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Pseudomonas plecoglossicida is a gram-negative pathogenic bacterium that causes visceral white spot disease in several marine and aquaculture fish species, resulting in high mortality and severe financial loss. Based on previous RNA sequencing (RNA-seq), fliK gene expression is significantly up-regulated in P. plecoglossicida during infection, indicating that fliK may contribute to its bacterial pathogenicity. To investigate the role of fliK, four specific short hairpin RNAs (shRNAs) were designed and synthesized according to the fliK gene sequence, with three of the four mutants exhibiting a significant decrease in fliK gene expression in P. plecoglossicida. The shRNA-406 mutant with the maximum silencing efficiency (97.5%) was chosen for further study. Compared with the wild-type (WT) P. plecoglossicida strain, silencing fliK in the fliK-RNA interference (RNAi) strain resulted in a significant decrease in growth, motility, chemotaxis, adhesion, and biofilm formation in P. plecoglossicida. Silencing of fliK also resulted in a 95% increase in the survival rate, a 2-day delay in the onset of death, and a significant decrease in the number of white spots on the spleen surface in infected orange-spotted groupers (Epinephelus coioides). In addition, fliK gene expression and pathogen load were significantly lower in the spleens of E. coioides infected with the fliK-RNAi strain than in those infected with the WT strain of P. plecoglossicida. RNA-seq of the spleens further revealed that fliK silencing significantly regulated the immune response of E. coioides during the pathogenic process. Compared with the WT-infected group, the differentially expressed genes (DEGs) in the fliK-RNAi-infected group were enriched in 344 and 345 KEGG pathways at 3 and 5 days post infection (dpi), respectively. Among these pathways, 21 immune system-related pathways were enriched, including the natural killer (NK) cell-mediated cytotoxicity, platelet activation, and Th17 cell differentiation signaling pathways. The NK cell-mediated cytotoxicity pathway was the most significantly enriched, which may enhance the host’s ability to remove pathogens and reduce inflammation. This study revealed the effects of the fliK gene in P. plecoglossicida pathogenicity and identified the main pathways involved in the immune response of E. coioides.
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1 Introduction

Disease has always restricted large-scale aquacultural development (Defoirdt, 2016). In recent years, visceral white spot disease has become an increasing issue in mariculture fish (Zhang et al., 2014; Li et al., 2020; He et al., 2021), resulting in high mortality and serious economic loss (Tang et al., 2020). Pseudomonas plecoglossicida, a Gram-negative proteobacterium first identified in diseased ayu (Plecoglossus altivelis) (Nishimori et al., 2000), is the causative agent of visceral white spot disease in large yellow croakers (Larimichthys crocea) and orange-spotted groupers (Epinephelus coioides) (Zhang et al., 2014; Huang et al., 2019; Li et al., 2020). While several strains of P. plecoglossicida show a strong ability to degrade pollutants and have been used in environmental pollution control (Jha et al., 2009; John et al., 2015), other strains are highly pathogenic to teleosts, leading to high death rates in a variety of farmed fish (Nishimori et al., 2000; Zhang et al., 2014; Tang et al., 2019a). Based on previous transcriptome data from our laboratory (NCBI, SRP115064), we found the fliK gene to be highly expressed in infected E. coioides (Luo et al., 2020), suggesting it may play a role in P. plecoglossicida infection.

As a multi-subunit surface organelle, flagella are present in more than 70% of bacteria (Persat et al., 2015). These flagella are either peritrichous or polar, which can affect bacterial motility (Chaban et al., 2015), chemotaxis, and virulence (Sampedro et al., 2015). Pseudomonas plecoglossicida bacteria have polar flagella, and thus exhibit excellent motility. The assembly and regulation of flagella require the participation of proteins encoded by more than 50 genes (Duan et al., 2013). The FliK protein controls flagella hook length after secretion (Waters et al., 2007; Kinoshita et al., 2020) and is considered an essential determinant of Bacillus thuringiensis virulence (Attieh et al., 2020). The fliK gene encodes the FliK protein and thus may play a role in flagella regulation and bacterial virulence; however, its role in P. plecoglossicida remains unclear.

Considering the strong pathogenicity of P. plecoglossicida to economically valuable fish and the potential impact of fliK on virulence, we silenced the fliK gene in P. plecoglossicida and analyzed differences in bacterial virulence and E. coioides immune response between wild-type (WT) and fliK-RNA interference (RNAi) strains. This study should enhance our understanding of host-pathogen interactions between E. coioides and P. plecoglossicida.



