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Aeromonas hydrophila is an important zoonotic pathogen responsible for septicemia, diarrhea and gastroenteritis, and has attracted considerable attention. The EnvZ/OmpR two-component system (TCS) mediates environmental stress responses in gram-negative bacteria. We investigated the role of the TCS in A. hydrophila by comparing the characteristics of the parental (23-C-23), EnvZ/OmpR knockout (23-C-23:ΔEnvZ/OmpR), and complemented strains (23-C-23:CΔEnvZ/OmpR). Under non-stress conditions, the 23-C-23:ΔEnvZ/OmpR strain showed a significant decrease in growth rate compared to that of 23-C-23. Transcriptome and metabonomic analysis indicated that many metabolic pathways were remarkably affected in the ΔEnvZ/OmpR strain, including the TCA cycle and arginine biosynthesis. In addition, the virulence of the ΔEnvZ/OmpR strain was attenuated in a Kunming mouse model. The ΔEnvZ/OmpR strain exhibited notably reduced tolerance to environmental stresses, including high temperature, different pH conditions, oxidative stress, and high osmotic stress. The downregulated expression of genes related to cell metabolism, motility, and virulence in the ΔEnvZ/OmpR mutant strain was further validated by real-time quantitative PCR. Consequently, our data suggest that the EnvZ/OmpR TCS is required for growth, motility, virulence, and stress response in A. hydrophila, which has significant implications in the development of novel antibacterial and vaccine therapies targeting EnvZ/OmpR against A. hydrophila.
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Introduction

Aeromonas hydrophila, an opportunistic aquatic pathogen that causes various diseases in both aquatic and terrestrial species, has attracted considerable attention owing to its high pathogenicity. It causes serious diseases in animals (Singh et al., 2011; Igbinosa et al., 2016; Liu et al., 2019) and humans (Zhang et al., 2012; Ventura et al., 2015), and is one of the most common pathogens posing serious public health problems. Survival and adaptation to hostile conditions can enhance and repress the expression of certain characteristics (Tsai et al., 1997; Boor, 2006; Mcmahon et al., 2007), promoting the survival of A. hydrophila in various environments. Environmental factors, such as temperature, nutrition, salinity, osmotic stress, pH, and glucose, affect A. hydrophila in a similar fashion (Pianetti et al., 2008; Jahid et al., 2013, 2015; Casabianca et al., 2015), making it difficult to prevent and control. Moreover, controlling disease outbreaks has become increasingly difficult owing to the emergence of drug-resistant strains of A. hydrophila (Vivekanandhan et al., 2002; Ma et al., 2018). Therefore, it is necessary to understand more about A. hydrophila to find novel and effective approaches for its control and treatment.

A two-component system (TCS) is a defense mechanism that bacteria have evolved in response to various environmental stresses. A TCS consists of a sensor kinase and response regulator for sensing environmental stress, transducing signals, and mediating gene expression, which allow bacteria to exhibit high survivability and proliferation under different environmental stresses as a key to their pathogenicity (Cai and Inouye, 2002; Krell et al., 2010). In recent years, the functions of some TCSs have been investigated. For example, in Vibrio parahaemolyticus, PhoR is responsible for bacterial motility and flagella assembly (Zhang et al., 2020b), and the Lux system is crucial for controlling bacterial biofilm formation (Liu et al., 2021b). In Edwardsiella piscicida, EsrA/EsrB is involved in the regulation of virulence gene expression (Yin et al., 2020a,b; Shao et al., 2021). Moreover, some other TCSs also play a crucial role in morphological differentiation (Li et al., 2020), antibiotic synthesis (Li et al., 2020), reactive oxygen species (ROS) resistance (Zhou et al., 2022), and multi-drug resistance (Guo et al., 2020).

