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Simple Summary


Freshwater aquaculture plays a major role in meeting the increasing demands for high-quality proteins in the form of food fish. However, the spread of bacterial diseases is threatening the sustainable growth of the industry. Novel drug alternatives to antibiotics are urgently needed due to the emergence of antibiotic resistance. In this study, we determined the protective effect of fisetin against A. hydrophila infection in fish by decreasing the virulence factors. Further transcriptome analysis determined the mechanism of fisetin. The study showed that an anti-virulence strategy is a feasible approach for developing anti-infective drugs that combat A. hydrophila.




Abstract


Aeromonas hydrophila is an important zoonotic bacterium that is related to multiple diseases in humans, terrestrial animals, and aquatic animals. Bacterial septicemia caused by A. hydrophila often results in high mortality and severe economic losses. Antibiotics, the major approach to dealing with bacterial infections, are limited due to the occurrence of antibiotic resistance. Anti-virulence strategies provide a promising approach to combat resistant bacterial infections. Here, growth curves, hemolysis, biofilm formation, and animal studies were performed to investigate the effect of fisetin against A. hydrophila. Moreover, RNA-seq technology was employed to determine the potent mechanism of fisetin. The results showed that fisetin could dose-dependently reduce the hemolytic activities mediated by aerolysin and hinder biofilm formation. Animal studies showed that treatment with 50 mg/kg fisetin could remarkably reduce the mortality to 40% in the infected group compared with fish in the fisetin-free group. Further, transcriptome analysis demonstrated that there were 565 differentially expressed genes (DEGs) after treatment with 16 μg/mL fisetin. Fisetin significantly impacted the pathways related to oxidative phosphorylation, the citrate cycle, and virulence factor regulation. Furthermore, 159 virulence-related genes were influenced after fisetin treatment. Collectively, these findings revealed that fisetin could mitigate the pathogenicity of A. hydrophila by affecting oxidative phosphorylation and the citrate cycle pathway as well as inhibiting the production of virulence factors. The study not only identified a powerful substance for managing A. hydrophila-associated diseases in aquaculture but also clarified the mechanism of plant medicines in controlling diseases caused by bacterial pathogens.
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1. Introduction


Aquaculture has become the fastest-growing sector among the food production system to find a solution to the increasing demands of high-quality proteins and nutritional deficiencies globally [1,2]. The average consumption of aquatic foods from marine and freshwater environments per capita has increased to 20.21 kg per year, and developing and small-island countries rely more on aquatic products [2]. Therefore, aquaculture is crucial for ensuring food security. However, bacterial diseases break out every year, not only resulting in heavy economic losses to the industry but also threatening animal welfare after the intensive development of aquaculture [3]. Over 13 bacterial genera are responsible for bacterial infections in aquaculture all over the world [3]. It is known that there are over 200 fish diseases in cultured fish in China, and bacterial infections can cause about 15–20% loss of total production [4]. Antibiotics are regarded as the leading solutions for treating bacterial diseases and are frequently used in aquaculture.



Aeromonas hydrophila, a ubiquitous bacterium distributed in aquatic environments, causes a number of fish diseases, including septicemia, red sore disease, and skin ulcers, which often lead to high mortality in aquaculture [5]. Moreover, the bacteria distributed in water and aquatic foods can be transmitted to humans and cause a variety of clinical disease manifestations in humans from mild soft tissue infection to life-threatening septicemia [6]. Since the first attempt of sulfonamide in dealing with furunculosis in trout, a number of antibiotics have been introduced to aquaculture and have become the preferred approach in combating bacterial diseases in aquaculture [7,8]. However, resistance to multiple classes of antibiotics was observed in A. hydrophila strains, limiting the treatment options in aquaculture [9]. Therefore, it is important to develop novel approaches to controlling A. hydrophila infections to ensure the high-quality development of the aquaculture industry and human health. Virulence factors produced by A. hydrophila, such as hemolysin, aerolysin, cytosine, gelatinase, enterotoxin, and biofilm, help the bacteria establish and maintain the infections [10,11]. Consequently, screening drugs targeting the activities or productions of virulence factors might be a useful way of combating drug-resistant A. hydrophila infections in aquaculture.



