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Background: S. Typhi is a Gram-negative bacterium that causes typhoid fever in humans. Its virulence depends on the TolC outer membrane pump, which expels toxic compounds and antibiotics. However, the role of TolC in the host cell adhesion and invasion by S. Typhi is unclear.

Objective: We aimed to investigate how deleting the tolC affects the adhesion and invasion of HT-29 epithelial and THP-1 macrophage cells by S. Typhi in vitro.

Methods: We compared the adhesion and invasion rates of the wild-type and the tolC mutant strains of S. Typhi using in vitro adhesion and invasion assays. We also measured the expression levels of SPI-1 genes (invF, sipA, sipC, and sipD) using quantitative PCR.

Results: We found that the tolC mutant showed a significant reduction in adhesion and invasion compared to the wild-type strain in both cell types. We also observed that the expression of SPI-1 genes was downregulated in the tolC mutant.

Discussion: Our results suggest that TolC modulates the expression of SPI-1 genes and facilitates the adhesion and invasion of host cells by S. Typhi. Our study provides new insights into the molecular mechanisms of S. Typhi pathogenesis and antibiotic resistance. However, our study is limited by the use of in vitro models and does not reflect the complex interactions between S. Typhi and host cells in vivo.
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1. Introduction

Efflux pumps are present in all major pathogenic bacterial species lineages (Piddock, 2006a,b). In Gram-negative bacteria, this active efflux mainly contributes to the intrinsic resistance to several classes of antibiotics, dyes, and detergents (Li and Nikaido, 2004; Piddock, 2006a,b; Sun et al., 2014). In Gram-negative bacterial pathogens, TolC is an outer membrane efflux pump protein that facilitates efflux and contributes to virulence and pathogenesis (Piddock, 2006a,b). The expression of efflux pumps was observed along with the infection process of Gram-negative pathogens (Fernando and Kumar, 2013). Outer membrane efflux pump proteins (OMPs) have essential functions in the physiology of bacteria, such as adhesion and invasion of the host cell, resistance to host serum, maintenance of the membrane integrity, and passive and active transfer of substances (Tokuda, 2009). Although the biological functions of TolC homologs in several Gram-negative bacteria have already been reported, the role of TolC in Salmonella enterica serovar Typhi has not been investigated, especially its role in host cell adhesion and invasion. S. Typhi is a human-restricted pathogen that causes typhoid fever.

In this study, the role of S. Typhi TolC in the adhesion and invasion of host cells were first investigated using a tolC mutant. As the expression of Salmonella pathogenicity island 1 (SPI-1) genes for invasion (sipA, sipC, sipD, and invF) is required for penetration into host cells (Darwin and Miller, 1999a,b), we also investigated the expression of the invasion genes under SPI-1-inducing conditions.



2. Materials and methods


2.1. Bacterial strains and plasmids

A Salmonella enterica serovar Typhi (S. Typhi) strain (a clinical isolate from an acute typhoid fever patient), denoted as ST-WT was used as the wild-type strain in this study.

This study was conducted in accordance with the ethical principles of the Declaration of Helsinki and the EEC directive of 1986. The Salmonella enterica serovar Typhi strain was obtained from patients with acute typhoid fever subjects in Hospital Universiti Sains Malaysia (HUSM). The strain was deposited in the Bank of the Institute for Research in Molecular Medicine (INFORMM), Kubang Kerian, Kelantan, Malaysia. The collection and use of the strain were approved by the Committee for Human Ethical Clearance of Universiti Sains Malaysia, Kubang Kerian, Malaysia under ethical clearance number USMKK/PPP/JEPeM [229.3. (03)]. All participants gave their informed consent before enrollment in the study. Bacterial strains and plasmids used in this study are summarized in Table 1. All strains were routinely grown in Luria-Bertani (LB) agar and broth (Hi-media) at 37°C with antibiotics for selection when required.



