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Cold Shock Proteins Promote Nisin Tolerance in Listeria monocytogenes Through Modulation of Cell Envelope Modification Responses
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Listeria monocytogenes continues to be a food safety challenge owing to its stress tolerance and virulence traits. Several listeriosis outbreaks have been linked to the consumption of contaminated ready-to-eat food products. Numerous interventions, including nisin application, are presently employed to mitigate against L. monocytogenes risk in food products. In response, L. monocytogenes deploys several defense mechanisms, reducing nisin efficacy, that are not yet fully understood. Cold shock proteins (Csps) are small, highly conserved nucleic acid-binding proteins involved in several gene regulatory processes to mediate various stress responses in bacteria. L. monocytogenes possesses three csp gene paralogs; cspA, cspB, and cspD. Using a panel of single, double, and triple csp gene deletion mutants, the role of Csps in L. monocytogenes nisin tolerance was examined, demonstrating their importance in nisin stress responses of this bacterium. Without csp genes, a L. monocytogenes ΔcspABD mutant displayed severely compromised growth under nisin stress. Characterizing single (ΔcspA, ΔcspB, and ΔcspD) and double (ΔcspBD, ΔcspAD, and ΔcspAB) csp gene deletion mutants revealed a hierarchy (cspD > cspB > cspA) of importance in csp gene contributions toward the L. monocytogenes nisin tolerance phenotype. Individual eliminations of either cspA or cspB improved the nisin stress tolerance phenotype, suggesting that their expression has a curbing effect on the expression of nisin resistance functions through CspD. Gene expression analysis revealed that Csp deficiency altered the expression of DltA, MprF, and penicillin-binding protein-encoding genes. Furthermore, the ΔcspABD mutation induced an overall more electronegative cell surface, enhancing sensitivity to nisin and other cationic antimicrobials as well as the quaternary ammonium compound disinfectant benzalkonium chloride. These observations demonstrate that the molecular functions of Csps regulate systems important for enabling the constitution and maintenance of an optimal composed cell envelope that protects against cell-envelope-targeting stressors, including nisin. Overall, our data show an important contribution of Csps for L. monocytogenes stress protection in food environments where antimicrobial peptides are used. Such knowledge can be harnessed in the development of better L. monocytogenes control strategies. Furthermore, the potential that Csps have in inducing cross-protection must be considered when combining hurdle techniques or using them in a series.
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INTRODUCTION

Listeria monocytogenes is a serious public health and food safety challenge and a major economic burden worldwide. Listeriosis, which is caused by this bacterium, is a serious foodborne disease responsible for severe clinical illness with high rates of hospitalization and mortality among those with diminished immunity as well as abortions and stillbirths in pregnant women [European Food Safety Authority [EFSA], 2017; Centers for Disease Control [CDC], 2018]. Low temperatures, elevated salt levels, low water activity, acidity, and bacteriocins are food-associated environmental conditions constituting the stress situations facing L. monocytogenes along the food supply chain (Gandhi and Chikindas, 2007; Burgess et al., 2016; Bucur et al., 2018; Wiktorczyk-Kapischke et al., 2021). In response, this bacterium is endowed with different physiological and molecular stress response mechanisms for adaptation and resistance to such food-related harsh environmental conditions (Bucur et al., 2018; Wiktorczyk-Kapischke et al., 2021).