Herbal medicines and their major chemical compounds with anti-bacterial, growth-promoting, and anti-inflammatory effects are widely used in aquaculture in China and have been regarded as ideal alternatives to antibiotics in dealing with bacterial infections [12,13]. Fisetin, belonging to the flavonoids, is the chemical component of several vegetables and fruits, including strawberries, apples, nuts, and grapes [14,15]. Fisetin exhibits several biological functions, including anti-oxidation, anti-inflammatory, and anti-cancer effects [16,17,18]. Nevertheless, the inhibitory effect of fisetin against bacterial pathogens isolated from aquaculture was relatively unknown. This study was performed to elucidate the mode of action of fisetin against the pathogenicity of A. hydrophila and provide a novel agent to manage A. hydrophila-associated diseases in aquaculture.




2. Materials and Methods


2.1. Bacterial Strain and Reagents


A. hydrophila XS-91-4-1 is a clinical isolate stored in our laboratory. Fisetin was obtained from Sichuan Vicky Biotechnology Co., Ltd. (Chengdu, China). For in vitro studies, fisetin was dissolved in DMSO at the concentration of 40,960 μg/mL. For animal studies, fisetin was prepared in PBS, and the pH was adjusted to 9.0.




2.2. Minimal Inhibitory Concentration (MIC) Determination


The MIC assay was conducted to assess the susceptibility of fisetin using the micro-dilution method in a 96-well cell plate in accordance with CLSI [19]. Fisetin was dissolved in 100 μL MHB medium in each well to obtain final concentrations ranging from 512 to 1 μg/mL after a 2-fold serial dilution. An overnight bacterial suspension was sub-cultured in LB medium at 28 °C to the mid-logarithmic phase, and then bacterial cells were harvested by centrifugation. The concentration of cells was adjusted to 1 × 106 cfu/mL by MHB after washing with PBS. Then, 100 μL of bacterial cells was mixed with the same volume of fisetin in a 96-well plate. MHB with bacterial cells was employed as the fisetin-free control, while MHB medium only served as the negative control. After an incubation at 28 °C for 16–18 h, the MIC was defined as the lowest concentration without visible growth of bacteria.




2.3. Growth Curve Assay


Growth curve assays were carried out to examine the effect of adding fisetin on A. hydrophila XS-91-4-1 growth after 5 h. The bacteria after being cultured overnight were sub-inoculated into 100 mL of fresh LB medium at a ratio of 1:100 and further cultured to the early logarithmic phase, which was ascertained by measuring the optical density at 600 nm (OD600nm) and obtaining a value of 0.3. The inoculum was divided into 5 conical flasks; each flask contained 10 mL bacterial suspension. Then, fisetin at final concentrations of 2, 4, 8 and 16 μg/mL was mixed with the suspension, while bacterial culture supplemented with DMSO was defined as the fisetin-free control. The bacterial suspensions in each flask were cultured in a thermostatic shaker at 28 °C for 5 h, and the growth trends were determined by measuring OD600nm.




2.4. Hemolytic Activity Assay


A. hydrophila XS-91-4-1 in the early logarithmic phase (OD600nm = 0.3) was equally separated into 5 flasks and fisetin was added to make final concentrations of 0, 2, 4, 8 and 16 μg/mL. The inoculates were cultured to an OD600nm of 1.5 and then were centrifuged (6000 g, 4 °C) to obtain cell-free supernatants. Bacterial supernatants were used for determining the influence of fisetin on hemolysis of supernatants after activation with trypsin. The hemolytic activity determination reaction was placed in 1.5 mL tubes and included sheep erythrocytes, bacterial supernatants, and hemolytic buffer at volumes of 25, 100, and 875 μL, respectively. After gentle mixing, the tubes were incubated at 37 °C for 15 min. The tubes were then centrifuged to remove the unlysed blood cells, and the OD543nm was determined to calculate the hemolytic activities after fisetin treatment. Supernatants collected from bacteria co-cultured without fisetin treatment served as 100% hemolysis.