The EnvZ/OmpR TCS is ubiquitous in gram-negative bacteria and regulates porin genes in response to changes in osmolarity, pH, and starvation (Cai and Inouye, 2002; Yuan et al., 2011; Chhabra et al., 2012; Chakraborty and Kenney, 2018; Kenney, 2019; Gerken et al., 2020; Kunkle et al., 2020). In Escherichia coli, silencing of the EnvZ/OmpR TCS affects the expression of more than 100 genes, leading to changes in a variety of bacterial physiological properties, such as chemotaxis, adhesion, biofilm formation, stress tolerance, and even pathogenicity (Oshima et al., 2002). The EnvZ/OmpR TCS also controls virulence in other pathogens, including Shewanella oneidensis, Shigella flexneri, Yersinia pestis, and Vibrio cholerae (Bernardini et al., 1990; Yuan et al., 2011; Reboul et al., 2014; Kunkle et al., 2020). In A. hydrophila, the EnvZ/OmpR two-component regulatory system has recently been reported to be involved in intracellular survival (Du et al., 2022). Interestingly, our previous study confirmed that the EnvZ/OmpR was the only dramatically upregulated TCS in the induction of A. hydrophila WCX23 into colistin-resistant strain 23-C-23, and contribute to colistin resistance of this bacteria by regulating the expression of various genes (Liu et al., 2021a). However, few other functions of the EnvZ/OmpR TCS in A. hydrophila have been described. Silencing A. hydrophila OmpR impairs bacterial virulence but does not represent EnvZ/OmpR TCS overall function (Zhang et al., 2020a). Therefore, studies on other functions of the EnvZ/OmpR TCS in A. hydrophila are warranted.

Since the EnvZ/OmpR TCS plays a key role in A. hydrophila resistance to colistin, a thorough understanding of the function of EnvZ/OmpR in this microbe is crucial for preventing, controlling, and treating A. hydrophila infections. In this work, the biological function of EnvZ/OmpR in colistin-resistant A. hydrophila was determined by comparing the parental and EnvZ/OmpR knockout strain. We demonstrated that the EnvZ/OmpR TCS contributes to cell growth, virulence, and stress response in A. hydrophila, which enhances our understanding of the EnvZ/OmpR TCS in the regulation of A. hydrophila pathogenicity and stress resistance.



Materials and methods


Strains, plasmids and growth conditions

The strains and plasmids used in this study were from our laboratory (Hunan Engineering Research Center of Veterinary Drug, Changsha, Hunan, China; Table 1). The mutant (23-C-23:ΔEnvZ/OmpR) and complemented mutant (23-C-23:CΔEnvZ/OmpR) were constructed in our previously published study (Liu et al., 2021a). The information regarding these strains has been described in our previous article. All strains were grown on tryptone soy agar (TSA; Oxoid, Basingstoke, United Kingdom) or cultured in tryptone soy broth (TSB; Oxoid, Basingstoke, United Kingdom) at 28°C. Colistin (Macklin, Shanghai, China) was used at the following concentrations: 4 mg/L for 23-C-23:ΔEnvZ/OmpR, and 128 mg/L for 23-C-23 and 23-C-23:CΔEnvZ/OmpR.



TABLE 1 Strains and plasmids used in this study.
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Growth curve

The overnight culture was adjusted with TSB liquid medium to an OD600 of 0.1, and then 200 μL of each bacterial suspension was dispensed into 96-well plates, and then the plates were incubated in an automatic microplate reader (BioTek, United States) at 28°C. The OD600 of each culture was real time monitored every 1 h for 16 h to detect the growth.



Transcriptome analysis

In brief, the strains were cultured to log-phase OD600  = 0.6 ± 0.05) at 28°C, and then the cells were harvested and washed twice by sterilized PBS. Total RNA was extracted using Qiagen RNeasy Mini kits (Qiagen, Hilden, Germany), and quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher, Waltham, MA, United States). rRNA was depleted, and cDNA libraries were prepared as previously described (Liu et al., 2021a). The cDNA libraries were further sequenced by Illumina Hiseq 2000 system (Majorbio, Shanghai, China). Only genes with a log2 fold change > 1 (upregulation) or < −1 (downregulation), and a p-value < 0.05 were defined significantly differential expressed genes (DEGs). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analysis of DEGs was performed using the R package.