2 Materials and Methods


2.1 Bacterial Strains and Culture Conditions

The highly pathogenic P. plecoglossicida WT strain NZBD9 was initially isolated from a L. crocea fish with visceral white spot disease. The bacteria were grown in Luria Bertani (LB) broth at 18 or 28°C with shaking at 220 rpm. Escherichia coli DH5α was purchased from TransGen Biotech (Beijing, China) and grown in LB broth (37°C, 220 rpm). Tetracycline was added to the medium when appropriate at a final concentration of 10 μg/mL.



2.2 Construction of RNAi Strains of P. plecoglossicida

The RNAi strains were constructed as per Darsigny et al. (2010) and Choi and Schweizer (2006), with minor modifications. Briefly, after designing four short hairpin RNA (shRNA) sequences (Supplementary Table 1) targeting the fliK gene using Thermo Fisher BLOCK-iT™ RNAi Designer (http://rnaidesigner.thermofisher.com/rnaiexpress/), the shRNAs were synthesized by Shanghai Generay Biotech Co., Ltd. (China). Tetracycline-resistant plasmid pCM130/tac was modified based on pCM130 following Luo et al. (2019). Recombinant pCM130/tac vectors were constructed by connecting shRNA to linear pCM130/tac, followed by digestion with restriction enzymes NsiI-HF and BsrGI-HF (New England Biolabs, USA) via T4 DNA ligase (Takara Biomedical Technology, Beijing, China) according to the product manual. The recombinant pCM130/tac vectors were transfected into E. coli DH5α cells by water-bathing heat shock. Plasmid DNA was extracted from the E. coli DH5α cells using an EasyPure Plasmid MiniPrep Kit (TransGen Biotech, Beijing, China) and then electroporated into P. plecoglossicida to construct the fliK-RNAi strain. Finally, the expression levels of fliK in each fliK-RNAi strain were determined by quantitative real-time polymerase chain reaction (qRT-PCR).



2.3 Biological Characteristic Determination


2.3.1 Growth Curve Determination

Optical densities (OD600) of overnight cultures of the WT and fliK-RNAi strains of P. plecoglossicida were adjusted to 0.2 ± 0.01 with fresh LB broth and diluted 4-fold. Then, 200 μL of diluted bacterial suspension was added to each well of a microtiter plate and incubated at 28°C for 24 h. The OD600 of each well was detected hourly and automatically by a SYNERGY H1 microplate reader (BioTek, USA).



2.3.2 Swarming Motility Measurement

Overnight cultures of the WT and fliK-RNAi strains were adjusted to OD600 = 0.3 ± 0.01 with fresh LB broth, and 1 μL of adjusted bacterial suspension was dropped onto solidified 0.4% semi-solid agar medium before incubation at 28°C for 12 h. Measurement was repeated three times.



2.3.3 In vitro Adhesion Measurement

Skin mucus was obtained from healthy E. coioides according to previously described methods (Chen et al., 2008). The protein concentration of the skin mucus was adjusted to 1 mg/mL using a Quantitative Kit (TransGen Biotech, Beijing, China). An in vitro adhesion assay was carried out following previously described methods (Jiao et al., 2021). The adhered bacteria in 20 randomly selected fields were counted under a microscope (×1 000) (Leica DM4000 B LED, Leica, Germany). Three independent biological replicates were performed per group.



2.3.4 Capillary Chemotaxis Assay

Overnight cultures of the WT and fliK-RNAi strains were centrifuged, resuspended in phosphate-buffered saline (PBS, pH=7.4), and adjusted to OD600 = 0.5 ± 0.01. The bacterial suspension (0.3 mL) was then aspirated into a sterile syringe (1 mL). The open end of a capillary tube (inner diameter of 0.1 mm, sealed at one end) filled with E. coioides skin mucus was then horizontally dipped into the bacterial suspension in the syringe, and incubated at 28°C for 1 h. Finally, the number of bacteria in the mucus was determined by plate counting. Sterile PBS-EDTA in a capillary tube was used as the control. Three independent biological replicates were performed per group. The chemotactic index (CI) was calculated as CI = CFU (experimental group)/CFU (control group) (Joós et al., 2017).