2.5. Western Blot


The contents of aerolysin in bacterial supernatants obtained as described above were measured using a western blot assay. First, the BCA method was employed to measure the content of proteins in the samples. Then, electrophoresis was performed using a SurePAGE Bis-Tris gel after sampling with loading buffer. The gel containing aerolysin was transferred to a PVDF membrane using a wet transfer cell. The membrane containing target proteins was then incubated with skim milk to block the extra sites for 2 h. Following the incubation with a primary anti-aerolysin antibody for 1 h, the membrane was then incubated with an HRP-conjugated goat anti-rabbit antiserum for 1 h. ECL detection reagents were used and co-incubated with the membrane. Proteins were detected, and images were captured by a chemiluminescence imaging system.




2.6. Biofilm Formation Assay


The impact of fisetin on biofilm production was evaluated using the crystal violet staining method in a 96-well plate [20]. Fisetin was diluted 2-fold in the plate at volumes of 100 μL. Then, the same volumes of bacterial suspension were added to produce fisetin concentrations of 0, 2, 4, 8 and 16 μg/mL in each well. The plate was static cultured at 37 °C in a humidity incubator for 24 h. The values of OD600nm were measured using a microplate reader to confirm the bacteria in all wells were in the stationary phase. Bacterial cells in the planktonic state were discarded by washing with PBS, and the plate was air-dried to fix the bacterial cells. Then, 0.5% crystal violet was equally added to each well to stain the bacterial cells in the plate. After washing, crystal violet was released by the addition of acetic acid. The biofilm after an incubation with fisetin was evaluated by determining the OD570nm.




2.7. Animal Study


The therapeutic effect of fisetin alleviating A. hydrophila infection was determined using healthy channel catfish obtained from our breeding center. Ninety channel catfish (weighing 100 ± 10 g, born in the same year) were randomly separated into 3 treatment groups, and each treatment group contained triplicates of 10 fish per tank. Tanks containing 500 L water were used to maintain the fish for 7 days before use. The bacterial strain was cultured to an OD600nm of 1.0, and bacterial cells were collected by centrifugation. After washing 3 times with PBS, the density was adjusted to 1.5 × 109 cfu/mL using McFarland standards [21]. After being anaesthetized by MS-222 at 40 g/m3 for 5 min, fish in the fisetin-free control and fisetin-treated groups were challenged with 100 μL bacterial suspension (containing 1.5 × 108 bacterial cells) intraperitoneally, while the same volume of PBS was injected into fish in the negative control group. Then, fish in the fisetin-treated group were orally given 50 mg/kg fisetin 6 h post infection using a gavage needle. The treatment was maintained for 3 days. Fish in the fisetin-free and negative control groups were treated with sterile PBS (pH 9.0). Fish in all groups were observed for 10 days, and mortality was determined.




2.8. RNA Sequencing Analysis


Bacterial suspension reached OD600nm of 0.3, and then the incubation was divided into 2 flasks. Here, 16 μg/mL fisetin was then mixed with the bacterial suspension in one of the flasks, while the bacterial suspension in another flask without fisetin was used as the fisetin-free control. Both groups were set up as triplicates. To collect bacterial cells after fisetin treatment, centrifugation (6000 g, 5 min, 4 °C) was performed after the OD600nm values of bacterial suspension reached 1.5. Then, the cells were stored in liquid nitrogen immediately. TRIzol® Reagent was applied to separate the RNA from bacterial cells after fisetin treatment according to the instructions supplied by the manufacturer. The concentration and quality of the RNA were measured using a Nanodrop 2000 and the Agilent 5300 fragment analyzer system. RNA samples with high-quality were used for constructing the sequence library after removing rRNA with a ribo-Zero rRNA Removal Kit. cDNA was prepared by a commercial cDNA synthesis kit, and sequences of the samples were used for whole-transcriptome sequencing (RNA-Seq) by Shanghai Majorbio Bio-pharm Technology Co., Ltd. Data generated from the NovaSeqXPlus platform were then analyzed using the Cloud Platform of Majorbio. SeqPrep (Version 2011) and Sickle (Version 1.33) were used to guarantee the quality of the RNA-seq data. The clean reads were then aligned with the genome of A. hydrophila ATCC 7966 using Bowtie 2 (Version 1.2.2). The expression levels were determined based on TPM (transcripts per million reads) values. Gene Ontology (GO) (http://www.geneontology.org/, accessed on 23 October 2024) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/, accessed on 23 October 2024) were used to analyze the function annotation and pathway enrichment of the differentially expressed genes (DEGs). Moreover, the virulence factor database (VFDB) (https://www.mgc.ac.cn/VFs/main.htm, accessed on 23 October 2024) was used to determine the impact of fisetin on the expression of virulence factors.




