

[image: Transcriptomic and metabolomic insights into the role of fliS in the pathogenicity of Pseudomonas plecoglossicida against Epinephelus coioides]
Transcriptomic and metabolomic insights into the role of fliS in the pathogenicity of Pseudomonas plecoglossicida against Epinephelus coioides





ORIGINAL RESEARCH

published: 13 September 2022

doi: 10.3389/fmars.2022.987825

[image: image2]


Transcriptomic and metabolomic insights into the role of fliS in the pathogenicity of Pseudomonas plecoglossicida against Epinephelus coioides


Wensi Wu 1, Lingmin Zhao 1, Lixing Huang 1, Yingxue Qin 1, Jiaonan Zhang 2, Jiaolin Zhang 2 and Qingpi Yan 1*


1 Fisheries College, Jimei University, Xiamen, China, 2 Key Laboratory of Special Aquatic Feed for Fujian, Fujian Tianma Technology Company Limited, Fuzhou, China




Edited by: 

Yunyun Zhuang, Ocean University of China, China

Reviewed by: 

Zhigang Zhou, Feed Research Institute (CAAS), China

Jie Li, Yellow Sea Fisheries Research Institute (CAFS), China

*Correspondence: 

Qingpi Yan
 yanqp@jmu.edu.cn

Specialty section: 
 This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Marine Science


Received: 06 July 2022

Accepted: 22 August 2022

Published: 13 September 2022

Citation:
Wu W, Zhao L, Huang L, Qin Y, Zhang J, Zhang J and Yan Q (2022) Transcriptomic and metabolomic insights into the role of fliS in the pathogenicity of Pseudomonas plecoglossicida against Epinephelus coioides. Front. Mar. Sci. 9:987825. doi: 10.3389/fmars.2022.987825



Pseudomonas plecoglossicida is responsible for visceral white spot disease in economically valuable marine fish such as Larimichthys crocea and Epinephelus coioides. Based on RNA sequencing, we previously showed that P. plecoglossicida fliS gene expression is significantly up-regulated in E. coioides spleens during infection. Here, to explore the role of this gene in pathogenicity, RNA interference (RNAi) was performed to silence fliS in P. plecoglossicida, and the mutant with the best silencing efficiency (89%) was chosen for further studies. Results showed that fliS silencing significantly attenuated motility, chemotaxis, adhesion, and biofilm formation of P. plecoglossicida. Furthermore, E. coioides infected with the fliS-RNAi strain recorded no deaths and showed fewer pathogens in the spleen and fewer white spots on the spleen surface compared to those fish infected with the wild type P. plecoglossicida strain. RNAi of fliS significantly affected the spleen transcriptome and metabolome in infected E. coioides. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicated that the cytokine-cytokine receptor interaction pathway was the most enriched immune-related pathway, and the arginine biosynthesis pathway was the most enriched metabolism-related pathway. These findings suggest that fliS is a virulence gene of P. plecoglossicida and is involved in the regulation of motility, chemotaxis, adhesion, and biofilm formation, as well as the inflammatory and immune responses of E. coioides to P. plecoglossicida infection.
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Introduction

The continuous emergence of various diseases remains a considerable challenge for the aquaculture industry (Borrego et al., 2017; Mugimba et al., 2021). Pseudomonas plecoglossicida is an opportunistic pathogen widely distributed in seawater and was originally isolated from cultured ayu (Plecoglossus altivelis) presenting with bacterial hemorrhagic ascites (Nishimori et al., 2000). More recently, it has been reported that P. plecoglossicida can infect Larimichthys crocea and Epinephelus coioides under low-temperature conditions, resulting in economically costly visceral white spot disease with high infection and mortality rates (Tang et al., 2020; Li et al., 2020). Pathogenicity is regulated by different genes, many of which are closely related to virulence regulation in aquatic pathogens, e.g., toxR in Vibrio alginolyticus (Cai et al., 2017), sodA and sodB in Aeromonas hydrophila (Zhang et al., 2020), and exbB and fliG in P. plecoglossicida (Jiao et al., 2021; Tang et al., 2022). However, despite extensive research on P. plecoglossicida, our understanding of its virulence genes remains poor. Previous dual RNA-seq data of E. coioides spleens infected with P. plecoglossicida (NCBI, SRP114910 and SRP115064) in our laboratory found that the P. plecoglossicida fliS gene was highly expressed in the host during infection (Luo et al., 2020), suggesting that this gene might be involved in the regulation of P. plecoglossicida virulence.