2.3.5 Biofilm Formation Assay

Overnight cultures of the WT and fliK-RNAi strains were adjusted to OD600 = 0.3 ± 0.01 in fresh LB broth. Bacterial culture aliquots (100 μL) were added to a 12-well microtiter plate and incubated at 28°C for 24 h. After washing the wells twice with sterile PBS, the biofilm was fixed at 65°C for 45 min, then stained with 125 μL of crystal violet (0.1%) for 15 min, washed twice with PBS, and air dried. Finally, 200 μL of acetic acid (33%) was added to each well to solubilize the stained biofilm and the OD590 of each well was determined using the SYNERGY H1 microplate reader (BioTek, USA).




2.4 Artificial Infection and Sampling

All infection experiments were approved by the Research Board of the Ethics Committee of Jimei University under permit number JMULAC201159.


2.4.1 Infection and Mortality Assay

Healthy size-matched E. coioides (body length 12 ± 2 cm) were purchased from Zhangzhou city (Fujian, China) and adaptively cultured at 18 ± 1°C for one week under specific pathogen-free laboratory conditions. The strains for infection were cultured in LB medium at 18°C for 18 h to the late stage of the logarithmic phase and then centrifuged and resuspended in PBS at 18°C.

For the survival assay, 180 fish were randomly divided into three groups (WT strain infection group, fliK-RNAi strain infection group, and PBS injection group), with each group consisting of three tanks. Each fish in the infection groups was intraperitoneally injected with the corresponding strain at a dose of 5 × 104 CFU/fish. Sixty fish injected with 200 μL of PBS were used as the negative control. The status and mortality of the injected fish were recorded twice a day. Seawater temperature was maintained at 18 ± 1°C throughout the whole experiment.



2.4.2 Tissue Sampling

For spleen sampling, 120 fish were randomly divided into two groups (i.e., WT and fliK-RNAi strain infection groups) and intraperitoneally injected with the corresponding strain at a dose of 5 × 104 CFU/fish. Six spleens from E. coioides infected with the WT or fliK-RNAi strain of P. plecoglossicida were randomly sampled at 1, 2, 3, 4, 5, and 6 days post infection (dpi). Two spleens from the same group were randomly mixed into one sample. Spleen samples from 1, 2, 3, 4, 5, and 6 dpi were subjected to fliK expression and pathogen load assays. Spleen samples from 3 and 5 dpi were sent to Shanghai Majorbio Bio-Pharm Technology Co., Ltd. (China) for transcriptome sequencing.




2.5 RNA Extraction and Reverse Transcription

Total RNA from bacteria was extracted using a TransZol Up Kit (TransGen Biotech, Beijing, China). Total RNA from fish spleens was extracted using an Easystep Super Total RNA Extraction Kit (Promega, Beijing, China). The cDNA was synthesized using TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qRT-PCR (One-Step gDNA Removal) (TransGen Biotech, Beijing, China) according to the product manual.

RNA quality was analyzed by agarose gel electrophoresis and absorbance value.



2.6 qRT-PCR

qRT-PCR was implemented using a QuantStudio 6 Flex Real-Time PCR system (Life Technologies, USA). Primer sequences (Supplementary Table 2) were designed using Primer Premier v5.0. The P. plecoglossicida and E. coioides gene expression levels were normalized according to 16S rDNA and β-actin, respectively (Wang et al., 2020). The P. plecoglossicida pathogen load in each sample was estimated using the copy number of the housekeeping gene gyrB (Izumi et al., 2007). Three technical replicates were performed for each treatment. The 2−ΔΔCt method was used to calculate the relative expression levels of the genes (Luo et al., 2020).



2.7 Pathogen Load Assay

Bacterial DNA was extracted from the infected spleens of E. coioides using an EasyPure Marine Animal Genomic DNA Kit (TransGen Biotech, Beijing, China) according to the manufacturer’s instructions. The bacterial load of P. plecoglossicida was calculated using the gyrB gene copy number, which was determined by qRT-PCR (Tang et al., 2020). Three biological replicates were carried out.