2.9. Statistical Analysis


The significance of the hemolysis assay and biofilm formation between fisetin-treated groups and the fisetin-free group was evaluated using the student t-test method. Survival rates of the animal study were determined with Kaplan–Meier estimates and log-rank tests. DESeq2 (Version 1.42.0) was employed to determine the DEGs between fisetin-treated and control groups, and statistical significance was defined as data with a fold change > 2 and adjusted p < 0.05.





3. Results


3.1. Impact of Fisetin on Bacterial Growth


The MIC of fisetin against A. hydrophila XS-91-4-1 was 128 μg/mL, suggesting that fisetin had only minimal bacteriostatic effect. The growth curve assay showed that the tested bacterial strain co-cultured with fisetin from 2 to 16 μg/mL had similar growth trends as the fisetin-free group (Figure 1A), indicating that fisetin had no role in affecting the growth of A. hydrophila under the experimental conditions described above.




3.2. Influence of Fisetin on the Hemolytic Activities of Bacterial Supernatants


Aerolysin can be secreted into bacterial supernatant and results in hemolysis. Thus, the hemolysis assay was conducted to measure the inhibition of hemolysis mediated by aerolysin after co-culture with fisetin. Fisetin could decrease the hemolysis induced by aerolysin after co-incubation with fisetin at certain concentrations (Figure 1B). The hemolytic activity declined to 76.03 ± 9.13%, 50.70 ± 7.52%, 27.18 ± 1.05%, and 21.34 ± 0.25% with fisetin at 2, 4, 8 and 16 μg/mL compared with the fisetin-free group (Figure 1B). Statistical significance was observed when fisetin reached 2 μg/mL and above. Then, western blot results showed that the quantity of aerolysin also declined following the increasing concentrations of fisetin in bacterial supernatants (Figure 1C). When fisetin reached 8 and 16 μg/mL, aerolysin could hardly be detected in the supernatants. The outcomes suggested that fisetin could reduce aerolysin-induced hemolytic activity by hindering the secretion of aerolysin.




3.3. Impact of Fisetin on Biofilm Production of A. hydrophila


Biofilm formed by A. hydrophila can regulate the physiological and metabolic functions and result in the high resistance to antibiotics and sanitizers [22]. Therefore, biofilm is identified as a virulence factor related to iterative and continual infections. As shown in Figure 1D, biofilm formation was inhibited after co-incubation with fisetin. The biofilm decreased to 57.76 ± 4.42%, 42.81 ± 2.18%, 37.09 ± 1.95% and 33.08 ± 0.62% compared with the fisetin-free group. After treatment with fisetin at 2 to 16 μg/mL, the amount of biofilm was significantly inhibited.




3.4. Impact of Fisetin on the Survivability of a Fish Infection Model


Aerolysin could determine the pathogenicity of A. hydrophila [23,24]. Thus, the potent protective effect of fisetin against A. hydrophila infection was determined by establishing an infection model. Mortality in the fisetin-free group started within 24 h post infection. The total mortality after 10 days was 93.33%, while the mortality in the fisetin group was 53.33% (Figure 2).



