of infected
hybrid groupers (Epinephelus fuscoguttatus
© x Epinephelus lanceolatus )





OEBPS/Images/fimmu-15-1415744-g005.jpg
immune system process. Cytokine-cytokine receptor interaction =]
immune response Influenza A- )
defense response 3 @
response to stimulus Measles )
response to oxygen-containing compound || Retinol metabolism ®| FDR
extracellular space = Toll-lke receptorsgnaling pathway) 3 00013
Lig Viral protein interaction with eytokine and eytokine receptor
B ~Loo(P-adjus) e e b ot a "
receptor ligand activity -
N — 30 » Hepaiis C ..
= tetrapyrrole binding 215 é o u“"‘ """"‘r"(‘::::":'{; °
g chemokine receptor binding 20 K A e CO- )
° chemokine activity ) Ferroptosis- . Number
i) heme binding L5 2 Nueleotide metabolism ° e
cytokine receptor binding H = Malaria ° : f::
signaling receptor activator activity Drug metabolism ~ cytochrome P450 . ®
signaling receptor regulator activity African trypanosomiasis °
signaling receptor binding Pertussis °
iron ion binding °
G protein-coupled receptor binding Nicotinae and nicotinamide metabolism .
MHC protein binding [RIG=I-like receptor signaling pathway} °
60 80 00 0is 030 035
Counts Rich Factor
B D T cell receptor signaling pathway
NOD-like receptor signaling pathway
Toll-like receptor signaling pathway
Second Category | Description Ubiquitin mediated proteolysis -

Natural killer cell mediated cytotoxicity

e

Immune system Hematopoietic cell lineage
4 B = Atitigen processing anid presentation

e receptor signal

SO IO e Ol JAK-STAT signaling pathway _ Cytosolic DNA=sensing pathway

RIG-I-like receptor signaling pathway v ]
T . Platelet activation %
IL-17 signaling pathway ® Intestinal immune network for IgA production Apoptosis
e prucss g s prssentatil Cytokine-cylokine re¢eptor interaction L
C-type lectin receptor signaling pathway p
— - - - - - . : ‘Hematopoietic cell lineage
Signaling molecules and interaction  Cytokine-cytokine receptor interaction NF-kappa B signaling pathivay

Viral protein interaction with cytokine and cytokine receptor = 1L-17 signaling pathway

Complément and coagulation cascades

Cell adhesion molecules Biceliacontd igetng palln ®
cel ecepter signaling pattway
Cell growth and death Apoptosis ke receptor signaling pathway - ol signalitg tatiay
Ferroptosis [ J v ¥
Signal transduction JAK-STAT signaling pathway Leukogte stanserdotelial mifgration Thi7 cell differentiation

PI3K-Akt signaling pathvay - C-type lectin receptor signaling pathway

Chemokine

naling pathway ~ ~ \APK signaling pathway

P-adjust
05
04
03
02
0.1
[

Size

17
28

39





OEBPS/Images/fimmu-15-1415744-g003.jpg
ected group

nj

1mn-1

c ASIL stra

ted group

injec

m

stra

B NZBD9

njected group

5 .,-,\..
T

“Sea e

PBS-i

aunsayuy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Role of the Pseudomonas plecoglossicida fliL gene in immune response of infected hybrid groupers (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatus ♂)

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Bacterial strains and culture conditions

          



          		

            2.2 Experimental fish and feeding

          



          		

            2.3 Ethics statement

          



          		

            2.4 Artificial infection experiment

          

            		

              2.4.1 Preparation of bacterial suspension

            



            		

              2.4.2 Mortality measurement

            



            		

              2.4.3 Tissue sampling

            



          



          



          		

            2.5 Histopathological sections

          



          		

            2.6 Bacterial load measurement

          



          		

            2.7 Quantitative analysis of immune-related gene expression

          



          		

            2.8 RNA-seq and analysis

          



          		

            2.9 Drawing and statistical analysis

          



          		

            2.10 Data access

          



        



        



        		

          3 Results

        

          		

            3.1 Effects of fliL on P. plecoglossicida pathogenicity

          



          		

            3.2 Bacterial load in tissues of hybrid groupers infected with NZBD9 and ΔfliL strains

          



          		

            3.3 Histopathological changes in infected groupers

          



          		

            3.4 Analysis of RNA-seq data from hybrid grouper spleen

          



          		

            3.5 Immune response of P. plecoglossicida NZBD9 and ΔfliL strains to hybrid grouper spleen

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1415744-g007.jpg
Relative expression

Relative expression

16:

w
19

@

>

~N

JUN

I
Days post infection

CXCLY

2 3 a4
Days post infection

ax

TLRS AP-1
256 512
c 64 1%
2 s
£ g2 : ;
s 16 s I wild type strain
; § 8 AJIIL strain
E 4 5
& e 2
1 0.5:
o 1 2 3 4 5 8 o 1 2 3 4 5 6
Days post infection Days post infection
1-1p E IL-12B F IL-6
e *
256 - 512 ity 256 —
128 —
128
< 64 = g &
g 32 ) 16
5 16 & -3
£ z wx £
S g : 8 — H
H Z £ 4
£ 4 3 3
]
€ 5 2z 2 . £ 1
1 05
o 1 2 3 4 5 6 o 1 2 3 4 5 6 o 1 2 3 4 5 &
Days post infection Days post infection Days post infection
CXCLIO 1 ocLe J CSF3
32 " 256 512
16 4 128
g L H
E 8 % ¢ 32
5 Y
$a . g4 g,
H R 2
5 2 5 =
5 I3 2 2
1
05
o 1 2 3 4 5 8 0o 1 2 3 4 5 6 o 1 2 3 4 5 &

Days post infection Days post infeetion

Days post infection





OEBPS/Images/fimmu-15-1415744-g004.jpg
© Down regulated(1126)

80

-Log10(Padjust)
— [ 3 = w (=) ~
=1 =1 =] =} (=3 (=} =}

o

Not sig(75951) @ Up regulated(1112)

Loga(Fold Change)

Log,FC

10

mm  gRT-PCR
mmm RNA seq





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





OEBPS/Images/fimmu-15-1415744-g002.jpg
Bl NZBD?9 strain

AfIL strain

Head kidney

Spleen

(%)peo] uadoyyed aapey

=3 =3 =3 (=3
© =) < N
*
*
*
*
ol
w < © o~ =

(sardoa"3op)peoy uagoyeg

(%)peo] uagoed aAneEPY

o
o (=3 (=3 =3 o
= © ©o < N
*
*
*
*
*
*
< el o~ -

(sardoa'"3o)peoy uadoyeq

4
Days post infection

3

Days post infection

Intestines

Liver

(=
o
-

100

(%)peoy uadoyyed aaney

o =3 =3 =]
0 © < N
*
*
*
© o~ -

(sardod0130))peo| uasoyred

(%)peo] uadoyyed saney

o (=3 =3 o
«© © o ~N
*
*
© o~ -

(sardoat'3op)peo uadoyjeq

0

0

0

0

Days post infection

Days post infection





OEBPS/Images/fimmu-15-1415744-g001.jpg
100
3
3: 80 —— PBS-injected group
= ——  A/IiL strain-injected group
E 60 —— NZBD? strain-injected group
E — C-AfIiL strain-injected group
S
» 40
2
=
£
z 20
E
1}

0
0 2 4 6 8 10

Days post infection

NZBD9 strain-injected group C-AfIiL strain-injected group






OEBPS/Images/fimmu-15-1415744-g006.jpg
Flagelin

MEK3/6

/

| - 18 q
;Proinﬂammatory

effects

Chemotactic effects s