2.8 Transcriptomic Analysis


2.8.1 Library Preparation and Sequencing

The RNA-seq libraries were prepared using protocols supplied with the Illumina TruSeq™ RNA Sample Prep Kit (San Diego, CA, USA). RNA concentration and purity were detected using the NanoDrop 2000 instrument (NanoDrop Technologies). RNA integrity number was detected using the Agilent 2100 system (Agilent Technologies, USA), with only high-quality RNA samples (1.9 ≤ A260/280 ≤ 2.0, RIN ≥ 6.5, 28 S:18 S ≥ 1.0, total amount > 2 μg) used to construct individual sequencing libraries. The mRNA was fragmented by fragmentation buffer and reverse transcribed into cDNA, which was then synthesized using a SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA). After blunt end repair, phosphorylation, and poly (A) addition to the 3’ end, the cDNA library was amplified in 15 cycles using Phusion DNA polymerase (NEB, USA). DNA was quantified using a TBS380 Fluorometer (Turner Bio Systems, USA). The RNA-seq libraries were sequenced on the Illumina NovaSeq 6000 sequencing platform at Shanghai Majorbio Bio-Pharm Technology Co., Ltd (China).



2.8.2 Quality Control of Sequence Data

Statistical analysis and quality control of the raw Illumina reads were performed using fastx_toolkit_0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/) (Wu et al., 2021), SeqPrep (https://github.com/jstjohn/SeqPrep), and Sickle (https://github.com/najoshi/sickle) to ensure the accuracy of subsequent analysis (Rangan et al., 2021).



2.8.3 Sequence Data Processing and Read Mapping

All clean data were assembled from scratch using Trinity (https://github.com/trinityrnaseq/trinityrnaseq/wiki) (Marazzi et al., 2020). The sequence obtained from de novo assembly was filtered and optimized with TransRate (http://hibberdlab.com/transrate/) (Weng, 2016). Transcriptome integrity was evaluated by BUSCO (http://busco.ezlab.org) (Seppey et al., 2019). Clean reads were aligned with the reference sequence obtained by the Trinity assembly to obtain mapping results (Sherwood et al., 2019).



2.8.4 Differentially Expressed Genes and Enrichment Analysis

We performed molecular annotation to describe the biological processes related to the differentially expressed transcripts of E. coioides. The screening standards for significant DEGs were as follows: |log2FC| ≥ 1 and false discovery rate (FDR) < 0.05. Gene Ontology (GO) annotation was completed using GOATOOLS (Klopfenstein et al., 2018). Metabolic pathways were analyzed using Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2017; Lee et al., 2017), and Fisher’s exact test was used for enrichment analysis (Yang et al., 2018). Visualization of the E. coioides transcriptome data was implemented using the clusterProfiler R package and RStudio (Loraine et al., 2015).




2.9 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) and one-way analysis of variance (ANOVA) with Dunnett’s test. P-values < 0.05 were considered statistically significant.



2.10 Data Access

The RNA-seq data were deposited in the NCBI SRA database under accession numbers SRP315483 and SRP315268.




3 Results


3.1 Effects of RNAi on Expression of fliK in P. plecoglossicida

Four shRNAs targeting the fliK gene were designed using Thermo Fisher BLOCK-iT™ RNAi Designer. After synthesis by Shanghai Generay Biotech Co., Ltd. (China), the four shRNAs were successfully ligated to plasmid pCM130/tac to construct the recombinant pCM130/tac vectors. After the recombinant plasmid was transferred into P. plecoglossicida, four RNAi mutant strains of P. plecoglossicida were successfully constructed. The qRT-PCR results showed that the expression levels of fliK in all four RNAi mutant strains of P. plecoglossicida were lower than that in the WT strain. Although all four shRNAs led to fliK gene silencing, they showed different silencing efficiency (62.2%, 97.5%, 4.6%, and 57.2%) (Figure 1). The strain containing pCM130/tac-fliK-shRNA-406 (hereafter called the fliK-RNAi strain) exhibited the best silencing efficiency (97.5%) and was chosen for further study.




Figure 1 | mRNA levels of fliK gene in WT and mutant strains of P. plecoglossicida. *P < 0.05, **P < 0.01.





3.2 Effects of fliK Gene on Biological Characteristics of P. plecoglossicida

Figure 2A shows the growth curves of the fliK-RNAi and WT strains of P. plecoglossicida. The growth and maximum growth rates of the fliK-RNAi strain were lower than those of the WT strain. After 11 h of incubation, the OD600 value of the fliK-RNAi strain was significantly lower than that of the WT strain.