Fish in the negative control group were healthy, and the survival rate of the group was 100%, indicating that deaths in the fisetin-free and fisetin groups were caused by the challenge of A. hydrophila. The survivability of the fisetin-treated group was significantly enhanced by the treatment with fisetin, suggesting that fisetin could partly neutralize the pathogenicity of A. hydrophila by restraining one or more of the virulence factors.




3.5. DEGs Determination


According to the results of RNA-Seq, high-quality clean reads ranged from 2.03 to 2.35 million for the fisetin-free group and the fisetin-treated group with a sequencing error < 0.025%, Q20 > 98%, and Q30 > 96% (Table 1). Moreover, clean reads ranging from 91.95% to 95.53% described above were mapped to the genome of A. hydrophila ATCC 7966 after alignment (Table 2). According to the quality control results, data acquired in the present study could satisfy further bioinformatics determination, and data involved were submitted to the NCBI SRA database (Accession No.: PRJNA1237511). In total, 4122 expressed genes were determined in both groups, among which 565 were DEGs with 355 up-regulated genes and 210 down-regulated genes (Figure 3A,B).




3.6. GO Function Analysis


A total of 23 GO terms were assigned to 423 DEGs, including 8 biological process terms, 2 cellular component terms and 13 molecular function terms (Figure 4A). In the biological process category, the main distributed terms were cellular process (GO: 0009987, containing 79 up-regulated genes and 91 down-regulated genes), metabolic process (GO:0008152, containing 59 up-regulated genes and 89 down-regulated genes) and localization (GO:0051179, containing 23 up-regulated genes and 13 down-regulated genes). In the cellular component category, cellular anatomical entity (GO:0110165, containing 111 up-regulated genes and 98 down-regulated genes) was the main distributed term. In the molecular function category, the main distributed terms were binding (GO:0005488, containing 104 up-regulated genes and 104 down-regulated genes), catalytic activity (GO:0003824, containing 81 up-regulated genes and 115 down-regulated genes) and transporter activity (GO:0005215, containing 29 up-regulated genes and 23 down-regulated genes).




3.7. GO Enrichment Analysis


The result of GO enrichment analysis revealed that fisetin could significantly impact cation binding, metal ion binding, transcription regulator activity, DNA-binding transcription factor activity, etc. (Figure 4B).




3.8. KEGG Function Analysis


The KEGG pathway classification of DEGs is shown in Figure 5A. Most DEGs were centralized in the categories of metabolism, environmental information processing, cellular processes, human diseases, and genetic information processing, which specifically in energy metabolism, carbohydrate metabolism, membrane transport, amino acid metabolism, metabolism of cofactors and vitamins, signal transduction, cellular community-prokaryotes, nucleotide metabolism, and drug resistance: antimicrobial.




3.9. KEGG Enrichment Analysis


The KEGG enrichment analysis result (Figure 5B) showed that oxidative phosphorylation was the most enriched pathway containing 15 DEGs, followed by the citrate cycle pathway containing 11 DEGs. The other enriched pathways were carbon fixation pathways in ABC transporters, glyoxylate and dicarboxylate metabolism, carbon fixation pathways in prokaryotes, glycine, serine and threonine metabolism, purine metabolism, lipoic acid metabolism, quorum sensing, two-component system, etc.




3.10. VFDB Classification Analysis


VFDB results showed that 159 DEGs related to the virulence factors were found in A. hydrophila XS-91-4-1 after treatment with fisetin, containing nutritional/metabolic factors, adherence, immune modulation, effector delivery systems, regulation, antimicrobial activity, motility, exotoxins, stress survival, invasion, exoenzymes, and biofilm (Figure 6). The representative downregulated genes are listed in Table 3.





4. Discussion


Antibiotics in aquatic environments provide selective pressures to bacteria and promote the transfer of antibiotic resistant genes (ARGs) [25]. Studies have demonstrated that A. hydrophila strains developed multi-resistance due to the misuse of antibiotics in aquaculture [26,27]. Moreover, antibiotic resistant bacteria (ARB) and ARGs are classified as new classes of environmental pollutants. The ARB and ARGs that exist in aquatic environments not only affect the safety of the ecological environment but also threaten human health [28]. Therefore, novel approaches dealing with antibiotic-resistant bacteria are needed for improving the health of aquatic animals. In recent years, several alternative approaches have been developed to deal with bacterial diseases in aquaculture, such as bacteriophages, short-chain fatty acids, and anti-virulence strategies [29].



