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Cronobacter sakazakii is an opportunistic Gram-negative pathogen that could cause meningitis and necrotizing enterocolitis. Several Gram-negative bacteria use the PmrA/PmrB system to sense and adapt to environmental change by resistance to cationic antimicrobial peptides of host immune systems. The PmrA/PmrB two-component system regulates several genes to modify LPS structure in the bacterial outer membrane. The role of PmrA/PmrB of C. sakazakii has been studied within the current study. The results suggest that PmrA/PmrB plays a crucial role in modifying LPS structure, cationic antimicrobial peptide susceptibility, cell membrane permeability and hydrophobicity, and invading macrophage.
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INTRODUCTION

Cronobacter sakazakii is a Gram-negative pathogen that can be isolated from contaminated infant formula. C. sakazakii infection may cause bacteremia, septicemia, necrotizing enterocolitis, and other serious diseases (Chenu and Cox, 2009). Invading the intestinal cells and surviving within macrophage are the main infective characteristics with C. sakazakii (Forsythe et al., 2014). The outer membrane protein OmpA and efflux operon gene cluster cusA, cusB, cusC, and cusR were previously characterized as the virulence markers that associated with neonatal infections (Jaradat et al., 2014). More regulatory systems and virulence factors need to be identified in C. sakazakii.

Lipopolysaccharide (LPS) is the main constituent of the outer leaflet of the outer membrane of Gram-negative bacteria (Raetz and Whitfield, 2002). Lipid A is the biologically active component of LPS, which can be recognized by the innate immune system through TLR4 (Wang et al., 2010). It triggers an inflammatory response with the production of a large number of cytokines and even leads to septic shock or death (Wang B. et al., 2015). In C. sakazakii, the backbone of the lipid A general structure is a hexa-acylated β-1′, 6′-linked disaccharide of glucosamine, which has phosphate groups at the 1 and 4′ positions, 3-hydroxymyristate (3-OH C14:0) at the 2 and 3′ positions, and secondary fatty acid derivatives at the 2′b (C14:0) and 3′b (C12:0 or C14:0) positions (Li et al., 2016; Jia et al., 2018). Interestingly, the structure of lipid A can be modified with hydrophobic or hydrophilic groups to adapt to the change of environment. The phosphoethanolamine (pEtN) modification of lipid A was observed in C. sakazakii under low-pH conditions in 2016 (Liu et al., 2016). The modification contributes to the bacteria’s resistance to antimicrobial agents and, hence, to influence the ability of the host cell invasion. Currently, the lipid A modification in C. sakazakii has not been well characterized, and this might provide important information in terms of understanding the mechanism of bacterial infection and virulence.

Two-component regulatory systems (TCS) are quite important in regulating the virulence determinant of a lot of bacterial pathogens, which consist of sensor kinases and response regulators. The TCS PmrA/PmrB has been identified in a large amount of bacterial species, such as Yersinia pestis (Winfield et al., 2005), Salmonella enterica (Gunn, 2008), Escherichia coli (Hagiwara et al., 2004; Winfield and Groisman, 2004), Klebsiella pneumonia (Mitrophanov et al., 2008), Citrobacter rodentium (Viau et al., 2011), and Pseudomonas aeruginosa (McPhee et al., 2006). The TCS PmrA/PmrB of Salmonella enterica serovar Typhimurium encodes products with a sequence similarity to DNA binding response regulators and autophosphorylatable histidine kinases, respectively. It governs resistance to polymyxin B by controlling transcription of the 4-aminoarabinose biosynthetic genes (Wosten and Groisman, 1999). The TCS PmrA/PmrB of Legionella pneumophila triggered by acidity has a global effect on gene expression and is required for the intracellular proliferation of Legionella pneumophila within human macrophages and protozoa (Al-Khodor et al., 2009). The TCS PmrA/PmrB of Escherichia coli, also called the BasS–BasR system, is essential for iron-dependent induction of the yfbE operon, which is implicated in the modification of LPSs (Hagiwara et al., 2004). Briefly, PmrA/PmrB is located in the pmrCAB operon (Roland et al., 1993) and consists of a response regulator PmrA, a sensor kinase PmrB (Gunn, 2008; Chen and Groisman, 2013) and a pEtN transferase PmrC (Zhou et al., 2001; Lee et al., 2004; Murray et al., 2007). When bacteria lives at low pH, it is important to modify the pEtN of lipid A. The modification of pEtN increases bacteria resistance to cationic antimicrobial peptides (CAMPs) to maintain the bacterial infection in host cells. The effect of the pmrA gene in PmrA/PmrB on biofilm formation has been investigated (Bao et al., 2017). The pmrA gene may cause inhibition in biofilm formation. During biofilm formation, the pmrA gene may function at induction in biomass and inhibition in viability (Bao et al., 2017).