Figure 2 | Comparison of biological characteristics between WT and fliK-RNAi strains of P. plecoglossicida. (A) Growth curve of WT and fliK-RNAi strains. (B) Colonies of WT and fliK-RNAi strains on semi-solid agar. (C) Colony diameter of WT and fliK-RNAi strains. (D) Adherent bacterial cells of WT and fliK-RNAi strains under light microscope (×1 000, crystal violet staining). (E) Number of cells of WT and fliK-RNAi strains attached to fish mucus. (F) Chemotaxis index of fish mucus against WT and fliK-RNAi strains. (G) Level of biofilm formation in WT and fliK-RNAi strains. Data are means ± SD from three independent biological replicates. *P < 0.05, ***P < 0.001.



Figure 2B shows the colonies of the fliK-RNAi and WT strains of P. plecoglossicida on a semi-solid LB agar plate. The colonies of the fliK-RNAi strain were significantly smaller than those of the WT strain. Colony diameter of the fliK-RNAi strain (4.86 mm) was significantly lower than that of the WT strain (6.92 mm; P < 0.001) (Figure 2C).

Figure 2D shows the number of bacterial cells of the WT and fliK-RNAi strains that adhered to the fish mucus. As detected under the microscope (×1 000), there were significantly fewer adherent cells of the fliK-RNAi strain (367 cells/vision) than the WT strain (876 cells/vision; P < 0.001; Figure 2E).

Both the WT and fliK-RNAi strains showed positive tropism to the skin mucus of E. coioides. The CI of the fliK-RNAi strain (CI = 0.86) was significantly lower than that of the WT strain (CI = 1.43) (Figure 2F). The OD of the fliK-RNAi strain biofilm stained with 0.1% crystal violet was significantly lower (47.8%) than that of the WT strain (Figure 2G).



3.3 Effects of fliK Gene on P. plecoglossicida Virulence to E. coioides

The WT strain of P. plecoglossicida exhibited high virulence to E. coioides. Notably, E. coioides infected with 5 × 104 CFU/fish began to die at 2 dpi, and the mortality rate reached 100% at 8 dpi. The E. coioides infected with the same dose of the fliK-RNAi strain began to die at 4 dpi and the mortality rate remained at 5% thereafter. The control group injected with PBS did not die during the experiment (Figure 3A). At 6.5 dpi, the spleen surface of E. coioides infected by the WT strain was covered with numerous white spots. However, there were almost no white spots on the spleen surface of E. coioides injected with the fliK-RNAi strain or PBS (Figure 3B).




Figure 3 | Comparison of virulence between WT and fliK-RNAi strains of P. plecoglossicida. (A) Survival rate of E. coioides post infection. (B) Symptoms in spleens of E. coioides injected with P. plecoglossicida or PBS. (C) Relative expression level of fliK gene in P. plecoglossicida. (D) Pathogen load of P. plecoglossicida in spleens of E. coioides during infection. Bar chart represents pathogen load of fliK-RNAi strain of P. plecoglossicida, represented by copy number of gyrB gene. Line graph represents relative pathogen load of fliK-RNAi strain to WT strain, represented by copy number of gyrB gene of fliK-RNAi strain/copy number of gyrB gene of WT strain × 100%.



Compared with the expression of fliK in P. plecoglossicida cultured at 18°C in vitro, the fliK gene showed high and time-dependent expression in vivo. In the early stages of infection, fliK gene expression in the WT strain gradually increased, reached a maximum at 2 dpi, and then gradually decreased. In the fliK-RNAi strain, fliK gene expression was similar to but always lower than that of the WT strain (Figure 3C).

Both the fliK-RNAi and WT strains of P. plecoglossicida persisted in the E. coioides spleen post injection. The fliK-RNAi strain pathogen load in the infected E. coioides spleens was relatively low at the early stages of infection but was high at the later stages. The fliK-RNAi strain pathogen load was always lower than that of the WT strain over the entire infection period. The relative pathogen load of the fliK-RNAi strain to WT strain increased to 38.7% at 2 dpi and decreased to 0.03% at 6 dpi (Figure 3D).



3.4 Effects of fliK Gene on RNA-seq Data of Spleens From Infected E. coioides


3.4.1 Quality Control of RNA-seq Data

The spleens of E. coioides infected with the fliK-RNAi or WT strain of P. plecoglossicida or injected with PBS were subjected to RNA-seq. The base content distribution was balanced, and N% was within the normal range (Supplementary Figure 1). The quality of the sequence data met the requirements for subsequent analysis (Supplementary Figure 2). The percentage of bases with quality values ≥ 20 (Q20) exceeded 96% for each sample, and the base error rates of the WT and fliK-RNAi strain-infected groups were < 0.1% (Supplementary Figure 3). The reproducibility and principal component analysis (PCA) results of the three biological replicates were satisfactory (Supplementary Figure 4 & Supplementary Figure 5).