Here, the anti-virulence strategy was used to investigate whether fisetin could decrease the pathogenicity of A. hydrophila by inhibiting certain virulence factors. Although the MIC of fisetin was 128 μg/mL, we found that fisetin could affect the secretion of aerolysin and biofilm formation at concentrations 64 times lower than the MIC, and a significant protection was observed for fish challenged with A. hydrophila. Our previous studies investigated the mechanisms of several natural compounds inhibiting aerolysin production using qRT-PCR [30]. However, qRT-PCR results could only determine the impact of drugs on specific genes, not the global transcription of the bacteria after treatment with drugs. Here, our results showed that fisetin at a concentration of 16 μg/mL did not affect the growth of A. hydrophila. Thus, more attention was focused on the inhibitory effect of fisetin against bacterial virulence. The RNA-seq assay was conducted to investigate the global inhibitory effect. Although the results of GO and KEGG enrichment demonstrated that fisetin could affect certain genetic functions and metabolic pathways of A. hydrophila, the inhibitory effects of fisetin against virulence factors might be the main approach to decreasing the pathogenicity of A. hydrophila. Bacterial oxidative phosphorylation and citrate cycle pathways are not directly involved in the productions of virulence factors but are crucial for energy production and impact the expression of virulence factors. Quorum sensing and two-component system are known that can regulate a number of virulence factors of A. hydrophila, such as aerolysin and biofilm formation, as detected in this study. The VFDB classification results showed that a total of 159 DEGs were found, indicating that fisetin could affect the virulence factors of A. hydrophila. Toxins and enzymes such as aerolysin, metalloprotease, collagenase, and aerolysin were involved in the pathogenicity of A. hydrophila, the expression of which was inhibited according to VFDB classification [31,32]. As is known, adhesion to the host is the first step in the pathogenesis of bacterial pathogens, which plays an essential role in the early infection stage. A total of 25 DEGs were involved in the adhesion of A. hydrophila, indicating that fisetin might affect the function of adhesion. Moreover, motility is crucial for adhesion, and our results revealed that fisetin could affect the expression of motility genes of A. hydrophila. Bacterial secretory systems are responsible for transporting virulence factors to the medium or host cells, which are essential in the pathogenesis of the bacterium [33]. According to the RNA-seq results, fisetin could suppress seven genes related to the secretory systems. Moreover, VgrG and Hcp, the effectors of the type VI secretion system of A. hydrophila, are related to biofilm and virulence factor delivery. Evidence demonstrated that bacterial strains lacking the vgrG or hcp genes showed a significant reduction in virulence [34]. The findings helped to clarify the mechanism of fisetin inhibiting the virulence of A. hydrophila. Several previous studies have demonstrated that the results obtained from RNA-seq technology are the same as the results acquired from qPCR, and validation is not required [35,36]. Thus, we did not validate the RNA-seq results with qPCR.