Nisin is a commonly used bacteriocin that mitigates against spoilage and pathogenic foodborne bacteria, including L. monocytogenes (Cotter et al., 2013; Zhou et al., 2014; Alvarez-Sieiro et al., 2016). Nisin inactivates bacteria through a dual mechanism targeting cell membrane and cell wall synthesis (Bruno et al., 1992; Abee et al., 1994; Wiedemann et al., 2001; Alvarez-Sieiro et al., 2016). The efficacy of nisin against L. monocytogenes is, however, hampered as this bacterium possesses various molecular and physiological defense mechanisms that confer intrinsic nisin-resistant responses, including cell wall- and membrane-associated changes (Gravesen et al., 2002; NicAogáin and O’Byrne, 2016; Bucur et al., 2018). Some of the nisin stress mitigation responses documented in this bacterium to date include cell envelope composition and net cell surface charge changes that are mediated through D-alanylation and lysinylation of cell wall teichoic acids and membrane phospholipids, respectively (Abachin et al., 2002; Thedieck et al., 2006). These responses involving the Dlt and MprF protein systems, respectively, and are in part regulated through the VirABRS four-component regulatory protein system (Collins et al., 2010a; Grubaugh et al., 2018; Jiang et al., 2019). In addition, other nisin-protective response molecular mechanisms documented in this bacterium are orchestrated through elaborate regulatory cascade loops that involve CesRK, LisRK, and LiaFSR regulatory protein systems, which, upon sensing nisin stress, consequently implement protection responses through expression regulation of various genes in their regulons (Cotter et al., 2002; Kallipolitis et al., 2003; Fritsch et al., 2011; Nielsen et al., 2012; Bergholz et al., 2013: Draper et al., 2015).

Other proteins, such as AnrAB, TelA, and GadD1, as well as the alternative sigma factors, SigB and SigL, have been found to contribute toward nisin stress tolerance of this bacterium, but the precise mechanisms of their involvement remain to be fully elucidated (Begley et al., 2006, 2010; Palmer et al., 2009; Collins et al., 2010a,b; Stincone et al., 2020). Wall teichoic acid (WTA) decoration with L-rhamnose, which is mediated by RmlT (rhamnosyltransferase) and RmlABCD proteins, has also been postulated to increase tolerance to antimicrobial peptides, such as nisin, by acting as a barrier that delays nisin passage through the cell wall, hence limiting access to and/or interactions with the cell membrane (Carvalho et al., 2015). Furthermore, it has been suggested that L. monocytogenes enforces other cell wall structural changes that prevent nisin from accessing the cell membrane, thereby increasing resilience against it (Kaur et al., 2012).

Cold shock proteins (Csps) are nucleic acid binding proteins that serve as global gene expression regulators involved in different cellular and physiological processes to facilitate bacterial growth under different conditions, including stress adaptation and virulence responses (Keto-Timonen et al., 2016; Muchaamba et al., 2021). Csp modulation of global gene expression regulation events is mediated through nucleic acid binding and inhibitory secondary structure melting events that modulate transcription, translation, and mRNA stability processes (Feng et al., 2001; Phadtare et al., 2002; Schärer et al., 2013; Hudson and Ortlund, 2014; Michaux et al., 2017; Caballero et al., 2018). Csp functions have been found to protect against a broad range of stress conditions in bacteria, including low temperatures, nutrient deprivation, high osmolarity, low pH, antibiotics, and oxidative stress (Phadtare and Severinov, 2010; Keto-Timonen et al., 2016; Michaux et al., 2017; Muchaamba et al., 2021). Furthermore, phenotypes such as virulence, extracellular motility, cell aggregation, and biofilm production have all been found to be Csp dependent in different bacteria (Michaux et al., 2012, 2017; Wang et al., 2014)—for instance, in Salmonella enterica and Staphylococcus aureus, Csps are important for biofilm production (Sahukhal and Elasri, 2014; Michaux et al., 2017), while in Escherichia coli, csp genes were induced upon exposure to antibiotics (Cruz-Loya et al., 2019), whereas in Bacillus subtilis, the deletion of all its csp genes resulted in a lethal phenotype (Graumann et al., 1997).

The precise molecular mechanisms and events through which Csps functionally contribute to such a broad range of cellular processes and phenotypes remain to be fully elucidated. The deletion of csp genes in E. coli, S. enterica, B. subtilis, and Brucella melitensis among other bacteria has shown that these proteins contribute to global gene expression regulation, as their loss affected the expression of genes associated with different physiological processes and bacterial phenotypes (Willimsky et al., 1992; Graumann et al., 1997; Michaux et al., 2012; Wang et al., 2014, 2016; Caballero et al., 2018; Cruz-Loya et al., 2019)—for example, in B. melitensis and S. aureus, cspA removal altered the expression of various genes involved in metabolism (Wang et al., 2016; Caballero et al., 2018).