To investigate the role of PmrA/PmrB in C. sakazakii, we studied how pH affects pmrA on lipid A modification, cationic antimicrobial peptide susceptibility, cell membrane permeability and hydrophobicity, and invading macrophage. A pmrA-related mutant was generated under different pH conditions. The effect of environmental pH in lipid A modification is identified, and a pmrA-related mutant is generated. The pmrA mutant transcriptome is used to study all the gene regulations at the transcription level as compared to the wild type C. sakazakii.



MATERIALS AND METHODS


Bacterial Strains and Growth Condition

The related bacterial strains and plasmids in this research are listed in Table 1. C. sakazakii strains and other strains were grown in Luria Bertani media (LB) (Zhang et al., 2018) at 37°C. If required, 30 μg/mL kanamycin or 100 μg/mL ampicillin was included in the medium. Strains containing the plasmid pKD46 that was temperature-sensitive were grown at 30°C, and plasmid pKD46 was cured when cells were grown at the high temperature 42°C.


TABLE 1. Bacterial strains and plasmids used in this study.
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Construction of C. sakazakii BAA894/pWSK29-pmrA/pmrB

pmrA and pmrB (ESA_RS16430/16435) genes were amplified by PCR, taking the genome of C. sakazakii BAA894 (Kucerova et al., 2010) as a template. There was an XbaI site in the forward primer, and there was an XhoI site in the reverse primer. The PCR product was purified, digested with XbaI and XhoI, and ligated into the digested vector pWSK29. The pWSK29 expression vector that contains the T3/T7 lacZ operon on a replicon was induced by isopropyl-β-D-thiogalactopyranoside (IPTG). The constructed plasmid, designated pWSK29-pmrAB, was transformed into C. sakazakii BAA894, resulting in the strain C. sakazakii/pWSK29-pmrA.



Construction of pmrA Knockout Mutant

To knock out pmrA in C. sakazakii, the upstream and downstream fragments of the genes were amplified by PCR. pmrA-U-F/pmrA-U-R primers were used for amplifying the upstream fragments of pmrA. pmrA-D-F/pmrA -D-R primers were used for obtaining the downstream fragments of pmrA. The kan-loxP-F and kan-loxP-R primers were used to amplify the DNA fragment loxP-kan-loxP, which contains the kanamycin resistance gene kan from pDTW202. The upstream PCR fragment was digested using PstI and BamHI, and the downstream PCR fragment was digested using XhoI and XbaI. PCR product of loxP-kan-loxP was digested using BamHI and XbaI. The digested loxP-kan-loxP upstream and downstream fragments of pmrA were cloned into pBlueScript II SK, which was digested using PstI and XhoI, constructing the plasmid pBS- pmrA, carrying the knockout fragment pmrA U-loxP-kan-loxP-pmrA D.

pmrA in the chromosomes of C. sakazakii BAA894 was removed by knockout fragment pmrA U-loxP-kan-loxP-pmrA D via Red recombination. First, the plasmid pKD46 was transformed into C. sakazakii BAA894; then, taking pBS-pmrA as the temple, the knockout fragment pmrA U-loxP-kan-loxP-pmrA D was amplified and transformed into the cells. With the expression of Red enzymes from pKD46, the DNA fragment loxP-kan-loxP was used to substitute the pmrA gene in the chromosome. Cells were cultured on LB plates with 30 μg/mL kanamycin to select the correct transformants, and the plasmid pKD46 was cured by culturing bacteria at 42°C. After which, the plasmid pKD-Cre was transformed into the bacterial cells, whose loxP recombinase Cre removed the kan gene previously inserted into the C. sakazakii chromosome. Then, the plasmid pKD-Cre was cured by growing bacteria at 42°C to obtain the pmrA deletion mutant strain C. sakazakiiΔpmrA. Table 1 shows the plasmids and mutants mentioned in this research.



