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Small RNA AvrA Regulates IscR to Increase the Stress Tolerances in SmpB Deficiency of Aeromonas veronii
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The superbacteria Aeromonas veronii displays not only a strong pathogenicity but also the resistance to nine kinds of antibiotics, resulting in the economic losses and health hazards. Small Protein B (SmpB) plays an important role in protein quality control, virulence, and stress reactions. Transcriptomic data revealed that expressions of the type IV pilus assembly and type VI secretion system (T6SS) proteins were downregulated in SmpB deficiency, indicating that the virulence of A. veronii might be attenuated. Although SmpB deletion decreased colonization in the mouse spleen and liver, LD50 of the smpB mutant was not altered as expected, compared with the wild type. Further, the transcriptomic and quantitative RT-PCR analyses showed that the combination of the downregulated AvrA and the upregulated iron-sulfur protein activator IscR, mediated the oxidative tolerance in smpB deletion. Next a reporter plasmid was constructed in which the promoter of iscR was applied to control the expression of the enhanced green fluorescent protein (eGFP) gene. When the reporter plasmid was co-expressed with the AvrA expression into E. coli, the relative fluorescence intensity was decreased significantly, suggesting that AvrA bound to iscR mRNA by base pairing, which in turn relieved the inhibition of iscR and intensified the downstream iron-sulfur proteins. Collectively, the smpB mutant exhibited an attenuated virulence in mice and enhanced tolerances to oxidative stress. This study demonstrates the complexity of gene regulation networks mediated by sRNA in systems biology, and also reflects the strong adaptability of superbacteria A. veronii in the process of evolution.
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INTRODUCTION

With the application of antimicrobial drugs, a wide range of mechanisms have evolved for bacteria to combat the huge selection pressures of antibacterial agents. Superbacteria have accumulated in a long evolutionary history, while the abuse of antibiotics has accelerated its formation. The superbacterium Aeromonas veronii (A. veronii) has been isolated, which has displayed not only a strong pathogenicity but also the resistance to nine kinds of antibiotics (Liu et al., 2016, 2018). As A. veronii infects fish, it causes fish canker and perforated disease, eventually resulting in economic losses. Furthermore, A. veronii increases human diseases such as neonatal sepsis, diarrhea and dysentery (Aguilera-Arreola et al., 2007). In view of the wide array of infections to the host and a strong tolerance to antibiotics, A. veronii is worth researching further, as a model strain.

Proteins are the material basis of life. If there is a mistake in the protein synthesis process, ribosome rescue should occur in order to maintain life. Trans-translation which is composed of small protein B(SmpB) and transfer-message RNA (tmRNA) is the predominant form of ribosome rescue (Himeno et al., 2014). The malfunction of trans-translation exhibits more sensitivity to virulence and tolerance in most pathogens such as Mycobacterium tuberculosis, Legionella pneumophila, and Neisseria gonorrhoeae (Keiler, 2008, 2015). However, the alternative pathways have evolved to compensate for the deficiency of trans-translation. For example, the alternative rescue factor A (ArfA) acts to release the stocked mRNA in Proteobacteria and mycobacteria, and the alternative rescue factor B (ArfB) appears in 34% of bacteria (Kurita et al., 2014; Huter et al., 2017; Fiedler et al., 2018). Therefore, superbacteria might have alternate ways for SmpB defects, while no reports indicate that other functions of SmpB are maintained by small RNA (sRNA).

In this study, the transcriptome analysis was compared between wild type and smpB knockout strains, showing that the expressions of the pilus and virulence protein were downregulated after smpB deletion. However, the capacities of oxidative stress and iron were increased by sRNA downregulation in smpB knockout. Non-coding sRNA modulates bacterial metabolism and stress by base pairing with target genes and reacts faster than transcription factor regulation (Durand et al., 2015; Oliva et al., 2015). Here a sRNA designated as AvrA was revealed to negatively regulate the expression of IscR (iron-sulfur cluster assembly transcriptional regulator) IscR governs iron hemostasis as a global regulator during growth and stress responses (Aguilera-Arreola et al., 2007), which exhibits a resistance to oxidants (Mandin et al., 2016), and represses iron-sulfur metabolism under iron starvation (Haines et al., 2015; Carrier et al., 2017). The overproduction of IscR favored the tolerance under the nutrient deficiency and oxidative, iron-limited and membrane stresses when smpB was knocked out and followed by AvrA downregulation.