3.4.2 DEGs

The DEGs were analyzed using the online Majorbio Cloud Platform (http://www.majorbio.com).

Spleen transcriptome data from E. coioides infected with the fliK-RNAi or WT strain were compared (hereafter referred to as the first transcriptome), and changes in expression level that met certain criteria (FDR < 0.05 and |log2FC| ≥1) were deemed statistically significant. Compared with the transcriptome of the WT strain-infected E. coioides spleen, 446 and 917 DEGs were obtained from the fliK-RNAi strain-infected E. coioides at 1 and 2 dpi, respectively. At 3 and 5 dpi, 76 208 DEGs (10 653 up-regulated and 65 555 down-regulated) and 53 102 DEGs (8 872 up-regulated and 44 230 down-regulated) were identified, respectively (Figure 4A). According to the log2FC, the top 30 up-regulated and down-regulated DEGs in the fliK-RNAi- and WT-infected groups (at 3 dpi) were selected, as shown in Figure 4B. Among the up-regulated DEGs, DN7446_c0_g1 (log2FC = 11.7) showed the greatest fold-change. Among the down-regulated DEGs, DN21377_c0_g1 (log2FC = -13.69) showed the greatest fold-change. The top 30 up-regulated and down-regulated DEGs in the fliK-RNAi- and WT-infected groups (at 5 dpi) were selected, as shown in Figure 4C. Among the up-regulated DEGs, DN14867_c1_g1 (log2FC = 11.78) showed the greatest fold-change. Among the down-regulated DEGs, DN21377_c0_g1 (log2FC = -16.91) showed the greatest fold-change.




Figure 4 | Comparative transcriptome analysis of E. coioides spleens. (A) Statistics of comparative transcriptome DEGs (fliK-RNAi and WT strain infection groups). (B) Heat map of top 30 up-regulated and 30 down-regulated mRNAs from transcriptome of fliK-RNAi and WT strain infection groups (3d). (C) Heat map of top 30 up-regulated and 30 down-regulated mRNAs from transcriptome of fliK-RNAi and WT strain infection groups (5 dpi).



Seven up-regulated genes and seven down-regulated genes were selected from the host transcriptomes, respectively, and qRT-PCR was performed to verify the reliability of the transcriptome data, which were found to be consistent (Supplementary Figure 6).

A total of 52 and 51 annotated GO terms were obtained at 3 and 5 dpi, respectively, based on the transcriptomes of E. coioides spleens infected with the fliK-RNAi and WT strains of P. plecoglossicida. Figure 5A shows the top 10 annotated GO terms containing the greatest number of DEGs, with “Binding” showing the highest enrichment. Figure 5B shows the number of DEGs annotated with GO terms in the “Immune System Process” between different comparison pairs. The fliK/WT(3d) and fliK/WT(5d) pair showed the most shared GO terms (Figure 5B). The distribution of DEGs in “Immune System Process” was analyzed, with DN1276_c1_g1 (log2FC = 9.26) found to be the most up-regulated and CD74 (log2FC = -9.5) found to be the most down-regulated mRNA (Figure 5C).




Figure 5 | GO annotation of comparative transcriptome data of fliK-RNAi and WT strain infection groups (3 and 5 dpi). (A) Top 10 GO terms with number of annotated DEGs. (B) Number of DEGs annotated to “Immune System Process” in different comparison groups. (C) Distribution of expression level of DEGs annotated to “Immune System Process” (upper, middle, and lower horizontal lines in box represent upper quartile, median, and lower quartile, respectively. Upper- and lower-line segments represent maximum and minimum values of data, respectively; points outside boxes represent outliers. Blue indicates most up-regulated mRNA in fliK-RNAi and WT strain infection groups, red indicates most up-regulated mRNA in fliK-RNAi strain infection and PBS injection groups). *P < 0.05.