Quantitative real-time PCR analysis

Total RNA was extracted from bacteria in log-phase (OD600 = 0.6 ± 0.05) using a bacterial RNA kit (OMEGA, Norcross, Georgia, United States), and reverse transcribed using the Prime-Script® RT reagent kit (Takara, Tokyo, Japan). cDNA was amplified using a SYBR Premix Ex Taq II kit (Takara, Tokyo, Japan) in a qTOWER Real-Time System (Analytik Jena, Germany). All experiments were carried in triplicates. All data were normalized to 16S rRNA (internal reference gene) levels and analyzed using the 2−ΔΔCT method. The transcript-specific primers used for quantitative real-time PCR (qRT-PCR) are listed in Supplementary Table 1.



Metabolomic analysis

The strains were cultured to log-phase (OD600 = 0.6 ± 0.05) at 28°C, washed twice with precooled PBS buffer, and centrifuged at 10,000× g for 10 min at 4°C. After the supernatant was discarded, precooled methanol/acetonitrile/water (V/V, 2:2:1) was added and sonicated in an ice bath for 1 h. The mixture was incubated at −20°C for 1 h, centrifuged at 14,000× g at 4°C for 20 min, and then collected samples. The samples collected were analyzed using a UPLC-ESI-Q-Orbitrap-MS system (UHPLC, Shimadzu Nexera X2 LC-30 AD, Shimadzu, Japan) coupled with Q Exactive Plus (Thermo Scientific, San Jose, United States). Additionally, quality control samples were prepared and analyzed in the same way. The details of the method can be found in the Supplementary material. The differential metabolites were obtained using a statistically significant threshold of variable influence on projection (VIP) values obtained from the OPLS-DA model and two-tailed Student’s t-test (p-value) on the normalized raw data at univariate analysis level. Metabolites with VIP values > 1.0 and p-value < 0.05 were considered to be significantly differential metabolites. KEGG enrichment analyses were carried out with the Fisher’s exact test, and FDR correction for multiple testing was performed. Enriched KEGG pathways were nominally statistically significant at the p < 0.05 level.



Virulence assay

Forty healthy Kunming mice (KM) weighing 20 ± 1 g (licensed: SCXK2019-0002), were bought from Hunan SJA Laboratory Animal Co. LTD (Hunan, China). The strains were cultured to log-phase (OD600  = 0.6 ± 0.05) at 28°C, and adjusted to an appropriate concentration. The mice were randomly divided into four groups of 10 individuals and injected intraperitoneally with 0.1 ml of each respective strain (23-C-23, 23-C-23:ΔEnvZ/OmpR, and 23-C-23:CΔEnvZ/OmpR) at doses of 1 × 107 CFU. The other group injected 0.1 mL of sterile saline only. Mice were observed at 2 h intervals post-challenge, and clinical symptoms and mortality were recorded.



Biofilm formation assay

The strains were cultured to log-phase (OD600 = 0.6 ± 0.05) at 28°C, and adjusted to an OD600 of 0.1, and 200 μl of culture (1:100 dilution) was dispensed into 96-well plates and incubated at 28°C. A 200 μl aliquot of fresh TSB was added to the plates as a blank control. After 24 h incubation, the medium was discarded, and the plates were washed three times with sterile PBS. The biofilm was fixed with 200 μl of methanol for 15 min and incubated with 200 μl of 1% crystal violet for 15 min. After several washes with ddH2O and air-dried, the dried biofilm was solubilized in 200 μL 95% ethanol for 10 min. The absorbance was measured at 595 nm.



Motility assays

The strains were cultured to log-phase (OD600 = 0.6 ± 0.05) at 28°C. One microliter of bacterial suspension was spotted onto a 0.3% TSA plate, and incubated at 28°C for 24 h. The motility diameters of bacteria were measured.



Chemotaxis assays

The strains were cultured to log-phase (OD600 = 0.6 ± 0.05) at 28°C. A capillary tube was closed at one end and filled with mucus, and the other end was dipped into the bacterial suspension. After 1 h, the liquid in the capillary was removed and double-diluted for counting. The number of bacteria in the capillary tube was measured.