Bacterial flagella are complex motility organs composed of multiple protein subunits, including molecular motors, hook-basal-body complexes, and filaments (Lowenthal et al., 2009; Lertsethtakarn et al., 2011). Flagella are responsible for bacterial movement and are one of the factors that affect pathogenicity (Duan et al., 2013). The flagellum-specific export system is a specialized type III secretion system (T3SS) that exists in pathogenic bacteria for toxin export (Condry and Nilles, 2017; Miao et al., 2010), facilitated by special proteins called T3SS chaperones. The FliS protein, located in the flagellar hook, is a T3SS chaperone (Gu et al., 2017) that binds to the C-terminal region of flagellin to facilitate its export (Ozin et al., 2003; Muskotal et al., 2006). The fliS gene, which encodes FliS, is closely related to flagellum formation, motility, and bacterial toxicity (Yokoseki et al., 1995; Yokoseki et al., 1996). In Yersinia pseudotuberculosis, the fliS mutant strain has shorter flagella and weaker mobility. After complementation, the flagellum length of strain restored to wild type state (Xu et al., 2014). In addition, deletion of fliS in Campylobacter jejuni was reported to result in loss of motility and shorter flagella (Radomska et al., 2017). To date, however, the role of fliS in P. plecoglossicida pathogenicity has not yet been reported.

Given the considerable threat of P. plecoglossicida to cultured fish and the potential impact of fliS on bacterial virulence, we used RNA interference (RNAi) to silence the fliS gene in the P. plecoglossicida NZBD9 strain. We then explored differences in virulence between the wild type and fliS-RNAi strains as well as differences in the immune response of E. coioides to different strain infection using transcriptomic and metabolomic sequencing and analysis.



Materials and methods


Bacterial strains and culture conditions

The pathogenic P. plecoglossicida strain (NZBD9) was isolated from the spleen of naturally infected L. crocea with white spot disease and stored at -80°C (Luo et al., 2019). The P. plecoglossicida strain was routinely grown in Luria Bertani (LB) broth at 18 or 28°C with shaking at 220 rpm. Escherichia coli DH5α was obtained from TransGen Biotech (Beijing, China) and grown in LB broth at 37°C with shaking at 220 rpm.



Construction of P. plecoglossicida RNAi strain

The RNAi strain was constructed based on previous study (Luo et al., 2020). The sequences of five pairs of short hairpin RNA (shRNA) were designed according to the sequences of the fliS gene using RNAi Designer (http://rnaidesigner.thermofisher.com) and are provided in Supplementary Table 1. The five pairs of shRNAs were annealed and ligated to the linearized pCM130/tac vector. The recombined pCM130/tac vector was transformed into competent E. coli DH5α by heat shock, and competent P. plecoglossicida was eventually electrotransformed. The tetracycline resistance marker (10 μg/mL; final concentration) was used for screening stably silenced clones. The mRNA levels of fliS in the five mutants were determined by quantitative real-time polymerase chain reaction (qRT-PCR).



Growth rate assay

Overnight culture of P. plecoglossicida in LB broth was adjusted to an optical density at 600 nm (OD600 nm) of 0.1 and diluted 10 000-fold with fresh LB broth. Aliquots (200 μL) of the diluted bacterial culture were added to 10 wells of a microtiter plate, then incubated at 28°C. The OD600 nm of each well was automatically detected each hour for 48 h.



Soft agar plate motility assay

Swarming motility was determined following previously described methods (Zuo et al., 2019). After overnight cultivation in LB medium, OD600 nm was adjusted to 0.2. The bacterial suspension (1 μL) was inoculated on semisolid agar plates. The plates were incubated at 28°C for 10–16 h to determine colony diameter. Three replicates were performed per group.



Biofilm formation assay

Biofilm formation was explored following previous research (Jiao et al., 2021). P. plecoglossicida in the exponential growth period was adjusted to OD600nm = 0.2 with fresh LB broth. Then, 100 μL of diluted bacterial suspension was added into each well of a 96-well plate and incubated at 28°C for 24 h. Subsequently, each well was washed twice with 200 μL of sterile phosphate-buffered saline (PBS), stained with 125 μL of crystal violet (0.1%) for 15 min, washed three times with sterile PBS, and dried under sterile conditions. Finally, 200 μL of 33% acetic acid was added to dissolve the dyed biofilm. The OD590nm of each well was measured, and each strain was repeated 10 times independently.



Chemotaxis assay

Overnight culture of P. plecoglossicida was adjusted with sterile PBS to OD600nm = 1.0, and the bacterial suspension (0.25 mL) was then aspirated into a sterile syringe (1 mL). The open end of a capillary tube (inner diameter 0.1 mm, sealed at one end) was filled with E. coioides skin mucus (3 μL), horizontally dipped into the bacterial suspension in the syringe, then incubated at 28°C for 1 h. Finally, the number of bacteria in the mucus was determined by plate counting (Mao et al., 2020). Sterile PBS in a capillary tube was used as the control. Three independent biological replicates were performed per group.