TABLE 1 Strains and plasmids used in this study.
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2.2. Construction of tolC mutant

A tolC deletion mutant (ST-ΔtolC) was constructed using the one-step inactivation of the chromosomal gene method (Baba et al., 2006). The tolC gene of ST-WT strain was replaced by inserting the kanamycin resistance gene aph (3′)-II genes that confers kanamycin resistance to generate strain ST-ΔtolC. A complementation mutant (ST-∆tolC+) was also constructed by cloning the tolC gene, including its native promoter, into the pKK223-3 plasmid and transformed into ST-ΔtolC. Primers for construction of tolC mutant summarized in Table 2.



TABLE 2 Primers used in this study to the construction of tolC deletion mutant of S. Typhi.
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2.3. Growth of Salmonella enterica serovar Typhi strains

The growth of all S. Typhi strains was determined by measuring the optical density (OD 595 nm) of bacterial culture using LB broth in a microtiter plate at 37°C as previously described (Sheridan et al., 2013). The sample was placed in a microtiter plate, and bacterial growth was recorded at 2-h time intervals (Multiskan Spectrum, Thermo Scientific). All growth experiments were performed three times, and results were analyzed by plotting average values for each strain on a logarithmic graph with calculated standard deviations to use as error bars. Generation times were also calculated using the logarithmic growth phase of the line graph by the following equation;

[image: image]

(Where g is generation [doubling] time and T is time, ln is Natural log of given value). Values which appeared different to the parent strain were evaluated for significance at defined time points using a student’s ‘t’ test. OD end is the optical density at the end of the exponential growth phase, OD start is the optical density at the start of the exponential growth phase.



2.4. Efflux activity assay

Efflux activity was evaluated with the ethidium bromide agar screening method (Martins et al., 2006). Overnight cultures of all strains were swabbed onto LB agar plates containing 0.5 and 1 mg/L of ethidium bromide. The plates were incubated at 37°C for 16 h, and the fluorescence intensity associated with efflux pump function in the bacterial mass was photographed.



2.5. Adhesion and invasion assays

The adhesion and invasion of the S. Typhi strains were tested using in vitro adhesion and invasion assays with THP-1-derived human macrophages and HT-29 human epithelial cells according to the methods of Dibb-Fuller et al. (1999) and Buckley et al. (2006) with some modification. S. Typhi cells were grown overnight in 10 mL LB broth at 37°C. Cell monolayers were grown to confluence in 6-well plates, and the cells were then infected for 2 h at an infection multiplicity of 50. For the adhesion assay, cells were gently washed six times with phosphate-buffered saline (PBS) (pH 7.3) and then disrupted with 1 mL distilled water (Roche et al., 2005). First, all viable bacteria (intra- and extracellular) were counted as colony-forming units after plating serial dilutions with PBS. Then, the entry of S. Typhi into HT-29 cells and THP-1 macrophages was quantified by the invasion assay (also called gentamicin protection assay) as previously described (Amy et al., 2004) to quantify intracellular bacteria. All the bacterial strains tested have similar gentamicin susceptibility (data not shown). To calculate the bacterial adhesion, we subtracted the cfu/ml of the invaded bacteria from the cfu/ml of the total viable bacteria that were either adherent to the cell surface or inside the cell after washing step. Results are expressed as cfu/ml of adherent and invasive bacteria compared to the ST-WT strain.

All quantitative invasion assays were performed separately for each strain in triplicates. ST-∆tolC and ST-∆tolC+ were compared with the ST-WT reference strain using Student’s t-test. Each strain’s overall mean cfu/ml was calculated for each biological replicate.



2.6. Reverse transcription PCR of SPI-1 gene expression

Reverse transcription polymerase chain reaction (RT-PCR) was performed to measure the transcription of the invasion-related genes of S. Typhi, according to the study of Webber et al. (2009). Bacteria were grown in LB broth until the mid-log phase (OD600 of 0.6) containing 0.3 M NaCl for SPI-1-inducing conditions (Arricau et al., 1998). Total bacterial RNA was obtained from the bacteria by using the RNeasy mini kit (Qiagen) according to the manufacturer’s recommendation. Possible DNA contamination was removed by treating with DNase I (Sigma). The absence of DNA contamination was tested by PCR amplification using total RNA as a template and primers specific for the recA housekeeping gene (Wong et al., 2013). The purity and concentration of RNA were determined by measuring the optical density at 230, 260, and 280 nm before use (A260/280 ranged from 1.8 to 2.0). The quality of the RNA was assessed by gel electrophoresis and ethidium bromide staining.