Listeria monocytogenes possesses three Csp paralogs (CspA/L, CspB, and CspD). Previous studies have linked Csps to cold, osmotic, oxidative, and desiccation stress tolerance responses as well as virulence, cell aggregation, biofilm production, and motility in this bacterium (Schmid et al., 2009; Loepfe et al., 2010; Schärer et al., 2013; Eshwar et al., 2017; Kragh et al., 2020). Redundancy and division of labor have also been noted among these three Csps regarding their functional contributions to the different L. monocytogenes phenotypes (Muchaamba et al., 2021). CspA is most relevant in cold and desiccation tolerance, whereas CspB is most important in virulence responses. CspD, on the other hand, seems to be an “all-weather” Csp with important functional contributions to both virulence and stress response phenotypes, but neither the regulatory mechanisms behind this Csp division of labor nor the mechanistic pathways of Csp involvement in stress protection and virulence responses in this bacterium are yet known. The loss of Csps is linked to a diminished expression of key virulence genes, including prfA and hly, thus showing that Csp regulatory inputs contribute to virulence expression regulation in this bacterium (Schärer et al., 2013; Eshwar et al., 2017). Meanwhile, recently, there were possible links suggested between Csps and nisin stress protection responses in this bacterium since csp mRNAs were detected among transcripts regulated in response to nisin exposure of L. monocytogenes (Liu et al., 2013; Wu et al., 2018). We thus hypothesized that Csps might be functionally important for the intrinsic nisin protection responses in L. monocytogenes. In the present study, we therefore examined the functional contribution of Csps to nisin tolerance in L. monocytogenes.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

L. monocytogenes EGDe wild type (WT) and csp (ΔcspA, ΔcspB, ΔcspD, ΔcspBD, ΔcspAD, ΔcspAB, and ΔcspABD) deletion mutant strains that have been previously described were used (Schmid et al., 2009; Table 1). A selection of genetic complementation strains was created and used for the phenotypic validation of our observations (Table 1). All strains were preserved at −80°C in brain heart infusion (BHI; Oxoid Ltd., Hampshire, United Kingdom) broth plus 20% glycerol (Sigma-Aldrich Co., Missouri, United States) and resuscitated by plating out on BHI agar and incubating for 24–36 h at 37°C. Single colonies from each strain were inoculated in BHI broth (5 ml) and cultivated aerobically for 16 h at 37°C and 150 rpm. The primary cultures generated were subcultured (1:100) in BHI and cultivated to give secondary-stationary-phase-stage cultures that were used in the experiments unless otherwise mentioned.


TABLE 1. Strains used in this study.
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Complementation of csp Gene Deletion Mutant Strains

Genetic complementation of the csp deletion mutants was performed as previously described (Schmid et al., 2009). Individual csp genes, including their upstream sequences and native promoter regions in L. monocytogenes EGDe genomic DNA, were PCR-amplified and seamlessly cloned into the pPL2 integrative plasmid vector (Lauer et al., 2002) using In-Fusion Cloning System (Takara Bio SAS Europe, Saint-Germain-en-Laye, France). The csp gene complementation pPL2 plasmids generated were purified, introduced into csp deletion mutants by electroporation, and chromosomally integrated as previously described (Schmid et al., 2009). All the plasmid constructs and gene complementation mutants were confirmed through DNA sequencing.