In vitro adhesion assay

In vitro adhesion was determined following previous study (He et al., 2021). First, sterile mucus of E. coioides (20 μL) was evenly coated onto a slide and fixed with 200 μL of 4% methanol for 30 min. Then, 200 μL of bacterial suspension (OD600nm = 0.3) was evenly coated on the area with mucus. After the slides were incubated at 28°C for 2 h, they were washed three times with PBS to remove adherent cells. The bacterial cells adhered to the glass slide were fixed with 200 μL of 4% methanol for 30 min and stained with 0.1% crystal violet for 3 min, after which the unstained crystal violet was washed with PBS. Five slides were performed per group, and the adhered bacteria in 20 randomly selected fields were counted under a microscope (×1 000) (Leica DM4000 B LED, Leica, Germany).



Fish infection and sampling

Healthy size-matched E. coioides (14.7 ± 0.7 cm in length) were purchased from Zhangzhou city (Fujian, China) and adaptively maintained at 18°C for one week in laboratory seawater (water volume 320 L; pH = 7.8–8.2; continuous oxygen). The seawater temperature remained at 18 ± 1°C throughout the experiment.

For survival rate assay, 60 fish were randomly divided into three groups: i.e., fliS-RNAi strain group, wild type strain group, and PBS group. Each fish in the infection groups was intraperitoneally injected with the corresponding strain at a dose of 5 × 104 colony-forming units (CFU)/fish. For the negative control, 20 fish were injected with 200 μL of PBS. Survival was observed and recorded every 12 h after injection to 10 days post infection (dpi).

For spleen sampling, 240 fish were randomly divided into three groups: i.e., wild type strain infection group, fliS-RNAi strain infection group, and PBS injection group. The fish were treated as described above. Six spleens were randomly sampled from each group at 1, 2, and 3 dpi. Two spleens from each group were randomly mixed into one sample and subjected to bacterial load and gene expression assays. Thirty-six spleens were randomly sampled at 4 dpi, with six spleens from the same group randomly mixed into one sample and subjected to qRT-PCR, pathogen load assay, fliS gene expression determination, and metabolomic analysis. All spleen samples were frozen in liquid nitrogen and stored in a refrigerator at -80°C.



qRT-PCR

qRT-PCR was performed using a QuantStudio 6 Flex Real-Time PCR system (Life Technologies, Carlsbad, CA, USA). Primers were synthesized by Tsingke Biotechnology Co., Ltd., (China) as shown in Supplementary Table 2. The fliS gene expression levels of P. plecoglossicida were normalized using 16S rDNA. Pathogen load of P. plecoglossicida in the infected spleens was determined based on the copy number of the housekeeping gene gyrB (Xin et al., 2020). Relative gene expression in the different groups was calculated using the 2−△△CT method (Luo et al., 2020).



Transcriptomic analysis

An Illumina TruSeq™ RNA Sample Prep Kit was used for the RNA sequencing (RNA-seq) libraries. Total RNA was extracted from spleen samples, with RNA concentration and purity detected using a Nanodrop 2000 spectrophotometer. The RNA integrity number (RIN) was determined using an Agilent 2100 bioanalyzer. Oligo-dT was used to enrich mRNA, fragmentation buffer was added to fragment mRNA, cDNA was reverse synthesized, and adapters were ligated. Sequencing was performed using the Illumina NovaSeq 6000 sequencing platform by Majorbio Biotechnology Co., Ltd. (Shanghai, China).

Raw Illumina reads were trimmed and quality-controlled (QC) using fastp to obtain high-quality clean data to ensure the accuracy of subsequent analyses. The clean reads of each sample were compared with the reference sequences assembled by Trinity to obtain the mapping results of each sample and for subsequent unigene and transcript quantification of each sample.

To explore the related biological processes, BLAST2GO was used for Gene Ontology (GO) annotation (Diao et al., 2019) and molecular annotation of differentially expressed transcripts of samples. Differentially expressed genes (DEGs) of transcripts between the fliS-RNAi strain infection (experimental) and the wild type strain infection groups (control) were analyzed using edgeR (screening criteria: |log2FC| ≥ 1 and false discovery rate (FDR) < 0.05). GO enrichment analysis was performed on the obtained transcripts using GOATOOLS. Signaling pathway functional enrichment was analyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG) (Zhao et al., 2018). KOBAS (http://kobas.cbi.pku.edu.cn/home.do) were used for KEGG pathway analysis of differential transcripts. Ten genes were randomly selected to verify the reliability of RNA-seq by qRT-PCR.



Metabolomic analysis

A certain amount of sample was accurately weighed and added to the extract obtained from the metabolite extraction process in a low-temperature environment. After centrifugation, the supernatant was collected for liquid chromatography-mass spectrometry (LC-MS) detection. Six replicates were performed per group.