Survival under detrimental stresses is preliminary when pathogens are infected to the host and escape from macrophage recognition in the immune system (Mandin et al., 2016). And then the bacteria are transported to tissues using blood and lymph as channels, eventually causing tissue damage. Iron metabolism is of vital importance to bacteria. The proteins composed of iron/sulfur clusters participate in multiple cellular processes, such as gene expression, DNA repair, RNA modification, central metabolism and respiration (Roche et al., 2013). Iron sulfur proteins also relate to oxidoreductase which is involved in the basic metabolism of bacteria (Xu and Moller, 2008; Ilbert and Bonnefoy, 2013). So, overexpression of IscR is vital for bacteria to survive in adverse conditions.

In summary, SmpB plays an important role in protein quality control, virulence, gene transcription, and antibiotic and stress reaction (Liang and Deutscher, 2010; Li et al., 2013; Mu et al., 2013; Mraheil et al., 2017). Unlike Salmonella Typhimurium, the virulence of the A. veronii ΔsmpB strain did not become avirulent but maintained a strong pathogenicity. Loss of function caused by smpB deletion can be compensated through different pathways. For instance, some bacteria employ ArfA and ArfB to rescue stalled ribosomes when smpB is deficient (Keiler, 2015; Liu et al., 2016; Huter et al., 2017). Additionally, sRNA AvrA releases the trapped IscR promotor to activate the expression of iron sulfur proteins, remedying the iron deficiency after smpB destruction. In the evolutionary history of bacteria, it offers additional evidence for the formation of superbacteria.

MATERIALS AND METHODS

Plasmids

The plasmids and primers are listed in Tables 1, 2, respectively.


Table 1. Strains and vector used in this paper.
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Table 2. Primers used in vector construction and real-time qPCR.
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For the construction of plasmid piscR-eGFP, the 200 bp-DNA fragments containing the promoter of iscR was amplified from the genomic DNA of A. veronii with primers proiscR_F/proiscR_R. In the meantime, the 750 bp-encoding region of eGFP was amplified from a plasmid pDH114 with primer eGFP_F/eGFP_R. The fusion was produced using the above two fragments as the templates by overlapping the PCR with primers F_PiscR/eGFP_R and by insertion into the backbone of the plasmid pUC19 to construct the Φ(piscR-eGFP) vector. The plasmid pavrA was constructed in a similar manner using the primers proavrA_F and proavrA_R. To construct the gene knockout strain of ΔavrA, the flanking sequences of ΔavrA were amplified and inserted into the plasmid pRE112, resulting in the gene knockout vector pRE112-avrAdel. The complementary plasmid pBBR-avrA was applied to express the extra AvrA using plasmid pBBR1MCS-2 as the backbone.

Strains and Culture Conditions

The strains used are listed in Table 1. The derivative A. veronii strains were picked from frozen stocks and cultured at 30°C in Luria-Bertani (LB) broth or M9 medium with aeration. The Antibiotics included 50 μg/mL ampicillin, 25 μg/mL chloramphenicol, 50 μg/mL kanamycin. The E. Coli Felden strain was chosen for the expression of eGFP and sRNA (Liu et al., 2015). E. Coli WM3064 was selected for gene knockout by homologous recombination, which is capable of growth at 37°C in LB broth with 0.3 mM diaminopimelic acid (DAP).

The plasmid pRE112-avrAKO was transformed into the competent E. coli WM3064 and delivered into A. veronii by conjugation (Liu et al., 2016). The A. veronii ΔavrA was screened on LB agar supplemented with 6% sucrose and ampicillin and was further checked by sequencing.

The plasmid pBBR-avrA was transformed into the competent E. coli WM3064, and mobilized into the ΔavrA strain by conjugation, resulting in complementary A. veronii ΔavrA::avrA.