Growth Evaluation Under Nisin Stress

Growth under nisin stress was determined using microtiter plate-based broth assays. Secondary cultures prepared as detailed above and diluted to 105 colony-forming units (CFU)/ml in BHI were distributed (100 μl) into a 96-well microtiter plate (non-tissue-culture-treated; Corning Incorporated, New York, United States) in duplicates, after which normal (control, 100 μl) or nisin-supplemented (10 ppm; Sigma-Aldrich Co., Missouri, United States) BHI broth was added, achieving final nisin working concentrations of 0 (control) and 5 ppm (BHI nisin). The plates were incubated at 37°C with continuous medium shaking, and growth was monitored through optical density measurements determined at 600 nm (OD600; Synergy HT OD reader; BioTek, Lucerne, Switzerland) over 24 h. To evaluate growth under dual nisin and cold stress, strains (107 CFU/ml) were grown at 8°C in 10-ml-BHI tubes supplemented with 0 and 5 ppm nisin. The tubes were incubated at 8°C without shaking, and growth was monitored through OD600 measurements every 24 h for the first 7 days and then every 48 h thereafter for 19 days using a Synergy HT OD reader. The growth parameters [lag phase duration (LPD), maximum growth rate (MGR), and area under the curve (AUC)] were determined from the growth curve data generated using the R package “opm” (Göker, 2016; Göker et al., 2016) and GraphPad Prism [version 9.2.0 (283), GraphPad Software, San Diego, CA, United States].



Nisin Stress Survival Assays

Nisin stress survival was evaluated at 7.5 ppm. Secondary-stationary-phase L. monocytogenes cultures, prepared as described above, were standardized to OD600 1.0 (109 CFU/ml), inoculated (1:100) in BHI broth supplemented with 7.5 ppm nisin, and incubated at 37°C for 60 min. The cultures were sampled before (t0) and after 60 min of nisin stress exposure (t60) and then 10-fold serially diluted and plated out on BHI agar plates that were incubated for 36 h at 37°C, followed by viable cell count determination. The survival rates were determined as the percentage difference between colony-forming units before and after nisin exposure. Strains were assessed in three independent biological experiments performed in duplicates.



Benzalkonium Chloride Survival Assays

Benzalkonium chloride (BC) stress survival was evaluated at 10 ppm. Secondary-stationary-phase cultures of L. monocytogenes EGDe strains (WT and ΔcspABD), prepared as outlined above, were standardized to OD600 1.0 (109 CFU/ml), inoculated (1:10) in phosphate-buffered saline (PBS) containing 10 ppm BC (Sigma-Aldrich, Buchs, Switzerland), and incubated at 25°C without shaking. After 0 and 15 min (t0 and t15) of incubation, the samples were diluted (1:10) in Dey Engley neutralizing broth (Sigma-Aldrich Co., Missouri, United States). The neutralized samples were 10-fold serially diluted in PBS and plated out on BHI agar plates that were then incubated for 36 h at 37°C, followed by viable cell count determination. The survival rates were determined as the percentage difference between colony-forming units after BC treatment (t15) relative to CFU counts before BC treatment (t0). To assess growth under BC stress, the strains were grown in BHI supplemented with 1.2 ppm BC at 37°C for 24 h using the same 96-well plate setup described for nisin. All experiments were conducted in three independent biological experiments performed in duplicates.