For the transcriptome data of the fliK-RNAi- and WT-infected groups (at 3 dpi), DEGs were enriched in 344 KEGG pathways, including 21 immune system-related pathways (Figure 6A). The DEGs enriched in the immune system-related pathways accounted for 23% of total DEGs. Among these pathways, the NOD-like receptor signaling pathway (ko04621) was enriched in the most DEGs (Figure 6A). Among the 231 DEGs enriched in the immune system-related pathways, htpG (log2FC = 6.89) was the most up-regulated and Ripk3 (log2FC = -7.94) was the most down-regulated (Figure 6B). For the transcriptome data of the fliK-RNAi- and WT-infected groups (at 5 dpi), DEGs were enriched in 345 KEGG pathways, including 21 related to the immune system. The DEGs enriched in the immune system-related pathways accounted for 24.96% of total DEGs. Among these pathways, the natural killer (NK) cell-mediated cytotoxicity (ko04650), platelet activation (ko04611), and Th17 cell differentiation (ko04659) signaling pathways were all significantly enriched (Figure 6C). DEM expression levels in these three signaling pathways were analyzed, and the most up-regulated DEGs in each pathway are shown in Figure 6D. In addition, up-regulation of 2–32 times enriched the most number of DEGs, and down-regulation of 2–32 times enriched the second large number of DEGs.




Figure 6 | KEGG enrichment analysis of comparative transcriptome of fliK-RNAi and WT strain infection groups (3 and 5 dpi). (A) Signaling pathways related to immune system in comparative transcriptomes of fliK-RNAi and WT strain infection groups (3 dpi). (B) Expression level of DEGs in NOD-like receptor signaling pathway. (C) Signaling pathways related to immune system in comparative transcriptomes of fliK-RNAi and WT strain infection groups (5 dpi). (D) Expression level of DEGs in NK cell-mediated cytotoxicity, platelet activation, and Th17 cell differentiation (black horizontal lines in boxes show median expression level of each mRNA. Upper and lower frames in white box represent upper and lower quartiles in dataset, respectively. Left side reflects distribution of data, right side reflects data density, black mark indicates most up-regulated and down-regulated mRNA expression level in each pathway).



The DEGs showed gene expression in NK cell-mediated cytotoxicity. Analysis indicated that mRNAs of the oncogene Vav, related to A and C kinase (Rac), mitogen-activated protein kinase kinase (MEK1/2), perforin, factor-related apoptosis ligand (FASL), and its receptor FAS were up-regulated. While the mRNAs of phosphoinositide 3-kinase (PI3K), oncogene Raf, extracellular regulated protein kinases (ERK1/2), and tumor necrosis factor-alpha (TNF-α) were down-regulated (Figure 7).




Figure 7 | Schematic of key changes in NK cell-mediated cytotoxicity pathway (blue indicates down-regulation, red indicates up-regulation, gray indicates no significant change, P indicates phosphorylation).







4 Discussion

Virulence genes play important roles in the process of pathogenic host infection (Hu et al., 2021). In recent years, several virulence-related genes have been identified and implicated in aquatic pathogen infection (He et al., 2021), including virulence genes of P. plecoglossicida. Virulence genes can affect the host immune response and are critical to pathogen-host interactions (Luo et al., 2020). At present, however, no studies have reported on the effects of the fliK gene in P. plecoglossicida pathogenicity or on host immune response.

The application of RNAi technology can reduce the expression levels of genes in different aquatic pathogens (Jiao et al., 2021) and is achieved by shRNA silencing of genes (Zhang et al., 2019). In the present study, four shRNAs were designed to silence the fliK gene. Here, fliK-shRNA-406 showed the highest silencing efficiency (97.5%), superior to that achieved for other P. plecoglossicida genes (Luo et al., 2019). Gene silencing stability is crucial for studying the influence of genes on bacterial virulence (Luo et al., 2020). Our results showed that fliK gene expression in the fliK-RNAi strain of P. plecoglossicida was always lower than that in the WT strain during infection, indicating that fliK was persistently silenced over the whole infection process. These results indicated that the RNAi technique was reliable in this study and provided the foundation for subsequent research.

In the WT and fliK-RNAi strains of P. plecoglossicida, fliK gene expression was higher in the infected E. coioides than in the in vitro cultures, suggesting that fliK may play a role in infection. Infection with the fliK-RNAi strain (5 × 104 CFU/fish) resulted in only 5% mortality in the infected E. coioides, whereas infection with the WT strain (same dose) resulted in 100% mortality at 8 dpi. Thus, silencing of the fliK gene resulted in a marked decrease in the pathogenicity of P. plecoglossicida, further suggesting that fliK is a virulence gene, as confirmed by the spleen symptoms, pathogen loads, and fliK gene expression levels. Several genes are associated with P. plecoglossicida virulence, the silencing of which results in lower or no mortality in infected fish (Tang et al., 2019b; Wang et al., 2019; Liu et al., 2020; Xin et al., 2020).