Temperature stress

The viability of strains was examined at 37 and 42°C to assess high-temperature tolerance of each strain. The strains were cultured to log-phase (OD600 = 0.6 ± 0.05) at 28°C. The culture was adjusted with TSB liquid medium to an OD600 of 0.1, then the bacterial suspension incubation at 28 (as a control), 37, and 42°C for 24 h. Then, the cultures were double-diluted with sterile PBS and coated onto TSA plates for counting. The ratio of colony-forming units (CFUs) in treatment group to control group was calculated to assess the percent survival.



Acid and alkali stress

The strains were cultured to log-phase (OD600 = 0.6 ± 0.05) at 28°C. Bacterial suspension was collected, washed twice with sterile PBS, and treated in TSB at pH 5.0, pH 6.0, pH 7.0 (as a control), pH 8.0 or pH 9.0, at 28°C for 30 min. Next, viable cells were plated on TSA plates for counting after dilution. The ratio of CFUs in treatment group to that control group was calculated to assess the percent survival.



Oxidative stress

The strains were cultured to log-phase (OD600 = 0.6 ± 0.05) at 28°C. Bacterial suspension was collected, washed twice with sterile PBS, and then suspended in PBS with 0.1 M H2O2, and without H2O2 as a control. After 20 min of incubation, viable cells were counted on TSA agar plates. The ratio of CFUs in treatment group to control group was calculated to assess the percent survival.



Osmotic stress

The strains were cultured to log-phase (OD600 = 0.6 ± 0.05) at 28°C. The cells were collected, and resuspended in fresh TSB with 0.5 M NaCl, and adjusted to an OD600 of 0.1. 200 μl of each bacterial suspension was dispensed into 96-well plates, and then the plates were incubated in an automatic microplate reader at 28°C. The OD600 of each culture was real time monitored every 1 h for 16 h to detect the growth.



Statistical analyses

All the experiments were tested at least three times. All data were expressed as the mean ± SD. Student’s t-test and analysis of variance (ANOVA) of GraphPad Prism 8 software were used to process and analyze routine data. p < 0.05 represents statistically significant.




Results


Envz/OmpR deletion reduces the growth of 23-C-23

Growth curve were initially examined in order to investigate whether envZ/ompR deletion strain affected the growth rate, compared to 23-C-23. The results from the growth curves showed that the deletion of EnvZ/OmpR in 23-C-23 caused a significant decrease in the growth rate, but complementation with EnvZ/OmpR restored this rate (Figure 1A), suggesting that EnvZ/OmpR participated in the regulation of the growth of A. hydrophila. Transcriptome analysis showed that a total of 4,843 genes were annotated. With p < 0.05 and ∣log2Fold Change∣ > 1 as the threshold, a total of 896 differentially expressed genes (DEGs) were identified of which 607 were upregulated and 289 were downregulated (Figure 1B). Enrichment analysis revealed significant changes in 72 GO biological processes, of which the top 15 were involved in the tricarboxylic acid (TCA) cycle, carbohydrate metabolic process, and cell motility (Figure 1C). KEGG pathway analysis demonstrated that these DEGs were mainly associated with the TCA cycle, pyruvate metabolism, sulfur metabolism, arginine biosynthesis, and oxidative phosphorylation (Figure 1D). Interestingly, these downregulated DEGs were also involved in TCA cycle, pyruvate metabolism, arginine biosynthesis, and oxidative phosphorylation pathways (Figure 1E).
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FIGURE 1
 Effect of EnvZ/OmpR on growth of 23-C-23. (A) Growth curve of 23-C-23, 23-C-23:ΔEnvZ/OmpR, and 23-C-23:CΔEnvZ/OmpR. (B) Numbers of increased and decreased differentially expressed genes (DEGs). Genes with a log2 fold change > 1 or < −1, and a p-value < 0.05 were defined significantly DEGs. (C) GO biology processes. The y-axis represents GO terms, and the x-axis represents the cluster frequency of the DEGs. The number represents the number of genes enriched. (D) KEGG pathway enrichment analysis of all DEGs. (E) KEGG pathway enrichment analysis of significantly downregulated genes. The size of the dots indicates the number of expressed genes in the pathways, and the color of the dots represents the negative logarithm of value of p of the pathway. (F) The expression levels of metabolic-related genes (up: TCA cycle; down: arginine biosynthesis). Values are expressed as the mean ± SD of three individual experiments. **p < 0.01, and ***p < 0.001 compared with control group.