Reverse Transcription Quantitative PCR Analysis

Reverse transcription quantitative PCR (RT-qPCR) was applied to assess the impact of nisin stress and Csp deficiency on gene expression. The targeted genes and primers that were used in this study are listed in Supplementary Table 1. To assess nisin impact on csp gene expression, L. monocytogenes EGDe WT strain cultures were diluted (1:100) in 50 ml of normal and nisin (5 ppm)-supplemented BHI in 200-ml conical flasks. The cultures were aerobically cultivated for 16 h at 37°C and 150 rpm. To assess Csp deficiency impact on the expression of selected nisin response genes, EGDe WT and ΔcspABD secondary cultures were similarly diluted (1:100) in normal and nisin (1.5 ppm)-supplemented BHI and cultivated to the late exponential growth phase (OD600 1.0) stage. To evaluate Csp deficiency impact on rmlT (lmo1085; rhamnosyltransferase) expression, secondary-stationary-phase-stage cultures (10 ml) of EGDe WT and ΔcspABD strains grown in BHI, as described above, were centrifuged (6,000 rpm for 5 min). The supernatant was discarded, and the pellets were washed once in PBS, resuspended in 10 ml phenol-red minimal media [10 g pancreatic digest of casein, 5 g sodium chloride, 0.018 g phenol red per litre (Salazar et al., 2013)] containing L-rhamnose (5g/L) as the sole C-source, and then incubated for 4 h at 37°C. One milliliter of aliquot per sample was harvested in RNA Protect Bacteria reagent (Qiagen, Hombrechtikon, Switzerland) and resuspended in 0.5 ml RNeasy Plus Mini Kit lysis buffer (Qiagen, Hombrechtikon, Switzerland). RNA, isolated as previously described (Kropac et al., 2019), was quantified (Quantus Fluorometer; Promega, Wisconsin, United States) and quality-controlled (BioAnalyzer; Agilent Technologies, United States). One microgram of RNA (RNA integrity number ≥ 8.0) was converted to cDNA using the Quantitect reverse transcription kit (Qiagen GmbH, Hilden, Germany). PCR reactions were performed using the light cycler LC 480 (Roche Molecular Diagnostics, Risch-Rotkreuz, Switzerland) instrument in 20 μl. Each reaction contained 5 μl (14 ng of 1:10 dilution) cDNA, 5 μl (0.4 μM) of primers, and 10 μl of 2X LCR 480 SYBR Green I master mix (Roche Molecular Diagnostics, Penzberg, Germany). DNA contamination of RNA samples was controlled for by including no reverse transcription (no-RT) controls. The RT-qPCR cycling conditions were as previously described (Kropac et al., 2019). Relative cDNA quantification was performed using the Light Cycler 480 Relative Quantification Software (Roche Molecular Diagnostics). The mRNA amounts were normalized using 16S rRNA as a reference gene (Tasara and Stephan, 2007). The samples were analyzed in three independent biological experiments performed with two technical replicates.



Cytochrome c Binding

To compare cell surface positive charge between L. monocytogenes EGDe WT and ΔcspABD strains, the cytochrome c binding assay was performed as previously described (Kang et al., 2015). Briefly, secondary-stationary-phase cultures of the strains diluted (1:100) and grown (37°C and 150 rpm) to the late exponential phase [OD 1.0 (109 CFU/ml)] in BHI were harvested by centrifugation (8,000 × g for 5 min) and washed twice (8,000 × g for 5 min) with 20 mM MOPS [3-(N morpholino) propanesulfonic acid] buffer (pH 7) (Sigma-Aldrich Co., Missouri, United States). After washing, the cells were standardized to OD0.25 (108 CFU/ml) in MOPS buffer, and then cytochrome c (Sigma-Aldrich, St. Louis, MO, United States) was added at a concentration of 50 μg/ml. The mixture was incubated for 15 min at room temperature. After incubation, the OD530 of the samples was determined (OD530 with cells) followed by centrifugation (13,000 × g for 5 min). The supernatant was collected, and its OD530 was measured (OD530 without cells). Cytochrome c binding was calculated and expressed as a percentage as follows:
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Antibiotic Sensitivity Testing

To investigate further the effects of csp gene removal on cell wall and cell membrane systems, we next compared the sensitivity of the WT strain and the csp deletion mutants to cell wall- and cell membrane-targeting antibiotics. Bacteria were grown overnight on blood agar plates at 37°C, after which 0.5 McFarland standard density bacteria solutions were prepared and spread onto Muller Hinton plus blood agar plates to cover the whole surface. Ampicillin, daptomycin, polymyxin B, and vancomycin E tests strips were then placed on the center of each plate, and sensitivity to each antibiotic was determined in accordance with the recommendations of the manufacturer (Biomerieux, Lyon, France). To simulate conditions under which nisin stress sensitivity was tested, daptomycin and vancomycin sensitivity was also determined using BHI agar plates. The results were assessed after 48 h of incubation at 37°C.