LC-MS was performed using ultra-performance liquid chromatography tandem Fourier transform mass spectrometry (UPLC-MS/MS) with the UHPLC-Q Exactive HF-X system (Thermo Fisher). Chromatographic conditions were as follows: Acquity UPLC HSS T3 column (100 mm × 2.1 mm i.d., 1.8 μm); Waters, Milford, USA); mobile phase A 95% water + 5% acetonitrile (containing 0.1% formic acid) and mobile phase B 47.5% acetonitrile + 47.5% isopropanol + 5% water (containing 0.1% formic acid); injection volume 2 μL; column temperature 40°C. For mass spectrometry, the sample was subjected to electrospray ionization and mass spectrometry signals were collected in positive and negative ion scanning modes. Specific parameters are provided in Supplementary Table 3.

After UPLC-TOF/MS, the raw data were preprocessed, including original data missing value filtering, missing value filling, data normalization, QC verification, and data conversion. In addition, mass spectrometry information was exported and compared in the Human Metabolome database (HMDB) (http://www.hmdb.ca/) and Metlin database (https://metlin.scripps.edu/) to obtain specific information on metabolites.

The preprocessed data were uploaded to the MSG BioCloud platform (https://cloud.majorbio.com) for data analysis. The R package ropls (v1.6.2) was used for principal component analysis (PCA) and orthogonal least squares discriminant analysis (OPLS-DA). In addition, t-test and difference multiple analysis were performed. differentially expressed metabolites between the fliS-RNAi and wild type groups were screened (VIP > 1, FDR < 0. 05, |FC| ≥ 1), and the pathways involved in the differentially expressed metabolites were obtained using KEGG (https://www.kegg.jp/kegg/pathway.html). The Python software package SciPy was used for pathway enrichment analysis and Fisher’s exact test was used to obtain the most relevant biological pathways.



Combined analysis of transcriptomics and metabolomics

The VennDiagram package in R was used to analyze KEGG pathways involved in differentially expressed genes (DEGs) and differentially expressed metabolites. The top 10 KEGG pathways with the largest number of DEGs and differentially expressed metabolites were counted for visualization. The DEGs obtained by transcriptomics and differentially expressed metabolites obtained by metabolomics were integrated to analyze KEGG pathway data.



Statistical analyses

All data are expressed as means ± standard deviation (SD) from at least three sets of independent experiments. Data analysis was implemented using IBM SPSS Statistics v22.0 (New York, USA), with one-way analysis of variance (ANOVA) with Dunnett’s test used. P-values < 0.05 were considered statistically significant.



Data access

The RNA-seq data were deposited in the GenBank SRA database under accession numbers SRP 374606 (fliS-RNAi strain infection group), SRP 370956 (NZBD9 strain infection group), and SRP 370960 (PBS injection group). The metabolome data were deposited in the China National GeneBank Database under accession number CNP0003231.




Results


Silencing efficiency of RNAi strains

The expression level of fliS in five different RNAi strains was verified by qRT-PCR. As shown in Figure 1A, all five shRNAs significantly reduced fliS mRNA expression by 64.2%, 76.7%, 89.0%, 77.7%, and 84.8%, respectively. Thus, five stably silenced strains of P. plecoglossicida were successfully constructed. Among them, the fliS-RNAi-126 strain (hereinafter the fliS-RNAi strain) showed the best RNAi effect and was selected for subsequent experiments (Figure 1A). As shown in Figure 1B, there were no significant differences in the growth curves of the fliS-RNAi and wild type strains.




Figure 1 | Construction and growth curve of P. plecoglossicida fliS-RNAi strain. (A) fliS mRNA levels of P. plecoglossicida strains. (B) Growth curve of wild type and fliS-RNAi strains.





Effects of fliS silencing on P. plecoglossicida virulence-related characteristics

The LB agar plate-cultured colonies of the fliS-RNAi and wild type strains of P. plecoglossicida are shown in Figure 2A. Results indicated that the fliS-RNAi strain colonies were significantly smaller (6.58 ± 0.11 mm, p < 0.01) than those of the wild type strain (8.37 ± 0.08 mm) (Figure 2B).




Figure 2 | Characteristics of two P. plecoglossicida strains. (A) Colonies of wild type and fliS-RNAi strain swarms on soft agar plates. (B) Colony diameters of wild type and fliS-RNAi strains. (C) Biofilm of wild type and fliS-RNAi strains. (D) Biofilm formation ability of wild type and fliS-RNAi strains. (E) Adhering bacteria under the microscope. (F) Adhesion ability of wild type and fliS-RNAi strains. (G) Chemotaxis capacity of wild type and fliS-RNAi strains. Data are mean ± SD. *p < 0. 05, **p < 0. 01, ***p < 0. 001.



Biofilm formation of the fliS-RNAi and wild type strains of P. plecoglossicida is shown in Figure 2C. Compared to the wild type strain, the fliS-RNAi biofilm was lighter and deeper than that of LB. Results also showed that the OD590 of fliS-RNAi was significantly lower (0.39 ± 0.02 nm, p < 0.001) than that of the wild type strain (0.89 ± 0.04 nm) (Figure 2D).