Isolation of Lipid A

Lipid A of C. sakazakii was isolated with the Bligh-Dyer method (Wang X. et al., 2015; Liu et al., 2016). Specifically, overnight culture was inoculated into 250-mL cultures, in which the initial OD600 was 0.02, and then cells grew to an OD600 of 1.0. All C. sakazakii cells were harvested by centrifugation at 4000 rpm for 30 min and then washed with ddH2O twice. The cell pellet was first suspended with 76 mL of mixture containing chloroform/H2O/methanol (1:0.8:2 v/v/v). The insoluble debris was then collected and washed with 60 mL mixture. The debris was heated and suspended with 12.5 mM sodium acetate (pH 4.5) by boiling water bath for 30 min. The suspension was mixed with methanol and chloroform and the mixture containing suspension/methanol/chloroform (27:30:30 v/v/v). The final mixture was centrifuged to remove its lower phase containing lipid A, which was used to extract lipid A with a rotary evaporator.



Mass Spectrum Analysis

All the mass spectra of C. sakazakii lipid A samples were obtained from a Waters SYNAPT mass spectrometer, which contains an electrospray ionization (ESI) source. ESI/MS in the negative ion mode was performed to detect lipid A samples, which were dissolved in chloroform (Raetz and Whitfield, 2002). The instrument was calibrated with sodium formate. ESI/MS was performed at −80 V, and its collisional activation of ions was carried out at −8 V. MassLynx V4.1 software was used to acquire and analysis data.



MIC Assay of Cationic Antimicrobial Peptides

The minimum inhibitory concentrations (McPhee et al., 2006) of CAMPs susceptibility were determined by a twofold serial dilution method of polymyxin B (from 1000 to 0.095 μg/mL) and polymyxin E (colistin) (from 1000 to 0.45 μg/mL). Overnight culture was inoculated in a 96-well plate and grown at 37°C. The media for dilutions of polymyxin B and E was the used LB broth. By adding 100 μL per well in the 96-well plate, the overnight bacteria culture suspension was diluted 500 times with OD600 = 0.5. If the culture was significantly cloudy, the growth was rated positive. For two different occasions, each test was performed three times (Wang Z. et al., 2015).



Membrane Permeability Assay

The outer membrane permeability (Wang et al., 2014) was detected by fluorescent probe 1-N-phenylnaphthylamine (NPN) access assay (Helander and Mattila-Sandholm, 2000). Briefly, C. sakazakii BAA894 was grown overnight in LB medium, and 1.5 ml cells were first harvested by centrifugation at 12,000 rpm for 3 min, then washed twice with potassium phosphate buffer (PBS, 50 mM, pH 7.4). The PBS buffer was used to adjust the OD600 to 0.5. A fluorescence spectrophotometer (650–660, Hitachi, Japan) whose widths, excitation, and emission wavelengths were set as 5, 350, and 420 nm, respectively, was used to monitor the fluorescence of the mixture of 1.92 mL of cell suspension (OD600 = 0.5) and 80 μL NPN (1 mM) (Wang et al., 2014).



Surface Hydrophobicity Assay

The surface hydrophobicity of cells was determined according to a surface hydrophobicity assay involving the method of Zavaglia et al. (2002) and (Wang et al., 2014). Briefly, the bacteria were collected from overnight culture and resuspended with PBS. After being washed twice by PBS (pH 7.4), the OD600 of the culture was adjusted to 0.5. The mixture of 2 mL bacterial suspension and 800 μL xylene was incubated at room temperature for 3 h, which obtained the aqueous phase. The OD600 of the aqueous phase was recorded as A, and the value of [(0.5 - A)/0.5] × 100 represents the surface hydrophobicity of the bacterial.