Statistical Analyses

Statistical analysis of the data was done using GraphPad Prism (Version 9.2.0 (283), GraphPad Software, San Diego, CA, United States). One-way ANOVA with post-hoc Tukey honestly significant difference tests and t-tests were used to assess the significance of differences between the EGDe WT and the csp mutant strains. P-values < 0.05 were considered to be statistically significant.




RESULTS


Loss of Csps Attenuates Nisin Resistance

We initially examined the functional relevance of csp genes in L. monocytogenes nisin tolerance by comparing nisin stress growth phenotypes between the WT strain and a ΔcspABD mutant of L. monocytogenes EGDe. This showed that the elimination of all three csp genes severely compromises growth under nisin stress (Figures 1A,B). The growth parameters total AUC capturing overall growth dynamics, LPD, MGR, and final maximum cell density (MD), determined for L. monocytogenes EGDe WT and ΔcspABD strains in nisin-supplemented BHI and normalized for growth of each strain in normal BHI, were compared. AUC, MGR, and MD comparisons revealed that the ΔcspABD mutation caused 12. 7-, 155-, and 66.6-fold reductions in growth efficiency under nisin stress compared to the WT strain (Figures 1C–F). On the other hand, no significant differences were detected between the two strains considering the LPD periods determined following the inoculation of stationary-phase organisms into nisin-supplemented BHI (Figure 1D). We further examined if the ΔcspABD mutations impacted L. monocytogenes survival capability under nisin stress, showing that the ΔcspABD mutant survived slightly better than the WT strain exposed to nisin stress (Figure 2). Thus, the nisin stress growth efficiency reduction observed in the ΔcspABD mutant cannot be attributed to the reduced survival capability or prolonged LPD but rather to the growth capability differences arising between the mutant and WT strains after the lag phase. All in all, these observations thus indicated the functional requirement for at least one of the three csp genes for optimal nisin stress tolerance expression in L. monocytogenes.


[image: image]

FIGURE 1. Csp deficiency severely impairs nisin stress growth efficiency in L. monocytogenes. (A,B) Optical density measurement-based growth curves of L. monocytogenes EGDe wild-type (WT) and ΔcspABD strains cultivated (37°C and 150 rpm) in (A) normal and (B) nisin (5 ppm)-supplemented BHI. (C–F) Box plots summarizing the relative nisin stress growth parameters (area under the curve, lag phase duration, growth rate, and maximum cell density) of EGDe WT and ΔcspABD strains normalized for each strain to the growth parameters of controls grown in BHI without stress. ∗P < 0.05, significant differences between the WT and ΔcspABD strains identified using the t-test for comparison of independent samples.
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FIGURE 2. Nisin stress survival comparison between L. monocytogenes EGDe wild-type (WT) and ΔcspABD strains. Stationary-phase cultures were subjected to 7.5 ppm nisin stress in BHI at 37°C for 60 min. The survival for each strain expressed as a percentage was measured as the number of colony-forming units determined after nisin stress exposure normalized to the number of unstressed cells present at the beginning of stress exposure. Results showing the mean and SEM of six replicates representing three independent biological experiments are presented. ∗ P < 0.05, significant differences between the WT and ΔcspABD strains identified using the t-test for comparison of independent samples.




Variable Phenotypic Contribution of Individual csp Genes to L. monocytogenes Nisin Stress Tolerance