Adhesion of the fliS-RNAi and wild type strains of P. plecoglossicida to the mucus surface of E. coioides is shown in Figure 2E. Results indicated that the adhesion ability of the fliS-RNAi strain was markedly weakened, with significantly fewer (286 ± 6.20 cells/vision, p < 0.001) adhered bacteria compared to the wild type strain (814 ± 22.20 cells/vision) (Figure 2F).

Chemotaxis capacity of the fliS-RNAi and wild type strains of P. plecoglossicida is shown in Figure 2G. Results indicated that fliS-RNAi strain chemotaxis was marked weakened, with significantly lower (2.6 × 104 CFU/mL, p < 0.001) chemotaxis compared to the wild type strain (4.7 × 104 CFU/mL).



Effects of fliS silencing on P. plecoglossicida pathogenicity

The E. coioides infected with the wild type strain of P. plecoglossicida began to die at 2 dpi, with 100% mortality reached at 6 dpi. In contrast, no E. coioides infected with the fliS-RNAi strain died by 10 dpi, as also found in the PBS-injected controls (Figure 3A). Furthermore, the apparent characteristics of E. coioides spleens at 4 dpi (Figure 3B) showed many white nodules on the spleen surface of E. coioides infected by the wild type strain, but almost no white spots on the spleen surface of fish infected by the fliS-RNAi strain or PBS. As shown in Figure 3C, although pathogen load in the fliS-RNAi strain-infected E. coioides spleens did not change significantly from 1 dpi to 4 dpi, it was consistently significantly lower than that of the wild type strain, and relative pathogen load (fliS-RNAi strain pathogen load/wild type strain pathogen load) decreased sharply with the duration of infection. The fliS gene of both strains was more highly expressed in the spleen than in vitro, and fliS expression in the fliS-RNAi strain was consistently lower than that in the wild type strain (Figure 3D).




Figure 3 | Pathogenicity of two P. plecoglossicida strains against E coioides. (A) Survival rate. (B) Symptoms in E coioides spleens at 4 dpi. (C) Pathogen load of fliS-RNAi strain in E coioides spleens during infection. Column represents pathogen load in spleen, represented by copy number of housekeeping gene gyrb. Line graph represents relative pathogen load value (i.e., copy number of gyrB gene of fliS-RNAi strain/copy number of gyrB gene of wild type strain). (D) mRNA expression level of fliS gene of P. plecoglossicida in E coioides spleens during infection.





Effects of fliS silencing on infected E. coioides spleen transcriptome

RNA-seq was performed on the spleens of E. coioides infected with the fliS-RNAi or wild type strains of P. plecoglossicida. Quality control of the original sequencing data showed that the Q20 (percentage of bases with quality value ≥ 20) of each sample was above 97.41%, Q30 (percentage of bases with quality value ≥ 30) was above 93.94%, and GC content was about 50% (Supplementary Table 4). The sequencing error rate was less than 0.1%, and sequencing accuracy was high. Thus, the quality of the sequencing data met the requirements for subsequent data processing and analysis.

Through the correlation analysis between biological repeat samples, on the one hand to test whether the variation between biological repeats meets the expectations of experimental design, on the other hand to provide basic reference for DEG analysis. Pearson correlation analysis was used to assess the associations between the wild type strain-infected group and fliS-RNAi strain-infected groups. The minimum and maximum Pearson correlation coefficients between groups were 0.098 and 0.164, respectively, and within groups were 0.99 and 1, respectively (Supplementary Figure 1). Thus, biological repeatability was deemed good, with strong intra-group correlation and small inter-group correlation. The experimental data were therefore reliable and could be used for further analysis of DEGs.

EdgeR was used for differential transcript analysis of E. coioides. The statistical standard of mRNA expression level of transcriptome data was FDR < 0.05 and |log2FC| ≥ 1 as GO and KEGG pathway enrichment analysis of DEGs. Transcriptomic analysis of E. coioides spleens sampled at 4 dpi identified 52 006 DEGs between the fliS-RNAi and wild type strain-infected spleens, including 38 393 up-regulated DEGs and 13 613 down-regulated DEGs (Figure 4A). The top 50 most significantly up-regulated and down-regulated DEGs were selected for analysis (Figure 4B).




Figure 4 | Comparative transcriptomic analysis of E coioides spleens infected by fliS-RNAi and wild type strains of P. plecoglossicida. (A) Volcano plot obtained from EdgeR analysis. (B) Heat map of top 50 up-regulated (red) and down-regulated DEGs (blue). Deeper color indicates higher expression difference. (C) GO enrichment analysis of DEGs. (D) KEGG pathway enrichment analysis of DEGs. (E) Expression level of DEGs in cytokine-cytokine receptor interaction pathway.