Fisetin is a well-known anti-virulence agent that can inhibit the expression or activity of virulence factors secreted by several bacterial pathogens and result in a decrease in pathogenicity. The results of Li et al. demonstrated that fisetin could improve the survivability of the murine infection model by inhibiting the type III secretion system regulator HilD of Salmonella typhimurium [37]. Zhang et al. showed that fisetin could directly target the activity of suilysin of Streptococcus suis serotype 2 and result in a decrease in pathogenicity [38]. Wang et al. found that fisetin could interact with listeriolysin O produced by Listeria monocytogenes via binding to loop 2 and 3 of the toxin and lead to a reduction in virulence in vivo [39]. These findings revealed that fisetin is a potent antitoxin agent for seeking drugs against infections. In addition, fisetin is known as an anti-resistance agent by inhibiting the activities of MCR-1 and NDM-1 and can restore the susceptibility of antibiotics [40,41]. However, the inhibitory effect of fisetin against aquatic bacteria has been minimally reported previously. Kang et al. found that fisetin showed antiviral activities against IHNV and VHSV based on a cytopathic effect, indicating that fisetin had the potential as an antiviral drug in dealing with viral infections in aquaculture [42]. Our study determined the mechanism of fisetin using transcriptomic analysis after evaluating the impact of fisetin on hemolysis and biofilm formation of A. hydrophila. Animal studies showed that treatment with fisetin could significantly reduce the mortality of fish infected with A. hydrophila, suggesting that fisetin is a candidate in dealing with A. hydrophila infection in aquaculture. However, the infection model established in the laboratory was completely different from natural infection, and some of the symptoms post infection were not observed in the animal model, which might lead to a change in the treatment effect in aquaculture practice [43]. Therefore, it is necessary to develop animal models based on co-habitation or the immersion challenge, which are much closer to natural infection [43]. Although the findings of the present study indicated that fisetin could be used as an agent controlling A. hydrophila-associated infections, there is still a long way for fisetin to be approved as a fishery drug. Moreover, the dose optimization assay is necessary for finding the appropriate dose for practice. The inhibitory ability of fisetin against the pathogenicity of A. hydrophila might differ among different bacterial strains because the quantity and expression levels of virulence factors can affect the pathogenicity of A. hydrophila [11].



In addition to anti-virulence activity, fisetin is reported to have anti-inflammatory activities in animal models, which might show a synergistic effect in controlling A. hydrophila infection [44]. Therefore, to better clarify the mechanism of fisetin as an anti-infective agent, it is necessary to determine the immunomodulatory effect of fisetin on aquatic animals.




5. Conclusions


Fisetin with minimal bacteriostatic effects can improve the survivability of channel catfish challenged with A. hydrophila under our experimental conditions by suppressing aerolysin and biofilm formation. The feasible mechanism of fisetin was determined using RNA-seq technology. This study offers a potent natural compound in combating bacterial diseases in aquaculture and provides an alternative route in seeking drugs offering less selective pressure than antibiotics.
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Figure 1. Fisetin reduced the hemolysis and biofilm formation at concentrations ranging from 2 to 16 μg/mL. (A), Growth curves of A. hydrophila XS-91-4-1 co-cultured with fisetin; (B), hemolytic activities of bacterial supernatants after co-incubation with fisetin; (C), the relative quantity of aerolysin in bacterial supernatants co-cultured with fisetin; (D), fisetin inhibited the biofilm formation of A. hydrophila. Data shown in Figure 1A are the mean of three independent assays, while data in Figure 1B,D are the mean ± SD of three independent assays. Data in Figure 1A,B,D are analyzed using the student t-test, ** indicates p < 0.01. 
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Figure 2. The impact of fisetin on the survival rates of fish challenged with A. hydrophila. ↓ indicates the time points when fisetin or PBS was given to fish in each group. Each group contained triplicates of 10 fish. ****: The significance was determined using Kaplan–Meier estimates and log-rank tests (p < 0.0001). 
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Figure 3. Expression profiles of A. hydrophila after treatment with fisetin at 16 μg/mL compared with untreated control. (A), Numbers of DEGs, with red bars indicating up-regulated genes, green bars indicating down-regulated genes; (B), volcano plot of DEGs in fisetin-treated A. hydrophila. Both the 16 μg/mL fisetin-treated and fisetin-free groups were performed in triplicates. The DEGs were analyzed based on |log2(fold change)| > 1 and an adjusted p-value < 0.05. 
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Figure 4. DEGs between the control and fisetin-treated bacterial cells analyzed by GO. (A), Function categorization of DEGs, BP indicates biological process, CC indicates cellular component, MF indicates molecular function; (B), GO enrichment analysis of DEGs. 
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Figure 5. KEGG analysis of DEGs between the control and fisetin-treated bacterial cells. (A), KEGG pathway determination of DEGs, (B), KEGG enrichment determination of DEGs. 
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Figure 6. VFDB classification of DEGs between the control and fisetin-treated bacterial cells. 
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Table 1. The quality control results of RNA-seq data.
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	Sample Name
	Raw Reads
	Clean Reads
	Clean Bases (bp)
	Clean Error Rate (%)
	Clean Q20 (%)
	Clean Q30 (%)