Macrophages Infection

RAW264.7 macrophage cells were seeded in 96-well plates and were grown in Phenol red-free DMEM with 10% fetal bovine serum at 37°C with 5% CO2. The bacteria was grown in LB (pH 5.0) broth and added into the wells to adjust the macrophage:bacteria ratio of 1:100. After infection for 2 h, culture supernatant was removed and cells were washed with warm PBS four times to remove extracellular bacteria. Afterward, fresh, antibiotic-free media was added to wells. At a desired time point, intracellular bacteria were harvested by adding an equal volume of 0.5% Triton X-100 into wells and left at 37°C and 5% CO2 for 5 min. To detach cells from wells, a pipette was used to scrape out cells. Bacterial number was determined by serial dilution plating onto LB plates.



RNA Sequence

The RNA sequence of cells was conducted according to the manufacturer’s protocol. Briefly, the cells were collected from the logarithmic phase at pH 5.0; DNA and rRNA were then removed from the total RNA with a kit (Dongsheng Biotech, Guangzhou, China). First, the mRNA was broken into short fragments; then cDNA was synthesized by taking the disrupted mRNA as template. Double-stranded cDNA was synthesized by a two-strand synthesis reaction system. The double-stranded cDNA was purified with QiaQuick PCR kit (QIAGEN, Hamburg, Germany). Next, cohesive ends were repaired. The base “A” was added to the 3′ end of the cDNA, and products were ligated to the sequencing adapter; then suitable fragments were selected by agarose electrophoresis, and finally, PCR amplification was performed. In the quality control steps, an ABI StepOnePlus Real-Time PCR System and an Agilent 2100 Bioanaylzer were used for quantification and qualification of the sample library, which was prepared to be sequenced by Illumina HiSeqTM 2000.



RNA Extraction and Transcriptional Analysis Through RT-PCR

Ten DEGs relevant to phenotype were selected to verify the RNA-seq data by the quantitative mRNA transcripts with real-time polymerase chain reaction (qRT-PCR) using the ABI Step One RT-PCR System (Applied Biosystems, CA) according to the manufacturer’s instructions. Total RNA samples were extracted using an RNA extraction kit (BioFlux, China). Then RNase-free DNase I was used to remove DNA contamination. Transcription of 500 ng RNA into cDNA was performed using a Revert AidTM First Strand cDNA synthesis kit (Fermentas, Shanghai, China) with random hexamer primers. Primers for detection of various genes are listed in Table 4. 16S rRNA gene was used as an internal control for quantification of relative gene expression. Each qRT-PCR reaction was conducted in a final volume of 50 μL. The thermal cycling profile was as follows: 94°C for 1 min, followed by 40 cycles of 94°C for 10 s, 55°C for 30 s, and 68°C for 15 s. Sterile water was used as negative control samples. The cycle threshold values (CT) were determined, and the 2–ΔΔCT method (Livak and Schmittgen, 2001) with 16S rRNA as the reference gene was used to calculate the relative fold differences. This experiment was repeated three times.



RESULTS AND DISCUSSION


Identification of the Genes Encoding PmrA/PmrB in C. sakazakii

The PmrA/PmrB two-component system involved in S. typhimurium was activated directly by the existing iron in the culture medium and indirectly through the PhoP/PhoQ and PmrA/PmrB signal systems at a low magnesium concentration or low pH (Wosten et al., 2000; Gibbons et al., 2005). Phosphoethanolamine (pEtN) is incorporated to lipid A when bacteria are grown under low pH conditions in S. typhimurium. The pEtN modification of BAA894 lipid A can increase the resistance to CAMPs and reduce recognition and lethality by the host innate immune system (Liu et al., 2016). To identify C. sakazakii genes that are responsible for the PmrA/PmrB regulatory system, the amino acid sequence of the S. typhimurium PmrA, PmrB, PmrC protein was used as the query to perform a BLASTp search of the BAA894 genome.