Figure 4C shows the top 20 GO enrichment results. Based on GO functional annotation, the DEGs were annotated into three categories, i.e., biological process (BP), cell composition (CC), and molecular function (MF), with significant enrichment in protein-containing complex and immune system process and response to stimulus.

Further enrichment analysis identified 23 KEGG pathways involved in the immune response (Figure 4D), with 23.8% of DEGs enriched in immune system pathways. Based on Fisher’s exact test, 213 DEGs were significantly enriched in the cytokine-cytokine receptor interaction pathway, including 102 significantly up-regulated DEGs and 111 significantly down-regulated DEGs (Figure 4E). Most genes involved in this pathway were chemokines, including class I helical cytokines, class II helical cytokines, IL1-like cytokines, IL17-like cytokines, TNF family, and TGF-β family. Notably, chemokines such as CXCL8, CXCR2, CCL11, and CXCL12 were up-regulated, while certain inflammatory genes such as IL1B, IL1R2, IL17, and IL17RA were down-regulated. Furthermore, TNF gene expression was down-regulated, while TGFB1 and TGFB2 gene expression levels were up-regulated. qRT-PCR verification was performed on 10 randomly selected DEGs from the RNA-seq database. Results showed that the expression trends of the selected DEGs were consistent with those of transcriptome sequencing (Supplementary Figure 2).



Effects of fliS silencing on infected E. coioides spleen metabolome

To determine the cumulative differences in spleen metabolites between the fliS-RNAi and wild type strain-infected groups, PCA was performed to obtain scores of the two principal components. In the total ion PCA model, PC1 = 60.30%, PC2 = 8.52% (Figure 5A), R2X = 0.603, and the cumulative difference explanatory value was greater than 0.5, so the established PCA model was stable and could be used for subsequent metabolic difference analysis. To display the metabolic differences between the two groups more accurately, the supervised OPLS-DA model was used for further analysis. The fliS-RNAi strain-infected samples were mainly distributed in the negative half of PC1, while the wild type strain-infected samples were mainly distributed in the positive half of PC1, so the model could effectively distinguish the two groups of samples (Figure 5B). The replacement test of OPLS-DA model showed that R2X and R2Y were 0.753 and 0.991, and Q2 was 0.986, which were close to 1 and had good reliability (Supplementary Table 5).




Figure 5 | Comparative metabolomic analysis of E coioides spleens infected by fliS-RNAi and wild type strains of P. plecoglossicida. (A) PCA diagram. X-axis shows first principal component, Y-axis shows second principal component. (B) OPLS-DA score plot. Component 1 represents first predictive principal component interpretation and Orthogonal Component 1 represents first orthogonal component interpretation. (C) Volcano plot of differentially expressed metabolites. (D) Heat map comparison of differentially expressed metabolites. (E) KEGG enrichment of differentially expressed metabolites.



The differentially expressed metabolites between the two infection groups were analyzed. Based on screening criteria (FDR < 0. 05, VIP > 1, FC > 1, FC < 1), 326 differentially expressed metabolites were identified, mainly divided into organic acids, lipids, carbohydrates, nucleic acids, peptides, vitamins and coenzyme factors, steroids, hormones and transmission media, and antibiotics according to their biological function. Compared with the wild type strain-infected group, 107 and 219 differentially expressed metabolites in the fliS-RNAi strain-infected group were up-regulated (FC > 1) and down-regulated (FC < 1), respectively (Figure 5C). The top 20 up-regulated and down-regulated differentially expressed metabolites were selected for further analysis (Figure 5D).

Based on KEGG pathway enrichment analysis, 105 metabolic pathways were annotated, with 18 found to be significantly enriched (P < 0.05), including glycosylphosphatidylinositol (GPI)-anchor biosynthesis, glycerophospholipid metabolism, arginine biosynthesis, arginine and proline metabolism, ABC transporters, linoleic acid metabolism, alpha-linolenic acid metabolism, sphingolipid signaling pathway, and glutathione metabolism. Six metabolic pathways were highly significantly enriched (P < 0.01), including linoleic acid metabolism, arginine and proline metabolism, glycerophospholipid metabolism, choline metabolism in cancer, purine metabolism, and especially arginine biosynthesis pathway (Figure 5E).



Comprehensive transcriptomic and metabolomic analysis

The transcriptomic and metabolomic results were correlated. Venn analysis indicated that 101 KEGG pathways were shared between the transcriptomes and metabolomes, accounting for 94.2% of the total metabolome pathways (105) and 29.1% of the total transcriptome pathways (347) (Figure 6A). Figure 6B shows the top 10 KEGG pathways with the largest number of DEGs and differentially expressed metabolites. We found that arginine biosynthesis pathway was most involved (Figure 6B), and the correlation between metabolites and DEGs was the best (Figure 6C). So focused on this pathway to explore the relationship between them, further in-depth analysis was conducted.