RNA Sequencing and Bioinformatics Analysis

Strains were grown in a 10 mL M9 medium containing 50 μg/mL ampicillin at 30°C, 150 rpm for 20 h. The cells were collected and lysed. RNA samples were extracted by phenol-chloroform. The concentration and quality of RNA was detected by the Agilent 2100 Bio analyzer. The samples were treated with DNase I to eliminate double-stranded and single-stranded DNA, followed by the depletion of rRNA with the Ribo-Zero Magnetic Kit. First-strand cDNA was generated using a random primer reverse transcription, followed by a second-strand cDNA synthesis. The end of the synthesized cDNA was subjected to repair and adenylate. The adapters were ligated to the ends of these 3′-adenylated cDNA fragments. The cDNA fragments were enriched by PCR amplification with a PCR Primer Cocktail, and the purified products were sequenced on the Hiseq Xten (Illumina, San Diego, CA, USA) using the gel-free protocol. Libraries were sequenced as 100 bp paired-end reads to a minimum target depth of 2G clean data per sample. The software HISAT (V2.0.1-beta) was used for the reference genome alignment, and CPC (coding potential calculator) was used to characterize the translation possibility of new transcripts. To identify the differential expression between wild type and ΔsmpB, Bowtie 2(v2.2.5) was used to analyze the mRNA expression. Fragments per kilobase of transcript per million fragments sequenced (FPKM) were used to normalize the gene expression levels. For each gene, the p-value was evaluated, and Benjamini-Hochberg false discovery rate (FDR) was applied for the correction. The differential expressions of the transcripts were estimated by the virtue of ≥1 absolute log2 -fold change and < 0.001 FDR adjusted p-value. These results were sorted by GO categories using Perl scripts. The GO and KEGG pathway enrichments of differential uni-genes were analyzed. The hypergeometric test was used to compare differential expression genes in the pathway with the entire genome background. Pathways with a p ≤ 0.05 were considered as significant. GEO accession number GSE120603.

LD50 Test in Mice

The derivative of A. veronii was streaked onto M9 medium and grown for 18–20 h at 30°C. The cells were re-suspended in sterile PBS. ICR mice (male, 6–8 weeks old) were infected by intraperitoneal injection with 103–107 CFU/g of each strain (n = 8) and monitored daily for weight loss and signs of illness. The animals were euthanized if they accorded with alternate endpoint criteria including the loss of mobility. The 50% lethal dose was calculated by linear regression (Torii et al., 2015).

Organ Coefficient

The coefficient of organs was calculated from the ratio of organ weight and body weight of the same mouse. The change of coefficient was used to characterize the degree of injury by contrasting the pathological with the normal tissue (Zhang et al., 2014).

All animal experiments were approved by the Committee of the Ethics on Animal Care and Experiments at Hainan University, and were carried out in accordance with the university guidelines.

Measurement of Growth Curve

The condition of iron deficiency was equipped with LB medium containing 200 mM dipyridyl. M9 medium was considered as the nutrient limited condition. The strains were cultured at logarithmic phase, and then inoculated into 50 ml media at an initial OD600 of 0.05. The ODs were monitored with a spectrophotometer (INESA 970CRT, Shanghai, China) at regular intervals.

Survival Under Oxidative Stress

The derivative of A. veronii was grown until to the OD600 value of 0.6 in the LB broth appended with 200 mM dipyridyl and subsequently challenged with 0–10 mM H2O2. The cultures were continuously incubated at 30°C with shaking for 10 min, and the survival colonies were counted on the LB agar plate with 50 μg/mL ampicillin.

Real-Time PCR Experiment

The wild type and mutant strains of A. veronii were grown in LB and M9 supplemented with 50 μg/mL ampicillin at 30°C till to stationary stage. The total amount of RNA was extracted for relative expression analysis of the genes, including smpB, the predicted targets of AvrA (t15190, t21425, t18380, t22295, t14250), Fe/S cluster assembly regulation factor (iscR) and its regulated targets iscA, iscU, iscS.

Florescent Measurement

The cells conferring eGFP expression were suspended in PBS buffer, and loaded to a 96 well microtiter plate (Greiner BIOONE, Nurnberg, Germany). The fluorescent intensity was measured at 488 nm excitation and 540 nm emission wavelengths with a fluorescence microplate reader (Infinite® 200 PRO, Tecan, Shanghai, China). The relative fluorescence was calculated as the total fluorescence divided by OD600 value.

Statistical Analysis

Statistical data were analyzed using the statistical Package for the Social Science (SPSS) version 20.0 (SPSS, Chicago, IL, United States) and GraphPad Prism version 6.0 (GraphPad, San Diego, CA, United States). The results were presented as mean values of three independent experiments with standard deviation (SD) using one-way analysis of variance (ANOVA). P < 0.05 or 0.01 were represented as significant or extremely significant.