In the current study, silencing of the fliK gene resulted in a decrease in the growth rate and final concentration of P. plecoglossicida. However, whether a decrease in the growth rate is associated with a decrease in virulence of the fliK-RNAi strain remains to be verified. Motility, chemotaxis, adhesion, and biofilm formation are associated with bacterial virulence and are controlled by flagella (Luo et al., 2016). In the present study, these factors were all significantly lower in the fliK-RNAi strain than in the WT strain, indicating that fliK is associated with the regulation of motility, chemotaxis, adhesion, and biofilm formation in P. plecoglossicida. These results further suggest that fliK is a virulence gene in P. plecoglossicida.

Pathogen invasion elicits an immune response in the host and can impact the host’s transcriptome (Tang et al., 2020; Thompson et al., 2021). And several P. plecoglossicida genes has been known to affect the host transcriptomic response (Luo et al., 2019; Wang et al., 2020). In this study, we found the fliK affected the transcriptomic response of E. coioides based on the DEGs between the different P. plecoglossicida strain-infected fish, especially at 3 and 5 dpi. These DEGs mainly enriched in the immune-related GO terms and 21 KEGG pathways, including the natural killer (NK) cell-mediated cytotoxicity, platelet activation, and Th17 cell differentiation signaling pathways. NK cell-mediated cytotoxicity plays an important role in the host immune response to infection (Ma et al., 2015; Pan et al., 2015). In this pathway, ITGAL binds to ITGB2 and is down-regulated, which may reduce protein adhesion between leukocytes. The inflammatory response relating with MAPK signaling pathway (Pan et al., 2017; Habtetsion et al., 2018; Yang et al., 2019; Sharif et al., 2020) also was activated in the present study. Compared with the WT strain-infected E.coioides, the weakened autoimmune response of that infected with fliK-RNAi P.plecoglossicida seems reflect in the down-regulated secretion of TNF-α produced by NK cells. In addition, during the process of toxic granule exocytosis in NK cells to target cells: Perforin/Granzyme mediated apoptosis pathway, which plays a role in removing microorganisms and immune surveillance (Woodsworth et al., 2017; Kotov et al., 2018; Pitabut et al., 2020), FAS trimers are formed on the surface of target cells, clustering the death domains of cytoplasm, and ultimately leading to the death of target cells (Mao et al., 2021). Platelet activation signaling plays a critical role in platelet function in hemostasis and thrombosis (Estevez and Du, 2017). Platelet activation is induced by collagen or soluble platelet agonists that bind to G-protein-coupled receptors, leading to activation of platelet adhesion receptors (Estevez and Du, 2017). Various platelet adhesion receptors are critical for mediating immune or inflammatory responses in leukocytes and in the coupling between thrombosis and inflammation (Estevez and Du, 2017). Th17 cells are a new subset of IL-17-producing T helper cells that mediate immune defense against fungi and extracellular bacteria and tissue inflammation in autoimmune diseases (Huang et al., 2012). TH17 cell differentiation can be initiated by transforming growth factor-beta (TGF-b) in the presence of the inflammatory cytokines IL-6 or IL-21 and further reinforced by IL-23. TH17 cells produce several signature cytokines, e.g., IL-17, IL-17F, and IL-22, which trigger various inflammatory responses, such as neutrophilia, tissue remodeling, and antimicrobial protein production (Korn et al., 2009). Consistent with the relative pathogen loads in fish, up-regulation of the NK cell-mediated cytotoxicity, platelet activation, and Th17 cell differentiation signaling pathways in E. coioides infected with the fliK-RNAi strain compared with that infected with WT strain indicated an enhanced immunity and ability to remove microorganisms.



5 Conclusions

Our study showed that fliK is an important virulence gene of P. plecoglossicida and contributes to the pathogenicity of P. plecoglossicida in E. coioides. The silencing of fliK weakens P. plecoglossicida motility, chemotaxis, adhesion, and biofilm formation, as well as its pathogenicity. Gene silencing also significantly affects the immune response of E. coioides to P. plecoglossicida infection, with significant enrichment in the NK cell-mediated cytotoxicity pathway.
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