The C. sakazakii BAA894 ESA_RS16430 showed 56.31% identity to pmrA in S. typhimurium, and ESA_RS16435 exhibited 46.43% identity with pmrB in S. typhimurium. In the genomes of S. typhimurium, eptA (pmrC) locates in the same operon with pmrA and pmrB (Lee et al., 2004), and the gene expression is controlled by PmrA (Wosten and Groisman, 1999). In the genome of C. sakazakii BAA894 (Joseph et al., 2012), ESA_RS16425 under the same operon with pmrAB showed 82.14% identity to dacB from S. typhimurium. Another gene of ESA_ RS09200, which is outside of the operon, shows identity to pmrC in C. sakazakii. The functional relationship between ESA_RS16425 and pmrA/pmrB is unknown. The gene organization of C. sakazakii is different with the pmrCAB operon identified in S. typhimurium and E. coli. The pmrAB overexpression and pmrA deletion strains were generated to study the function and regulation mechanism.



The Effect of PmrA/PmrB on Lipid A Structure Modification in C. sakazakii

To investigate the PmrA/PmrB effect on the lipid A structure in C. sakazakii, pmrAB were co-overexpressed and the pmrA mutant was generated in C. sakazakii. The lipid A was extracted from wild-type C. sakazakii BAA894 at pH 7.0 and pH 5.0, respectively (Figures 1A,B), and pmrAB overexpression stain C. sakazakii/pWSK29-pmrAB (Figure 1C) at pH 7.0 by the Bligh-Dyer method (Gunn et al., 2000; Bengoechea et al., 2003; Townsend et al., 2007; Wang X. et al., 2015). ESI/MS was used to analyze the extracted lipid A.
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FIGURE 1. Mass spectrometry analysis of lipid A isolated from C. sakazakii and C. sakazakii/pWSK29-pmrAB. (A) C. sakazakii grown at pH 7.0. (B) C. sakazakii grown at pH 5.0. (C) C. sakazakii/pWSK29-pmrAB grown at pH 7.0.


The lipid A from C. sakazakii BAA894 at pH 7.0 showed five major peaks at m/z 1716, 1744, 1796, 1824, and 1846 in the spectrum. The ions at m/z 1796 and 1824 are the [M–H]– ions of the two lipid A molecules, which are the backbone of the lipid A general structure (Li et al., 2016). The minor peaks at m/z 1716 and 1744 are the monophosphorylated form of lipid A (Helander and Mattila-Sandholm, 2000). The peak at m/z 1846 was generated from the sodium adduct of the ion at m/z 1824 (Figure 1A). The lipid A ions at pH 5.0 showed five additional peaks at m/z 1839, 1867, 1919, 1947, and 1970 (Figure 1B). All these ions with 123 amu higher m/z suggested the addition of a pEtN group into lipid A. The low pH condition upregulated the pmrC gene expression.

The lipid A isolated from pmrAB overexpression strain C. sakazakii/pWSK29-pmrAB at pH 7.0 also showed five additional peaks at m/z 1839, 1867, 1919, 1947, and 1970 with higher 123 amu compared to the wild-type grown at pH 7.0. In addition, the relative intensity of these peaks was also much higher than that of the wild-type grown at pH 5.0 (Figure 1C). The results suggest that the overexpression of pmrAB boosted the pEtN modification in lipid A. The overexpression of pmrAB likely upregulated the pmrC gene transcription level and, hence, resulted in the modification of lipid A with the addition of the pEtN group. Compared to the wild-type grown at pH 7.0, the pmrA mutant did not show a significant difference in the lipid A profile, and there was no lipid A modification found as well.



PmrA/PmrB-Mediated Lipid A Modification Increases the Resistance to Cationic Antimicrobial Peptides