Figure 6 | Combined transcriptomic and metabolomic analysis. (A) Venn diagram of DEM-enriched pathways and differential metabolite-enriched pathways (blue is transcriptome, yellow is metabolome, and round cross region represents number of shared KEGG pathways). (B) Top 10 pathways containing most DEGs and differentially expressed metabolites. Each column represents a KEGG pathway. Blue represents transcriptome, red represents metabolome. (C) Correlation analysis between differentially expressed metabolites and DEGs. Purple represents DEGs, green represents differentially expressed metabolites. (D) Schematic of arginine biosynthesis pathway. Green indicates down-regulation, red indicates up-regulation. Circle represents metabolites, rectangle represents genes.



We identified 11 DEGs and seven differentially expressed metabolites involved in the arginine biosynthesis pathway (Figure 6D). Among them, glnA and argH were up-regulated and glsA and rocF were down-regulated, while glutamine and arginine were up-regulated and ornithine and citrulline were down-regulated. We found that glnA gene and argH gene in the transcriptome involved in arginine biosynthesis pathway, as well as glutamine and arginine in the metabolic group were significantly up-regulated. Among them, glnA gene was positively regulated with glutamine, and argH gene was positively regulated with arginine.




Discussion

RNAi technology is a highly efficient tool for investigating gene function (Dai et al., 2005; Fellmann et al., 2011; Liu et al., 2020). In this study, the five shRNAs used showed different fliS silencing efficiency, indicating the versatility of RNAi and differences at different sites. Stable and efficient silencing is essential for gene function studies. Here, the best fliS silencing efficiency obtained was 89%, and the effect persisted at all sampling times, thus laying the foundation for this research.

Motility mediated by the bacterial flagellar system increases the probability of contact, adhesion, and colonization of host cells, thus highlighting the critical role of flagella in the infection process (Houry et al., 2010; Chaban et al., 2015). Flagella are also involved in many other processes, including chemotaxis, biofilm formation, virulence factor secretion, and eukaryotic immune system regulation (Duan et al., 2013; Gallego-Hernandez et al., 2020). Here, fliS gene silencing significantly reduced P. plecoglossicida motility, biofilm formation, and adhesion ability, which are factors closely related to bacterial pathogenicity (Song et al., 2019; Zhang et al., 2020). We previously found that the P. plecoglossicida fliM gene was involved in flagellar assembly (Sun et al., 2019) and the fliG gene was involved in regulation of flagellar movement to regulate toxicity (Jiao et al., 2021).

Our results showed that E. coioides injected with the wild type strain of P. plecoglossicida began to die at 2 dpi and reached 100% mortality at 6 dpi, while the E. coioides fish infected by the fliS-RNAi strain were still alive at 10 dpi. Thus, fliS gene silencing resulted in a marked reduction in P. plecoglossicida pathogenicity, further suggesting that fliS is a virulence gene of P. plecoglossicida, as confirmed by the spleen symptoms and pathogen load. Silencing of fliS did not affect P. plecoglossicida growth, suggesting that the decrease in P. plecoglossicida virulence was not due to a decrease in the growth rate. However, whether P. plecoglossicida virulence is associated with motility, biofilm formation, and adhesion remains to be investigated.

Compared with the wild type-infected E. coioides spleen, we identified 52 006 DEGs in the fliS-RNAi-infected E. coioides spleen, including 38 393 up-regulated DEGs and 13 613 down-regulated DEGs. These findings indicated that fliS gene silencing significantly affected transcription in infected E. coioides.

Based on GO and KEGG pathway enrichment analysis of the 52006 DEGs, 23 immune-related pathways were enriched, especially the cytokine-cytokine receptor interaction pathway. Thus, fliS gene silencing significantly affected the immune response of P. plecoglossicida-infected E. coioides.

Cytokines are small molecular polypeptides or glycoproteins synthesized and secreted by a variety of tissue cells (mainly immune cells) (Wang et al., 2020; Chauhan et al., 2021), which regulate cell growth, differentiation, and immune response (Curfs et al., 1997). In this study, compared with the control group, IL-1B gene expression was significantly down-regulated in the spleens of E. coioides infected with the fliS-RNAi strain, with down-regulation also observed for the receptor gene IL1R2 and downstream gene TNF. The IL-1B gene encodes IL-1β, which can activate the release of other pro-inflammatory cytokines, such as TNF, in response to viral and bacterial stimulation (Eder, 2009; Fathy et al., 2019; Ren and Torres, 2009; Zhang et al., 2022). IL-1β also plays a key role in inflammation and immune response, with important implications in disease pathogenesis (Lukens et al., 2012). When fish are stimulated by bacteria, viruses, endotoxins, and other pathogenic factors, the transcription of IL-1β is significantly up-regulated in immune organs, skin, gills, intestines, and other tissues (Yang et al., 2017; Dong et al., 2021; Tian et al., 2021). In this study, the significant down-regulation of IL-1B in the fliS-RNAi strain-infected E. coioides spleens indicated a milder inflammatory response compared to those fish infected with the wild type strain, consistent with the lower pathogen load in the fliS-RNAi-infected spleens.