Based on these results, we further determined the expression levels of 13 representative metabolic genes using qRT-PCR (Figure 1F), which were selected from the KEGG pathways that were significantly enriched in relation to the TCA cycle and arginine biosynthesis. Specifically, we found that the mRNA expression of all genes in the TCA cycle and arginine biosynthesis was downregulated in 23-C-23:ΔEnvZ/OmpR compared to that in the parent 23-C-23 strain, whereas there was no significant difference between that of 23-C-23:CΔEnvZ/OmpR and 23-C-23, which was consistent with the transcriptome analysis. These data imply that the EnvZ-OmpR-mediated growth rate decrease is associated with downregulated TCA cycle and arginine biosynthesis genes.

In addition, comparative metabolomics revealed the regulatory role of the EnvZ-OmpR on the metabolism of A. hydrophila. According to the metabolomic profiles, the OPLS-DA score separated 23-C-23 and ΔEnvZ/OmpR, implying that 23-C-23 and ΔEnvZ/OmpR were not similar (Figures 2A,B). With vip > 1.0 and p < 0.05 as the threshold for significance, a total of 402 significantly differential metabolites, including 253 increased and 149 decreased (Supplementary Figure 1). KEGG pathway enrichment analysis (Figure 2C) showed that the knockout of the EnvZ/OmpR TCS specifically affected carbohydrate, amino acid, and nucleotide metabolism, which emphasizes the transcriptomic data. The common significant pathways enriched in transcriptome and metabolome were analyzed (Figure 2D). In addition, the PPI network was mapped using combined transcriptome and metabolome analysis (Supplementary Figure 2). Taken together, these data suggest that the EnvZ/OmpR TCS affects the growth rate of A. hydrophila by regulating the metabolic processes of bacteria.

[image: Figure 2]

FIGURE 2
 Comparative metabolomics profiles of 23-C-23 and 23-C-23:ΔEnvZ/OmpR. (A,B) Orthogonal partial least squares discriminant analysis (OPLS-DA) of positive and negative ionization dataset for the 23-C-23 and EnvZ/OmpR mutant strains. (A: positive mode; B: negative mode), Each dot represents a biological replicate of each strain. Red square represents 23-C-23, green dot represents 23-C-23:ΔEnvZ/OmpR. (C) KEGG pathway enrichment analysis of differential abundant metabolites. The y-axis represents KEGG terms, and the x-axis represents negative logarithm of value of p. (D) Metabolomics and transcriptomics share significant KEGG bubble charts. The size of the dots indicates the number of expressed genes or metabolites in the pathways, and the color of the dots represents the negative logarithm of value of p of the pathway.




EnvZ/OmpR deletion impairs virulence of 23-C-23

Mice in the 23-C-23 group showed clinical signs, including chills, shivering, hair bristling, and eye closure 2 h post-challenge, with fatalities occurring 16 h post-challenge, thereby leading to a survival rate of 0%. Mice in the 23-C-23:CΔEnvZ/OmpR group showed clinical signs 2 h post-challenge, with fatalities occurring 16 h post-challenge, leading to a survival rate of 20%. Mice in the 23-C-23:ΔEnvZ/OmpR group showed clinical signs at 14 h post-challenge, with fatalities occurring at 28 h post-challenge, which led to a survival rate of 80%. The control mice showed no clinical effects, and had a 100% survival rate (Figure 3A). These data suggest that EnvZ/OmpR is involved in the regulation of A. hydrophila virulence.