Real-time RT-PCR was performed to measure the transcriptional level of the invF, sipA, sipC, and sipD, and the housekeeping gene recA was used as a control (Wong et al., 2013). Specific primer sequences were designed for each gene using the Primer3 software program (Table 3). First, 1 μg of DNase-treated total RNA from at least three independent cultures were reverse transcribed using random hexamers and Superscript III 1st Strand Kit (Invitrogen, Cat #18080-051). Then, the amplification was performed using the QuantiFast SYBR Green PCR Kit (Qiagen) on an Applied Biosystems™ 7500 Real-Time PCR System according to the manufacturer’s instructions. The amplification of recA for target gene expression normalization was conducted simultaneously with the amplification of targeted genes. Fold-change of expression level for a target gene was determined using the comparative Ct approach, whereby the Ct value of the target gene in each sample was normalized to recA, and the relative expression level of the target gene and the fold-change in gene expression were calculated (Livak and Schmittgen, 2001). The expression of a target gene was presented as the fold change relative to the ST-WT strain. Data were obtained in three separate experiments with three technical replicates. All results were analyzed by the Student’s t-test, and p values of <0.05 indicate significance.



TABLE 3 Oligonucleotide sequences for the amplification of selected SPI-1 genes in RT-PCR.
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3. Results


3.1. The growth of the tolC mutant was defective

To evaluate the fitness of the strains, we observed the growth of the strains by OD measurement. The ST-WT and ST-ΔtolC had similar doubling times of 112 and 116 min (p = 0.55), respectively (Figure 1A), while the ST-∆tolC+ had a shorter doubling time of ~80 min (p = 0.004). The ST-ΔtolC and ST-∆tolC+ strains arrived at the stationary stage at 8 h; however, ST-WT continued growing at a slower rate with an OD595 reading of ~0.63, ~0.70, and ~ 0.55, respectively. The growth of the bacteria reached a stationary phase after 18 h of incubation. The OD595 of the ST-WT and the ST-∆tolC+ strain was similar, with mean values of ~ 0.76 and ~ 0.74, respectively (p = 0.20). However, the OD595 of the ST-ΔtolC strain was significantly lower, with a mean value of ~0.56 (p < 0.05). Based on the growth curves (Figure 1A), it is deduced that the ST-ΔtolC cell growth defect may be due to the lack of the TolC efflux pump. In contrast, the growth defect of the mutant was rescued by the presence of the plasmid carrying tolC (ST-∆tolC+) complement strain.

[image: Figure 1]

FIGURE 1
 Deletion of S. Typhi tolc affects bacterial growth, efflux, adhesion, and invasion. (A) S. Typhi strains ST-WT, ST-∆tolC, and ST-∆tolC+ were grown at 37°C, and their OD was recorded for up to 18 h. (B) Evaluation of the efflux activity of S. Typhi strains. Strains were cultured on an LB plate containing 0.5 and 1.0 mg/L ethidium bromide overnight at 37°C and observed under UV light. (C) Evaluation of the adhesion and invasion activity of S. Typhi strains on HT-29 and THP-1 cells. Data are displayed as the mean of at least three separate experiments performed in triplicate ± standard deviation. Values returning a p value of ≤0.001 from a Student’s t-test comparing ST-∆tolC and ST-∆tolC+ strains to the ST-WT strain. The asterisks above the bars represent the significance of the t-test, *** < 0.001.




3.2. The efflux activity of the tolC mutant was impaired

To evaluate the efflux activity of the ST-ΔtolC strain, all strains (ST-WT and ST-ΔtolC+ as controls) were streaked on media containing ethidium bromide. After incubation, the plates were observed under UV light. The ST-WT appeared to fluoresce the least, followed by ST-ΔtolC+ and ST-ΔtolC (Figure 1B). Fluorescence intensity from the cells is inversely proportional to efflux pump function, indicating pump functionality in ST-WT and impairment in ST-ΔtolC (at both lower and higher ethidium bromide concentrations). Even though ST-ΔtolC+ was expected to have efflux activity similar to ST-WT, the strain’s efflux activity was affected (Figure 1B), suggesting that the TolC expressed from the plasmid could be different from the chromosome expressed protein in ST-WT.