RESULTS

Transcriptomic Analysis

To determine the differences in pathways and gene expressions between wild type and smpB knockout (ΔsmpB) in the M9 medium, the transcriptome assembly of A. veronii was generated from 91.17 million paired-end RNA-seq reads using Illumina Xten technology and a total of 22,055 transcripts were mapped by genome NZ_CP012504.1 (Figure 1A). Sixteen pathways were significantly affected by SmpB knockout, including sulfur metabolism, biosynthesis of siderophore group non-ribosomal peptides, bacterial chemotaxis, arginine and peptidoglycan biosynthesis, and microbial metabolism in a diverse environment (Figure 1B). Among them, 21 and 20 genes were downregulated, respectively in the type IV pilus assembly and the type VI secretion system at the stationary phase (Figure 1C). The type IV pili are ubiquitously expressed on the surface of many Gram-negative bacteria and are important virulence factors that facilitate host-pathogen interactions and persistence of infection. T6SS is the molecular machine, which transports the virulence effectors from the interior cytoplasm or cytosol into an adjacent target cell across the cellular envelope. The downregulated pilus and secretion system proteins revealed that toxicity might be attenuated in ΔsmpB.
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FIGURE 1. Transcriptomic analysis between wild type and smpB knockout. (A) Circos diagram of read distribution and gene expression. From inside, green (fold change of gene expression between ΔsmpB and wild type), blue (mRNA expression of wild type A. veronii by rpkm), red (mRNA expression of ΔsmpB by rpkm), black (reads distribution on the reference genome NZ_CP012504.1). (B) Pathways affected by smpB. The horizontal and vertical axes represented as –log(p) value and the pathway names (p < 0.05). (C) Heat map representing the expressions of type IV pilus assembly, type VI secretion system and outer membrane genes.



SmpB Deletion Decreases the Colonization in Host Tissue

To compare the virulence between wild type and ΔsmpB, Institute of Cancer Research (ICR) mice were divided into 10 groups with 104–108 CFU/g bacterial infection. The survival rate of ICR mice revealed that the virulence of the wild type was no different compared with the smpB deletion (Figures 2A,B).
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FIGURE 2. SmpB deletion decreases the colonization in host tissue. (A) Survival rate of mice treated by wild type A. veronii. (B) Survival rate of mice treated by ΔsmpB strain. (C) Colonization of wild type and ΔsmpB in spleen, kidney, and liver of ICR mice. (D) Spleen coefficient (mg/g). (E) Kidney coefficient (mg/g). (F) Liver coefficient (mg/g). Error bars were shown as SD. **p < 0.01, *p < 0.05, following by one-way ANOVA, independent t-tests.



After the mice were intraperitoneally injected with 5 × 105 CFU/g bacterial strains, the liver, spleen and kidneys were collected, and tissue suspension was cultured on LB plates supplemented with ampicillin. The wild type was colonized significantly more than ΔsmpB in the kidney, liver, and spleen (Figure 2C), and the results agreed with the downregulated expressions of the type IV pilus assembly proteins (Figure 1C). Organ coefficient is a common toxicology indicator of ratio of organ and body weight reflecting animal damage (Zhang et al., 2014). In our study, the coefficients of spleen and liver infected by the wild type were 3.68 ± 0.45 and 58.65 ± 7.94 mg/g, which were significantly higher than the control group (2.93 ± 0.23 and 47.38 ± 5.27 mg/g) and ΔsmpB group (3.08 ± 0.38 and 50.65 ± 5.62 mg/g) (Figures 2D,E), while little difference was observed in the kidney (Figure 2E). Next the organ coefficient was evaluated for the visceral injury between the treatment and the control group. The coefficients of the spleen and liver infected by the wild type were significantly higher than the control group and ΔsmpB group (Figures 2D–F), while little difference was observed in the kidney (Figure 2E). This also suggested that the virulence of wild type A. veronii was not affected by smpB deletion. Consistently, the acute LD50 for ΔsmpB strain in mice was calculated as 5 × 105 CFU/g, which was close to that of 106 CFU/g for the wild type. Because of the contradiction between the decreased pathogenicity and unvaried lethality, we speculated that the bacterial resistance had enhanced in the host.