Our results also showed that TGFB1 and TGFB2 were up-regulated in the fliS-RNAi strain-infected E. coioides spleens compared with the wild type-infected group. TGFB1 and TGFB2 encode TGF-β, a multifunctional cytokine involved in immune response regulation (Haque and Morris, 2017), and play an important role in cell growth, proliferation, differentiation, adhesion, migration, polarization of Th17 reaction, generation, and apoptosis of reactive oxygen species (Morikawa et al., 2016; Seoane and Gomis, 2017; Wang et al., 2019). In the present study, up-regulation of TGFB1 and TGFB2 indicated that E. coioides infected with the fliS-RNAi strain showed a stronger TGF-β-based immune response than E. coioides infected with the wild type strain of P. plecoglossicida. Furthermore, E. coioides exhibited different inflammatory and TGF-β-based immune responses to infection by the wild type and fliS-RNAi strains of P. plecoglossicida, indicating complexity of the immune response.

Metabolomic analysis revealed significantly different patterns in the E. coioides infected with the wild type and fliS-RNAi strains. These results suggest that fliS gene silencing can significantly alter the metabolic pattern of E. coioides under P. plecoglossicida infection, consistent with the changes in the transcription of E. coioides infected with the two strains of P. plecoglossicida.

Combined with metabolomic analysis, our results showed that the differentially expressed metabolites were mainly concentrated in the arginine and proline metabolism, arginine biosynthesis, glutathione metabolism, and other metabolic pathways. Arginine biosynthesis was the most significantly enriched KEGG pathway. Seven differentially expressed metabolites were enriched in this pathway, including L-arginine and L-glutamine, which were significantly up-regulated. Amino acid metabolism plays an important role in the immune system to fight pathogen infection (Synne et al., 2016). The arginine biosynthesis pathway, including arginine, glutamine, and other metabolites, is involved in oxidative stress, biofilm formation, immune response, and inflammatory response (Wang et al., 2021; Huang et al., 2022; Long et al., 2022). In addition, arginine biosynthesis is a key metabolic pathway for the antitumor effects of drugs, with the arginine metabolite playing an important role (Chen et al., 2021). Previous research has shown that the survival rate of Aeromonas hydrophila-infected Jian carp (Cyprinus carpio var. Jian) significantly increases after arginine feeding, and arginine can enhance immunity and disease resistance (Chen et al., 2015). In addition, arginine regulates mRNA expression of the TOR pathway, as well as inflammatory cytokines and antioxidant-related signaling molecules (Habte-Tsion, 2020). Inhibition of the TOR pathway significantly hinders the arginine enzyme metabolism and Arg-NO metabolism pathways and improves humoral and cellular immunity (Habte-Tsion, 2020). In this study, we found that L-arginine was up-regulated in the spleens of E. coioides infected with the fliS-RNAi strain compared to the wild type strain, suggesting that virulence of the silenced strain was weakened, while the L-arginine metabolic pathway was strengthened, resulting in an enhanced immune response.

Similarly, studies have shown that dietary probiotics can improve L-glutamine content in Litopenaeus vannamei, thereby regulating the immune response (Chien et al., 2020). In Oreochromis niloticus, glutamine supplementation can enhance the bactericidal ability of Streptococcus through macrophages (Carvalho et al., 2018). In Scophthalmus maximus, glutamine can reduce the negative effects of soybean meal on intestinal immune function by increasing intestinal immune components and reducing intestinal inflammation (Gu et al., 2017). In this study, we found that glutamine levels were up-regulated in the spleens of E. coioides infected with the fliS-RNAi strain compared to those infected with the wild type strain. This may be due to stimulation of P. plecoglossicida, L-glutamine needs to be consumed by many immune cells, thereby increasing its synthesis to facilitate further immune response.

We speculate that infection with the fliS-RNAi strain of P. plecoglossicida may induce arginine biosynthesis pathway expression in E. coioides, which may help prevent pathogen infection, thereby weakening P. plecoglossicida damage to the host.



Conclusions

Our study showed that the fliS gene is involved in the regulation of P. plecoglossicida motility, adhesion, and biofilm formation, and may be a virulence gene of P. plecoglossicida. Silencing the fliS gene significantly affected the transcriptome and metabolome of the E. coioides spleen following P. plecoglossicida infection. The cytokine-cytokine receptor interaction pathway was the most significantly enriched immune-related pathway in the transcriptome, while the arginine biosynthesis pathway was the most significantly enriched pathway in the metabolome. The transcriptome and metabolome changes indicated that the inflammatory response of E. coioides infected with the fliS-RNAi strain was milder than that infected with the wild type strain.
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