[image: Figure 3]

FIGURE 3
 Effect of EnvZ/OmpR on the virulence of 23-C-23. (A) Survival curves for KM mouse in experiment infection. The mice was injected intraperitoneally with 0.1 ml of each respective strain (23-C-23, 23-C-23,ΔEnvZ/OmpR, and 23-C-23,CΔEnvZ/OmpR) at doses of 1 × 107 CFU. The mortality of mice was recorded. (B) Motility assay. The strains were cultured to log-phase. One microliter of bacterial suspension was spotted onto a 0.3% TSA plate, and incubated at 28°C for 24 h. The motility diameters of bacteria were measured. (C) Chemotaxis assay. The strains were cultured to log-phase. A capillary tube was closed at one end and filled with mucus, and the other end was dipped into the bacterial suspension. After 1 h, the liquid in the capillary was removed for counting. The number of bacteria in the capillary tube was measured. (D) Biofilm formation ability of 23-C-23, 23-C-23:ΔEnvZ/OmpR, and 23-C-23:CΔEnvZ/OmpR. (E) The expression levels of flagellar assembly-related genes. Values are expressed as the mean ± SD of three individual experiments. **p < 0.01, and ***p < 0.001 compared with 23-C-23.


To further confirm the mechanism of EnvZ/OmpR in the regulation of the virulence, several biological characteristics of wild-type strain, 23-C-23: ΔenvZ/ompR and 23-C-23:CΔenvZ/ompR were compared. As shown in Figure 3B, biofilm-forming ability was significantly reduced after knockout of EnvZ/OmpR and restored after complementation, suggesting that EnvZ/OmpR contributes to biofilm formation by A. hydrophila. In addition, compared with 23-C-23 and 23-C-23:CΔEnvZ/OmpR, the bacterial motility of the EnvZ/OmpR deletion strain decreased by 28.2% (Figure 3C), and bacterial chemotaxis decreased by 43.3% (Figure 3D).

Furthermore, deletion of EnvZ/OmpR significantly decreased the expression levels of flagellar assembly-related genes in contrast to 23-C-23 (Figure 3E), which was consistent with the transcriptomics. When EnvZ/OmpR was complemented, the expression of these genes recovered. Biofilm formation, motility, and chemotaxis are important bacterial virulence factors. Taken together, these data suggest that EnvZ/OmpR reduces bacterial motility, chemotaxis, and biofilm formation by downregulating the expression of genes related to bacterial flagellar assembly, thereby weakening the virulence of the 23-C-23:ΔEnvZ/OmpR strain.