The Combination of the Downregulated AvrA and Upregulated IscR Mediates the Oxidative Tolerance in smpB Deletion

Expressions of transcripts were compared between the wild type and smpB mutant in the transcriptomic data. A total of 466 non-coding transcripts were defined as sRNA, including 50–500 nt. Among them, 11 sRNAs were analyzed to express specifically between the wild type and ΔsmpB at the stationary stage in the M9 medium (Figure 3A). There were 62 differentially expressed target genes of the 11 sRNAs involved in stress response pathways, pathogenesis, and also the regulations of metabolism, transport, quorum sensing (Supplementary Table 1). The pathways were associated with the synthesis of cell membrane, protein translocation, ATPase, Fe/S protein assembly and energy metabolism (Table 3). The candidate_80 sRNA, designated as AvrA (Aeromonas veronii non-coding RNA A) was potentially associated with the target gene iscR in Fe/S assembly. After smpB was knocked out, AvrA expression declined (Figure 3A) resulting in the increased expression of the predicted targets isc operon genes which encoded iron-sulfur proteins (Figure 3B). The similar tendency of AvrA and its target genes was also turned out by Real-time PCR (Figure 3C).
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FIGURE 3. The AvrA downregulation and IscR upregulation mediate the oxidative tolerance of ΔsmpB. (A) Transcriptomic comparisons of 11 sRNA between wild type and ΔsmpB. (B) Transcriptomic comparisons of iscR operon genes between wild type and ΔsmpB. (C) Realtime qPCR detection of iscR operon and AvrA. (D) The growth curves of the derivative A. veronii. (E) The survivals of ΔsmpB and wild type in H2O2 concentrations ranging from 0 to 10 mM. **p < 0.01, *p < 0.05, following by one-way ANOVA, independent t-tests.




Table 3. sRNAs and Pathways effected in ΔsmpB.
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To evaluate whether smpB mutation lived better in stress conditions than the wild type, the iron deficiency condition was performed to mimic the host environment and the tolerance to hydrogen peroxide oxidation (H2O2) was tested. The smpB mutation exhibited a slow growth compared with the wild type and the complementary strain (Figure 3D). The ΔsmpB survived better than the wild type when the H2O2 concentration ranged from 6 to 10 mM, revealing that ΔsmpB was endowed with a stronger capability of growth under adverse conditions (Figure 3E).

AvrA Deletion Increases the Tolerances to Iron Deficiency and Oxidative Stress by Upregulating Iron-Sulfur Gene Expression

AvrA was a non-coding RNA of 253nt, and its secondary structure was predicted by the software RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) (Figure 4A). The growth results demonstrated that the AvrA deletion presented a better ability to grow under dipyridyl (DIP)-chelated iron deficiency state (Figure 4B). Also, the oxidation resistance of ΔavrA was evaluated under 0–10 mM H2O2 in comparison with the wild type and the complemented strains, showing that the antioxidation capacity was enhanced after AvrA knockout (Figure 4C). Realtime qPCR results showed that the transcriptional expressions of the iron-sulfur genes iscR, iscU, iscS, and iscA were significantly increased (Figure 4D).
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FIGURE 4. AvrA increases the tolerances to oxidative stress and iron deficiency. (A) The secondary structure prediction of AvrA by software RNAfold. (B) Growth curves of wild type, ΔavrA and the complemented strain in iron deficiency treatment. (C) The survivals of wild type, ΔavrA and the complemented strain under H2O2 stress in the concentrations ranging from 0 to 10 mM (D) Relative expression of iscR operon at stationary phage in iron deficiency treating with DIP. **p < 0.01, following by one-way ANOVA, independent t-tests.



AvrA Binds and Downregulates iscR mRNA by Base Pairing

The potential interaction site was predicted between AvrA and the iscR promotor using the RNAplex program. Interestingly, the base-pairing region encompassed the ribosome binding site and the start codon AUG of iscR, and the binding site spanned from C37 to A63 of 5′-end AvrA (Figure 5A). Two mutations, P1 (from A2 to C5, ACUC) and P2 (from C−18 to G−13, GCGUUC), were introduced in the iscR promoter (piscR) and fused with the enhanced green fluorescent protein (eGFP) to produce Φ(piscR mutP1-eGFP) and Φ(piscRmutP2-eGFP), respectively (Figures 5A,B). When AvrA was co-expressed with Φ(piscR-eGFP), the fluorescence was repressed, suggesting that AvrA could interact with the promotor of iscR by base pairing (Figure 5C). Furthermore, the fluorescence recovered when AvrA was co-transformed with Φ(piscRmutP1-eGFP), revealing that P1 was the exact site for interaction (Figure 5C). Next, a mutation named pavrAmutP1 was introduced in the AvrA expression plasmid pavrA to match Φ (piscR mutP1-eGFP), resulting in fluorescent repression. Conversely the mutated pavrAmutP1 did not reduce the fluorescence when co-expressed with the wild type Φ(iscR-eGFP) (Figure 5D). The results concluded that AvrA repressed the expression of iscR by base pairing with the iscR translation initiation region P1.
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FIGURE 5. AvrA interacts with iscR mRNA by base pairing. (A) Predicted interaction between AvrA and iscR mRNA by the RNAplex program. (B) Basic architecture of the plasmid constructs. (C,D) The relative florescence was measured at 488 nm excitation and 520 nm emission lights after the corresponding constructs were co-transformed in E. coli strain. **p < 0.01, following by one-way ANOVA, independent t-tests.