	C1
	20,530,174
	20,314,872
	2,993,496,680
	0.0117
	98.92
	96.59



	C2
	22,833,722
	22,606,096
	3,359,219,377
	0.0117
	98.95
	96.61



	C3
	21,288,572
	21,109,952
	3,138,989,218
	0.0116
	98.98
	96.70



	F1
	22,743,550
	22,537,754
	3,356,574,698
	0.0116
	98.98
	96.71



	F2
	22,389,376
	22,194,338
	3,299,969,664
	0.0116
	99.01
	96.78



	F3
	23,764,044
	23,490,540
	3,483,066,492
	0.0116
	98.99
	96.73







C, drug-free control group; F, fisetin-treated group.













 





Table 2. Comparison of samples with the genome of A. hydrophila ATCC 7966.
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	Sample Name
	Total Reads
	Genome Mapped Reads
	Genome Mapped Ratio (%)
	Unmapped Reads
	Unmapped Reads Ratio (%)
	Uniq Mapped Reads
	Uniq Mapped Reads Ratio (%)





	C1
	20,314,872
	18,679,762
	91.95
	1,635,110
	8.05
	18,188,830
	89.53



	C2
	22,606,096
	21,479,423
	95.02
	1,126,673
	4.98
	21,275,355
	94.11



	C3
	21,109,952
	20,056,686
	95.01
	1,053,266
	4.99
	19,876,725
	94.16



	F1
	22,537,754
	21,468,942
	95.26
	1,068,812
	4.74
	21,295,334
	94.49



	F2
	22,194,338
	21,203,091
	95.53
	991,247
	4.47
	21,065,749
	94.91



	F3
	23,490,540
	2,235,0070
	95.14
	1,140,470
	4.86
	22,169,827
	94.38







C, drug-free control group; F, fisetin-treated group.













 





Table 3. The representative down-regulated genes.
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Gene ID

	
Log2 Fold Change

	
Description






	
Genes related to exotoxins




	
AHA_1194

	
−1.5085

	
multidrug resistance efflux pump




	
AHA_0663

	
−1.1876

	
putative transporter




	
AHA_0438

	
−1.2324

	
aerolysin




	
AHA_0739

	
−1.1749

	
putative amidase




	
Genes related to two-component systems




	
AHA_2453

	
−2.2819

	
tricarboxylic transport membrane protein TctB




	
AHA_2454

	
−2.1815

	
tricarboxylic transport membrane protein TctA




	
AHA_2526

	
−3.3417

	
hydrogenase small subunit HydA




	
AHA_2523

	
−4.0288

	
hydrogenase-2 large chain HyaB




	
AHA_3288

	
−1.0205

	
two-component system sensor histidine kinase TtrS




	
Genes related to quorum sensing




	
AHA_1305

	
−1.2950

	
LasA protease




	
AHA_2613

	
−1.1305

	
oligopeptide transport system substrate OppA




	
AHA_2517

	
−1.3323

	
peptide/nickel transport system ATP DdpD




	
AHA_2519

	
−1.4034

	
peptide/nickel transport system permease protein




	
AHA_2520

	
−1.8038

	
peptide/nickel transport system substrate




	
Genes related to secretory systems




	
AHA_1835

	
−1.1672

	
type VI secretion system protein ImpG




	
AHA_1827

	
−1.1736

	
type VI secretion system secreted protein VgrG




	
AHA_1833

	
−1.2388

	
type VI secretion system protein ImpC




	
AHA_1118

	
−1.1621

	
type VI secretion system secreted protein Hcp




	
AHA_3786

	
−1.2232

	
general secretion pathway protein B
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