EnvZ/OmpR deletion diminishes stress tolerance of 23-C-23

To explore the effect of EnvZ/ompR on the stress tolerance of A. hydrophila, we compared the growth characteristics of 23-C-23, 23-C-23: ΔenvZ/ompR, and 23-C-23:CΔenvZ/ompR strains under different stress conditions. When incubated at 37°C, there was no significant difference between the survival rates of wild-type and EnvZ/OmpR deletion bacteria (Figure 4A). However, a significant difference was observed at 42°C (Figure 4B). Based on this result we speculate that the existence of a critical temperature signal value for activating the EnvZ/OmpR TCS. Lower survival and tolerance of 23-C-23:ΔEnvZ/OmpR, compared to 23-C-23, were observed at acidic and alkaline pH (Figures 4C,D). In contrast, survival of 23-C-23:CΔEnvZ/OmpR was restored. In addition, we found that 23-C-23:ΔenvZ/ompR were less tolerant to acidic pH than alkaline pH. Compared with 23-C-23, the survival of EnvZ/OmpR deletion strains was reduced by 62.5% and 42.1% at pH = 5 (Figure 4C) and pH = 6 (Supplementary Figure 3A), respectively, and by 21% and 27.1% at pH = 8 (Figure 4D) and pH = 9 (Supplementary Figure 3B), respectively. After treatment with 0.5 M H2O2, a lower survival rate was observed for the 23-C-23:ΔEnvZ/OmpR strain than for 23-C-23. In all, 55% of the 23-C-23:ΔEnvZ/OmpR cells were killed, whereas 72% and 67% of the 23-C-23 and 23-C-23:CΔEnvZ/OmpR cells survived, respectively (Figure 4E). The osmotic stress analysis revealed that 23-C-23:ΔEnvZ/OmpR was more sensitive to NaCl challenge than 23-C-23 and 23-C-23:CΔEnvZ/OmpR strains and did not grow under high osmotic pressure (Figure 4F). As expected, complementation with EnvZ/OmpR in 23-C-23:ΔEnvZ/OmpR restored osmotic stress resistance. Taken together, these results reveal that the expression of the EnvZ/OmpR TCS contributes to the growth of A. hydrophila in various harsh environments.
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FIGURE 4
 Effects of EnvZ/OmpR on the viability of 23-C-23 under different stress conditions. (A,B) Temperature stress assay. The strains were cultured to log-phase. The culture was adjusted with TSB liquid medium to an OD600 of 0.1, then the bacterial suspension incubation at 28 (as a control), 37, and 42°C for 24 h. Then the cultures were double-diluted with sterile PBS and coated onto TSA plates. (A) 37°C, (B) 42°C. (C,D) Acid and alkali tolerance. The strains were cultured to log-phase. Bacteria were treated for 30 min in TSB at different PH (pH 5.0, pH 7.0, and pH 9.0). Next, viable cells were plated on TSA plates after dilution. The ratio of CFUs in treatment group to that control group was calculated to assess the percent survival. (C) pH 5.0, (D) pH 9.0. (E) Oxidative stress assay. The strains were cultured to log-phase. Bacteria were treated for 20 min in PBS with 0.1 M H2O2, and without H2O2 as a control. Viable cells were counted on TSA agar plates. The ratio of CFUs in treatment group to control group was calculated to assess the percent survival. (F) Osmotic stress assay. The cells were collected, and resuspended in fresh TSB with 0.5 M NaCl to an OD600 of 0.1. The OD600 of each culture was real time monitored every 1 h for 16 h to detect the growth. Values are expressed as the mean ± SD of three individual experiments. **p < 0.01, and ***p < 0.001.





Discussion

Although colistin is the last resort for clinical treatment of multi-drug resistant Gram-negative bacteria infection, the continuous emergence of colistin-resistant bacteria posed a serious threat to the efficacy of antibiotic therapy (Laplante et al., 2018; Huang et al., 2021; Jang et al., 2021). In addition, bacteria can be adapted to adverse and detrimental conditions through stress-triggered regulatory systems (Yin et al., 2021; Dawan and Ahn, 2022), such as TCS, which has increased the difficulty of prevention and control of pathogenic bacteria. Numerous studies have identified EnvZ/OmpR functioning as a factor in bacterial survival and development in response to various harsh environments (Chakraborty and Kenney, 2018; Gerken et al., 2020; Kunkle et al., 2020). Our previous study confirmed that the EnvZ/OmpR TCS is closely associated with A. hydrophila resistance to colistin (Liu et al., 2021a). In the present study, we found that ΔEnvZ/OmpR significantly reduced the growth rate, virulence, and stress response of colistin-resistant A. hydrophila, suggesting that the EnvZ/OmpR TCS is not only involved in A. hydrophila resistance to colistin, but also regulates its growth, virulence, and stress tolerance. These results are noteworthy, as the EnvZ/OmpR TCS could be a vital target for the prevention, control, and treatment of colistin-resistant A. hydrophila.

First, we observed that deletion of EnvZ/OmpR dramatically reduced the growth rate of 23-C-23 even under non-stress conditions, and this result agrees with previous reports on E. coli (Oshima et al., 2002), but contrasts with S. oneidensis (Yuan et al., 2011), which suggests that the function of EnvZ/OmpR TCS is not always the same in diverse bacterial species. The EnvZ/OmpR TCS, as a global regulator, may directly and/or indirectly participate in other important growth-related pathways. To further understand the regulatory effects of the EnvZ/OmpR TCS, we compared the transcriptomic and metabolomic characteristics of the ΔEnvZ/OmpR mutant and wild-type strains. We determined that EnvZ/OmpR depletion in 23-C-23 cells seriously disrupted several important metabolic pathways, especially the TCA cycle and arginine metabolism. The TCA cycle and arginine biosynthesis which are important carbon and energy metabolism pathways are the main sources of energy acquisition for bacterial survival. qRT-PCR analysis further confirmed this observation, in which the expression levels of the genes involved in these metabolic processes were significantly decreased in ΔEnvZ/OmpR. These data suggest that deletion of EnvZ/OmpR in A. hydrophila limits its nutrient uptake through downregulation of genes in major metabolic pathways, thereby reducing energy availability and leading to slower growth. Although the results are interesting, we still do not elucidate the mechanism by which EnvZ/OmpR regulates bacterial metabolism. In order to explore the mechanisms by which EnvZ/OmpR regulates bacterial metabolism, it is necessary to construct deletion mutants of metabolic genes and test their association, which is the focus of our further work.