The PmrA/PmrB is the major regulator of LPS-modified genes in S. typhimurium and E. coli. The phosphate groups on the surface of the bacteria would be neutralized by the modification of pEtN on lipid A and, hence, become negatively charged and could interact with CAMPs, such as Polymyxin B and colistin (Anandan et al., 2016). To study whether pmrAB-mediated pEtN modification of lipid A in C. sakazakii BAA894 alters the bacterial resistance to CAMPs (Liu et al., 2016), MIC of C. sakazakii wild-type strain, pmrA mutant strain, and pmrAB overexpressed strain grown at pH 7.0 and 5.0 to polymyxins B and colistin were investigated (Table 2). C. sakazakii BAA894 cells grown at pH 5.0 were highly resistant to CAMPs compared to the cells grown at pH 7.0; the MIC of polymyxin B increased from 0.39 to 17.5 μg/mL, and the MIC of polymyxin E increased from 0.45 to 35 μg/mL. When grown at pH 5.0, the MIC of polymyxin B and colistin of the pmrA mutant strain were 6.5 μg/mL and 4 μg/mL, respectively. The result was still higher than that of the wild-type strain (Table 2). Compared to the BAA894 grown at pH 7.0, the MIC of C. sakazakii BAA894/pWSK29-pmrAB to polymyxin B and colistin grown at pH 5.0 were higher, which were increased to 280 and 560 μg/mL, respectively. Complementation of BAA894ΔpmrA and pWSK29-pmrA, its MIC to polymyxin B and colistin returned to wild-type levels at pH 7.0 or 5.0. According to our study, pEtN modification of lipid A at acidic pH can improve bacteria resistance ability to CAMPs. On the minimal inhibitory concentrations table (Table 2), we found that C. sakazakii BAA894/pWSK29-pmrAB showed the highest resistance ability to CAMPs at pH 5.0, but remained at the same resistance level to CAMPs when compared with BAA894 at pH 7.0. The results suggested that the PmrA were related to the resistance to CAMPs, and PmrA/PmrB also influenced the resistance to CAMPs at acidic pH.


TABLE 2. The minimal inhibitory concentrations of mutants derived from BAA894 cultured in pH 7.0 and pH 5.0.
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PmrA/PmrB-Mediated Lipid A Modification Changes the Cell Surface Properties of C. sakazakii

It has been shown previously that the OM permeability of Gram-negative bacteria is correlated with the structure of LPS (Bengoechea et al., 2003). Lipid A is the important hydrophobic component of LPS, which is the major component of the outer membrane; the structure changes of the lipid A might influence the cell membrane properties (Raetz and Whitfield, 2002; Bengoechea et al., 2003). Since our research suggested that the overexpression of pmrAB boosted the pEtN modification in lipid A, the OM permeability and hydrophobicity might be influenced through the change of structure of the LPS and outer menmrane. The characteristics of the outer membrane, including the permeability and hydrophobicity of mutants cells (Lehner et al., 2005) were evaluated (Figure 2).
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FIGURE 2. The cell surface properties of mutants derived from BAA894 cultured in pH 7.0 and pH 5.0. (A) Membrane permeability assay. (B) Hydrophobicity assay. The values represent the mean ± SD of results from three independent experiments. The data were analyzed by one-way analysis of variance. Statistically significant differences between the mutants in pH 7.0 and pH 5.0 and wild strains BAA894 in pH 7.0: *p < 0.05; **p < 0.01; and ***p < 0.001.


When compared to the C. sakakzakii BAA894 wild-type strain cultured at pH 7.0, the membrane permeability of BAA894 cultured at pH 5.0 slightly decreased. In comparison with the BAA894 wild-type strain, the membrane permeability of pmrA mutant strains cultured at pH 7.0 and pH 5.0 increased by twofold and threefold, respectively (Figure 2A). Compared with BAA894 grown at pH 5.0, the membrane permeability of BAA894/pWSK29-pmrAB cultured at pH 7.0 was slightly increased while the one that was cultured at pH 5.0 increased by 1.8-fold. Under the pH 7.0 or pH 5.0 condition, the pmrA overexpressed strain restored the membrane permeability to the wild-type levels. The PmrA/PmrB system-mediated lipid A modification changed the structure of the LPS and reduced outer membrane permeability. These results suggest that the pmrA and PmrA/PmrB system have an influence on membrane permeability.

The cell surface hydrophobicity of the pmrA mutant strain was essentially the same at pH 7.0 and pH 5.0. However, the cell surface hydrophobicity of the BAA894 wild-type strain and BAA894ΔpmrA complementation strain under pH 5.0 was twofold higher than at pH 7.0 (Figure 2B). Meanwhile, compared with the BAA894 wild-type strain, the cell surface hydrophobicity of BAA894/pWSK29-pmrAB cultured at pH 7.0 and pH 5.0 increased by 1.5- and 1.6-fold. These results suggest that modification of pEtN in lipid A might change the characteristics of the outer membrane by increasing the surface hydrophobicity of cells.