3.3. The adhesion and invasion of tolC mutant were reduced

To investigate the adhesion and invasion abilities of the strains, the bacterial cells were added to the human intestine epithelial HT-29 and macrophage THP-1 cells. Declines in the adhesion and invasion abilities of ST-∆tolC were observed when the bacterial cell interacted with both host cell types in vitro (Figure 1C). The adhesion efficiency of ST-∆tolC was reduced by ~55% in both host cell types compared to ST-WT. The significant loss of invasion is most likely due to the loss of adhesion capability in ST-∆tolC because adhesion is a crucial step preceding invasion. Interestingly, the ST-∆tolC+ strain showed increased adhesion and invasion in both host cell types. We speculate that the presence of multiple copies of tolC on the plasmids likely contributed to this phenomenon.



3.4. Invasion-related genes were downregulated in the tolC mutant

To evaluate the direct efflux function of TolC and the indirect role of the presence of tolC on the expression of SPI-1 TTSS-1 genes, we cultured the strains in the SPI-1-inducing condition (0.3 M NaCl). We performed RT-PCR to quantify relative gene expression. The mRNA expression of invasion-related genes such as sipA, sipC, sipD, and invF was significantly reduced in ST-ΔtolC when compared with the ST-WT reference strain that was used as control; indeed, the transcripts of these genes revealed that transcriptions of invF, sipA, sipC, and sipD genes were decreased, 15–fold, 1.6–fold, 9.6–fold, and 2.5–fold, respectively, in the ST-ΔtolC when compared with the ST-WT reference strain. Although the complementation ST-∆tolC+ strain significantly increased the transcriptions of these genes, sipA (2.8-fold), invF (2.4-fold), sipC (1.2 -fold), and sipD (1.8-fold), when compared with ST-WT (Figure 2).

[image: Figure 2]

FIGURE 2
 The relative expression of selected invasion-related SPI-1 genes in S. Typhi strains. The strains were cultured in SPI-1-inducing condition (0.3 M NaCl), and RT-PCR was performed to quantify relative gene expression. The expression of a target gene was presented as the fold change relative to the ST-WT strain used as a control in this study. White bars indicate ST-WT, black bars ST-∆tolC, and gray bars for ST-∆tolC+. Bars indicate the messenger RNA fold-changes observed in ST-∆tolC, and ST-∆tolC+ compared to their ST-WT reference strain with +/− standard deviation and the mean of three independent experiments. The asterisks above bars represent significance from a Student’s t-test, ** < 0.01, *** < 0.001.





4. Discussion

The molecular mechanisms of Salmonella host cell entry and its intracellular survival have been widely investigated in the past few decades, and key bacterial invasion factors (e.g., SPI-1 TTSS-1) have been identified (Kaufmann et al., 2001; Ribet and Cossart, 2015). While previous studies have reported TolC-related functions in S. Typhimurium virulence (i.e., colonization, persistence, adhesion, and invasion) (Buckley et al., 2006; Nishino et al., 2006), no studies have been reported for the role of TolC in S. Typhi. In this study, we hypothesized that the S. Typhi TolC would similarly play an essential role in bacterial adhesion and invasion during the infection of human cells and also investigated whether the lack of TolC will affect SPI-1 gene expression known to be upregulated during the bacterial invasion.

We first constructed a tolC mutant, and the analysis of its growth showed that during the log phase, the growth profiles of ST-ΔtolC were similar to the ST-WT strain; however, it reached the stationary phase earlier and at a lower OD (Figure 1A). One plausible explanation is that intracellular waste and metabolites accumulated due to impaired efflux, and this internal toxicity affects cell viability, thus leading to an earlier stationary phase and lower cell density. Alternatively, it may be due to the altered expression of genes involved in stress response, virulence, or metabolism that are regulated by tolC or its associated operons. Further studies are needed to elucidate the molecular mechanisms underlying the growth defect of ST-ΔtolC in the stationary phase and its implications for pathogenesis.