In this study, the ΔEnvZ/OmpR strain showed a long lethality time and low lethality in mice, suggesting that EnvZ/OmpR deletion impairs the virulence of A. hydrophila. Studies have shown that motility and chemotaxis are important features of virulence in many pathogens (Tomas, 2012). The significantly reduced bacterial motility and chemotaxis in ΔEnvZ/OmpR compared to the restored ability in the complemented strain. This may be because the EnvZ/OmpR deletion downregulates flagellar assembly protein genes. It has been demonstrated that flagella confer locomotion and are often associated with virulence of most bacterial pathogens (Luo et al., 2016; Zhu et al., 2019, 2021). Our results indicate that EnvZ/OmpR mediates cell motility and virulence by controlling the expression of flagellar assembly genes. Moreover, previous studies have suggested that the fastest growing cells are significantly more virulent than those grown more slowly because they can rapidly reach pathogenic concentrations in the host (Marsh et al., 1994; Tipton and Rather, 2017). Bacteria typically use metabolic signals to regulate their metabolic and virulence functions. Therefore, we speculate that the reduced growth caused by the EnvZ/OmpR deletion may also be responsible for the diminished virulence of A. hydrophila.

During infection, A. hydrophila strains invade blood circulation through the wound or gastrointestinal tract. Consequently, they must adapt to extreme and rapidly changing environmental conditions, such as high temperature, extreme pH, osmotic pressure, and oxidative stress. Our results on growth characteristics of the ΔEnvZ/OmpR mutant under various stress conditions confirmed that the ΔEnvZ/OmpR mutants displayed dramatically defects in survival under extreme stress conditions, such as high temperature, low pH, high pH, high osmolarity, and oxidative stress, compared to 23-C-23. The diminished stress tolerance of the ΔEnvZ/OmpR mutant strain may be due to the lack of EnvZ/OmpR TCS in A. hydrophila, which weakens the reception, transmission, and response to complex environmental changes. In addition, biofilm formation is thought to be a common mechanism that contributed to bacteria survive in stressful environments (Gao et al., 2019; Masmoudi et al., 2019). We confirmed that EnvZ/OmpR deletion diminishes biofilm formation by A. hydrophila, which suggests that the EnvZ/OmpR TCS regulates biofilm formation in response to environmental changes. Other studies have suggested that silencing or knocking out the EnvZ/OmpR TCS reduces biofilm formation (Lin et al., 2018; Shi et al., 2018; Zhang et al., 2020a). Given the attenuated tolerance of the ΔEnvZ/OmpR mutant strain to diverse environmental stresses, the possibility of survival of such mutant cells in the host is very low, which may be the main reason for the diminished virulence of A. hydrophila.

In conclusion, in this study, we confirmed that the EnvZ/OmpR TCS contributes to A. hydrophila cell growth, virulence, biofilm formation, and environmental stress tolerance, suggesting that the EnvZ/OmpR TCS is essential for A. hydrophila survival, reproduction, and disease outbreaks. Hence, to further screen inhibitors targeting EnvZ/OmpR TCS as potential colistin adjuvant may be a new idea for the development of novel antibacterial therapies to prevent and control colistin-resistant A. hydrophila. However, our study was not able to clarify the mechanism by which EnvZ/OmpR regulates bacterial metabolism, and the effect of changed metabolism on virulence and stress tolerance in colistin-resistant A. hydrophila. Therefore, our future work will focus on the study of the action mechanism of EnvZ/OmpR TCS.
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