PmrA/PmrB Inhibits the Ability to Invade and Survive in Macrophage

To invade microorganisms, macrophages utilize antimicrobial defense mechanisms (i.e., nutrient deprivation and oxidative burst) to eliminate harmful pathogens. The ability of bacteria to survive and replicate in immune cells provides them protection from the host immune response (Townsend et al., 2007). Some C. sakazakii can avoid the host immune response by exploiting immature dendritic cells and then persisting within human macrophages (Liu et al., 2016). The pmrA mutant strain grew faster than the BAA894 wild-type strain at pH 5.0, and more mutants were recovered from macrophage after infection for 6, 12, and 24 h. The intracellular numbers of the wild-type strain increased 2.56-fold and 6.65-fold over T12 and T24, respectively, while those of the mutant strains were 4.15-fold and 10.4-fold over T12 and T24, respectively (Figure 3). However, the growth state of C. sakazakii BAA894/pWSK29-pmrAB in macrophage was worse than that of the BAA894 wild-type strain at pH 5.0. In addition, compared with BAA894 grown at pH 5.0, the intracellular numbers of the mutant decreased to 41% and 34% over T12 and T24, respectively (Figure 3). These results demonstrate that the pmrA mutant increased cell invasion and replication ability, which was restored to wild-type levels by complementation. All these suggested that the PmrA/PmrB two-component system in C. sakazakii BAA894 was important in regulating the system for host cell invasion and replication.
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FIGURE 3. Survival and replication in RAW264.7 macrophages. Results are presented as the percentage of the initial inoculum that was intracellular. The values represent the mean ± SD of results from three independent experiments. The data were analyzed by one-way analysis of variance. Statistically significant differences between the mutants and C. sakazakii wild strain: **p < 0.01 and ***p < 0.001.




RNA-Sequencing of C. sakazakii pmrA Mutant

In our study, PmrA/PmrB shows influences on CAMPs, cell membrane permeability and hydrophobicity, and macrophage invasion. To verify the results, further analysis by RNA-sequencing were conducted (Table 3).


TABLE 3. List of the genes related to phenotype between BAA894 and pmrA mutant in pH 5.0.
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TABLE 4. Primers used in RT-PCR.
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The gene expression levels related to phenotype were between the BAA894 and pmrA mutant at pH 5.0. RPKM is short for reads per kilobase transcriptome per million mapped reads; it is used to calculate the expression level of the gene. Fold change represents the ratio of pmrA mutant to wild-type gene RPKM; p value represents the significance level of the hypothesis test.

Similar transcriptional levels of some key genes relevant to phenotype were also observed by using RT-PCR analysis (Figure 4). This suggests that the transcriptomic analysis used in this study is reliable.
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FIGURE 4. RT-PCR analysis for transcriptional levels of genes related to phenotype in C. sakazakii pmrA in pH 5.0, using C. sakazakii wild strain in pH 5.0 as the control.


In Salmonella enterica, PmrB can sense environmental stimuli directly and can initiate a cascade to phosphorylate and activate PmrA. LPS modifications mediated by PmrA/PmrB and PhoP/PhoQ systems aid in survival in host cells and in the environment (Gunn, 2008). In the pmrA mutant, genes (pmrB, phoQ, pagP, and eptB) of PmrA/PmrB and PhoP/PhoQ were downregulated, which indicated that the pmrA mutant without a complete PmrAB regulon might weaken survival in host and non-host environments. In C. sakazakii and E. coli, PmrA/PmrB and PhoP/PhoQ changed the resistance to CAMPs by modifying fatty acid chains and phosphoric acid groups of lipid A (Townsend et al., 2007; Wang X. et al., 2015; Liu et al., 2016). In the pmrA mutant, some of the PmrAB-regulated genes were downregulated while eptA and phoP were upregulated. Besides, genes (lpxA, cpxA, cpxR, marA, acrA, and acrB) involved in CAMPs resistance were downregulated in the pmrA mutant while tolC was upregulated. Most of the genes involved in CAMPs resistance were downregulated, which indicated that the pmrA mutant was weakly resistant to CAMPs.