DISCUSSION

SmpB is not only the key component of the trans-translation system, but also plays an important role as a transcription regulator in the global regulation of bacteria (Liu et al., 2016). In our study, the smpB deletion affected the transcriptional expression of the genes related to the bacterial growth, metabolism and protein secretion in multiple metabolic pathways in A. veronii. Previously Type II, III, and VI secretion systems were reported in multiple strains of Aeromonas bacteria, which function by exporting bacterial virulence proteins and by infecting host cells (Suarez et al., 2009; Journet and Cascales, 2016). The gene expression of the Type III secretion system had extremely low abundance, while those of Type VI performed higher in the transcriptome. Most of all, virulence-related genes which mediated the pili assembly (type IV pilus) and protein secretion (type VI secretion system, TSSS) were totally downregulated (Figure 1). Previously, the type VI secretion system was identified to function as the virulence factor in Vibrio hollisae and Aeromonas hydrophila (Russell et al., 2014). The colonization of wild type A. veronii was significantly higher than that of ΔsmpB. However, the survival rates of the infected mice showed no significant differences between the wild type and ΔsmpB strain. Previously the smpB deletion mutant of Listeria monocytogenes and Salmonella Typhimurium were avirulent and deficient in the intramacrophage survival (Kivisaar, 2003; Mraheil et al., 2017) The results were inconsistent with past reports, indicating that there are other pathways maintaining the virulence in A. veronii smpB mutants. Subsequently, sRNA AvrA was revealed as an alternative for virulence compensation. The downregulation of AvrA affected the expression of IscR in ΔsmpB A. veronii. In case of iron deficiency, IscR enhanced iron-sulfur cluster assembly and iron sulfur protein synthesis (Santos et al., 2014), and amended the antioxidant ability of A. veronii.

When bacteria infect the host, they are subjected to stressful conditions such as strong oxidization, deficient nutrition and metal ion. The harsh conditions cause starvation, accumulation of secondary metabolites, decreased fidelity of DNA replication and the reduction in DNA repair activity which are similarly encountered during the stationary stage (De Biase et al., 1999; Kivisaar, 2003). Most sRNAs are expressed as important regulators in the process of gene regulation under adverse stress (Michaux et al., 2014; Amin et al., 2016; Holmqvist and Wagner, 2017). The sRNA AvrA was uncovered to function by base pairing with its target gene iscR. IscR regulated a set of genes involved in iron-sulfur cluster assembly in adversity like iron deficiency and oxidative stress (Figure 6). However, the transcription factors associated with oxidative stress, including Fur (ferric uptake regulation protein), OxyR (hydrogen peroxide-inducible genes activator), SoxR (hydrogen peroxide-inducible genes activator) were insignificantly expressed by comparing ΔsmpB strains the with wild type strains (Supplementary Table 2). The mutation of smpB resulted in the downregulation of sRNA AvrA, which leads to the upregulation of iscR expression and the enhancement of the adverse resistance. Combined with the attenuated virulence and the increased survival in adversity in ΔsmpB, the strains performed a similar lethality in mice compared with the wild type. Virulence is a trait that has been selected in evolutionary history (Rafaluk et al., 2015; Gerstein and Nielsen, 2017). Therefore, the survival viability in the macrophage and the tolerance to adverse environments caused by smpB mutation compensates for the loss of function in virulence, causing A. veronii to evolve as a superbug.
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FIGURE 6. Regulation of SmpB in virulence regulation. The virulence of A. veronii was affected by the expression of virulent proteins the ability of host colonization and the resistance to adversity. Type VI secretion system and pilus assembly were affected on the transcription and translation level by SmpB regulation directly. The sRNA AvrA functioned the stress resistance directly, which was mediated by SmpB indirectly. The arrows in blue showed the positive regulation, and the line in red showed repression. The symbol “+”, “–” indicated upregulation and downregulation, respectively.
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