Our results are consistent with some previous reports on tolC mutants of other bacterial species. For example, Virlogeux-Payant et al. (2008) showed that a tolC mutant of Salmonella Typhimurium had a comparable growth rate to the wild-type strain based on the growth curve, but they did not report the growth characteristics of the mutant in the stationary phase. Webber et al. (2009) reported that a tolC mutant of Salmonella Typhimurium did not show a growth defect in the log phase compared to the wild-type strain. However, Santos et al. (2010) reported that a tolC mutant of Sinorhizobium meliloti had a similar growth rate to the wild-type strain for the first 8 h of growth, but then showed a reduced growth rate and decreased biomass formation (Santos et al., 2010). Similarly, in our study, ST-ΔtolC had reduced growth after 8 h compared to ST-WT.

The ST-ΔtolC also showed hyper-susceptibility to detergents and antibiotics (results shown in Supplementary material) as demonstrated by its weaker ability to efflux ethidium bromide, unlike the ST-WT strain (Figure 1B).

In the cell adhesion and invasion assay, the ST-∆tolC was significantly less invasive than the ST-WT reference strain in both the epithelium (HT-29) and macrophage (THP-1) cells. The invasion of ST-∆tolC was removed entirely in HT-29 cells and was approximately 20% in THP-1 cells, possibly due to the phagocytic activity of the macrophages. As predicted, the adhesion and invasion activity were restored to a higher level in the ST-∆tolC+ strain in both HT-29 and THP-1 (Figure 1C). These findings are consistent with the study on an S. Typhimurium tolC mutant where it was also reported to be less adherent to epithelial cells than its WT parent and that TolC is crucial for virulence-related phenotypes such as adhesion and invasion to the host cells (Buckley et al., 2006; Virlogeux-Payant et al., 2008).

The growth curves and invasion assays resulting from this report are consistent with our previous preliminary study that was done with other S. Typhi strains (Hussain et al., 2016).

Next, we wanted to see if the suppressed invasion activity of ST-ΔtolC was also linked to the TTSS-1 system, which is primarily associated with invasion (Galan, 2001). Using RT-PCR, we found lower expression of invasion-related genes of the TTSS-1 (invF, sipA, sipC, and sipD) (Figure 2). The transcription of invF, a transcriptional regulator which activates the transcription of other SPI-1 genes (Darwin and Miller, 1999a,b), was downregulated by fifteen-fold in the ST-ΔtolC compared to the ST-WT. When the tolC was complemented, the expressions of the SPI-1 genes in the ST-ΔtolC+ strain were higher than ST-WT. The higher gene expression levels of ST-∆tolC+ also reflect the strain’s higher adhesion and invasion activities (Figure 1C). In S. Typhimurium, deletion of another gene invH, located downstream of invF, was shown to partially impair the secretion of Sip effector proteins (SipABCD) (Pati et al., 2013).

The reduced expressions of the invasion-related genes are likely mediated by the lowered expression of invF in the ST-ΔtolC. This downregulation is in agreement with the observation in S. Typhimurium (tolC::aph), where the invF was significantly downregulated in the tolC mutant (Webber et al., 2009). The invF is a positive regulator of SPI-1 that has been confirmed to be essential for the expression of several SPI-1 genes (Darwin and Miller, 1999a,b).



5. Conclusion

In this study, we demonstrated that TolC-dependent efflux systems play a vital role in the adhesion and invasion of S. Typhi to host cells, which are key steps in the pathogenesis of typhoid fever. We also revealed that TolC influences the expression of SPI-1 genes, which encode the type III secretion system (TTSS-1) that mediates the invasion process. Our findings suggest that TolC is a multifunctional protein that modulates both the efflux activity and the virulence gene expression of S. Typhi. However, the exact mechanism by which TolC regulates SPI-1 genes remains unknown and requires further investigation. Moreover, the potential of TolC as a target for developing novel anti-virulence strategies against S. Typhi needs to be explored in future studies.
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