Genes (marA, ramA, ompF, phoE, and ompC) are involved in regulating membrane permeability by changing the production of porin and the expression of bacterial envelope efflux pump systems (Bishop, 2005; Anne et al., 2008). In transcriptome data, genes (ompF, phoE, and ompC) were upregulated in pmrA mutant while marA and ramA were downregulated, suggesting the variation of membrane permeability.

Due to the difference in modification of LPS, cell hydrophobicity changed (Kim et al., 2010). Also, genes associated with hydrophobicity, such as eptB, pagP, were downregulated in pmrA mutant while eptA was upregulated, suggesting the variation of hydrophobicity.

Other influence factors for macrophage invasion include both virulence factors and bacterial motility (Delcour, 2009; Kim et al., 2010). Genes (ESA_RS01970, ESA_RS03645, ESA_RS08640, ESA_RS19800, and ESA_RS1980) involved in toxins were upregulated in pmrA mutant. Genes (ompX) involved in bacterial motility can promote bacterial adhesion and attachment to the host (Delcour, 2009). Fimbriae proteins (ESA_RS12900, ESA_RS16175, ESA_RS17575, ESA_RS18760, and ESA_RS18775) and flagellum proteins (fliR, ESA_RS05890, and fliS, except for fliJ and ESA_RS059i05) were upregulated in the C. sakazakii pmrA mutant. Because of the impact of virulence and bacterial adhesion, the pmrA mutant increased the ability of cells to invade.

According to KEGG pathway enrichment analysis, “lysine biosynthesis,” “metabolic pathways,” “biosynthesis of secondary metabolites,” and “microbial metabolism in diverse environments” were significantly enriched. In the pmrA mutant, most differentially expressed genes (DEGs) in “microbial metabolism in diverse environments” were downregulated. DEGs (ESA_RS15995, ESA_RS17800, and ESA_RS18990) involved in the “pentose phosphate cycle” were also downregulated, which indicated that the pmrA mutant without a complete PmrAB regulon might weaken survival in diverse environments.



CONCLUSION

The PmrA/PmrB-regulated genes were identified and characterized in C. sakazakii. The pEtN is modified to lipid A in C. sakazakii when grown at a weak acid condition. The enzyme encoded by C. sakazakii eptA could transfer pEtN to lipid A and was affected by acidic condition. More studies indicate that the eptA is not completely but partially regulated by PmrA/PmrB in C. sakakzakii BAA894, and the PmrA/PmrB two-component system in C. sakazakii were involved in the lipid A structure modification.

Non-polar deletion was constructed in the pmrAB gene of the PmrA/PmrB, and the effect of this mutation on CAMPs resistance were measured. Negative-ion mass spectra revealed the presence of pEtN in lipid A isolated from the pmrAB overexpressed strain under the pH 7.0 condition. Meanwhile, we also tested mutant and wild-type strains for susceptibility to CAMPs and demonstrated the PmrA and PmrA/PmrB were related to the resistance of CAMPs. A defect of the pmrA gene and co-overexpression of pmrAB in C. sakazakii increased the outer membrane permeability and hydrophobicity at pH 5.0, which might improve the transmembrane capacity of antibiotics and then affect the outer membrane permeability and hydrophobicity.

Cronobacter sakazakii can utilize immature dendritic cells and remain in human macrophages, which indicates that C. sakazakii has certain immune evasion properties and can protect itself from host immune response and then reach and even penetrate the blood–brain barrier (Townsend et al., 2008; Emami et al., 2011; Wang X. et al., 2015). The BAA894 wild-type strain showed lower invasion ability than the pmrA mutant strain and higher invasion ability than BAA894/pWSK29-pmrAB under the pH 5.0 condition, suggesting that the PmrA/PmrB system is important in toxicity control in C. sakazakii. When pmrA was deleted, the bacteria showed a trend of increased toxicity and provided a survival advantage to bacteria in the host.
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