We next sought to distinguish the nisin stress resistance phenotypic contribution roles of the individual csp genes. Nisin stress growth phenotypic comparisons based on AUC and MGR in single csp gene deletion mutants revealed increased nisin resistance in ΔcspA and ΔcspB mutants, while the ΔcspD mutant had decreased resistance relative to the WT strain (Figure 3). The nisin stress growth phenotype exhibited by the ΔcspD mutant was, however, above that of the ΔcspABD mutant without any csp genes (Figure 3). This observation thus indicates residual nisin stress mitigation from the phenotypic contributions of the intact cspA and cspB genes that remain within such a single cspD gene deletion mutant background. An overall hierarchical trend of ΔcspA > ΔcspB > ΔcspD was thus observed, considering the different nisin stress growth dynamics determined for the three single csp gene deletion mutants (Figure 3 and Supplementary Figure 1)—an outcome which indicates redundancy and variable phenotypic contributions between the individual csp genes during the survival and growth of L. monocytogenes under nisin stress. The csp gene phenotypic roles in nisin stress tolerance thus seem epistatic, with nisin resistance phenotype expression seemingly being curbed in the presence of cspA and cspB functions as their individual deletions increase the expression of nisin phenotypic resistance compared to the WT strain levels (Figure 3).
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FIGURE 3. Nisin stress growth efficiency comparison between the wild type (WT) and the single (ΔcspA, ΔcspB, and ΔcspD), double (ΔcspBD, ΔcspAD, and ΔcspAB), and triple (ΔcspABD) csp deletion mutants of L. monocytogenes EGDe. The growth parameters area under the curve (A) and maximum growth rate (B) under nisin stress normalized to growth in nisin-free BHI were determined for the csp mutants and expressed relative to the WT strain levels (WT strain levels equivalent to 1.0 are denoted by a broken line on the graph). The results presented are based on three independent experiments that were performed in duplicates. ∗P < 0.05, significant differences compared to the WT detected using Tukey’s post-hoc test pairwise comparison following one-way ANOVA.


The nisin stress growth phenotypic consequences observed in single csp gene deletion mutants are therefore also mitigated through functional redundancy from the remaining csp genes. To assess the phenotypic role of individual csp genes without these redundancy influences, nisin stress growth phenotypes were also examined in double csp gene deletion mutants expressing single csp genes: ΔcspBD (expressing cspA), ΔcspAD (expressing cspB), and ΔcspAB (expressing cspD). The nisin growth phenotypes observed among these single csp gene-expressing mutants were, in all cases, superior to a ΔcspABD mutant without csp genes but varied depending on the remaining csp gene (Figure 3). Once again, an overall hierarchical trend of cspD (ΔcspAB) > cspB (ΔcspAD) > cspA (ΔcspBD) was exhibited in nisin stress growth fitness phenotypes based on the observed growth curve AUCs. Notably, the expression of cspD alone in ΔcspAB increased the nisin stress growth fitness to levels even superior than those of the WT strain (Figure 3 and Supplementary Figure 1)—an observation further supporting the negative regulatory or competitive functional interaction effects associated with CspA and CspB expression that ultimately reduces the expression of nisin stress protection-associated phenotypic responses. The expression of cspB alone in the ΔcspAD mutant enabled an overall nisin stress growth fitness (AUC) similar to the WT, although it exhibited a faster growth rate under nisin stress than in the WT (Figure 3). On the other hand, cspA expression alone (ΔcspBD) showed the least contribution to the nisin growth phenotype. Notably, nisin stress growth phenotypic trends exhibited in single csp expression backgrounds confirm the hierarchy of cspD > cspB > cspA with respect to their phenotypic contribution to L. monocytogenes nisin growth fitness. Moreover, similar phenotypic complementation trends were also observed when the individual csp genes were re-introduced into the ΔcspABD mutant background through complementation. EGDe_ΔcspABD, cspA (ΔcspABD::pPL2-cspA), and cspB (and ΔcspABD::pPL2-cspB)-complemented strains showed a lower nisin growth phenotype restoration, whereas cspD (ΔcspABD::pPL2-cspD) complementation showed the highest level of nisin resistance phenotypic restoration, but the levels achieved in this case were not higher than those of the WT strain (Supplementary Figure 2). Meanwhile, complementing cspA in the ΔcspA background (ΔcspA::pPL2-cspA) restored nisin sensitivity to the WT phenotypic level. These observations thus confirmed the involvement of Csps in nisin stress protection responses of L. monocytogenes. We also further assessed if cspD expressed alone would also be advantageous in the face of dual stress of cold (8°C) and nisin (5 ppm). However, ΔcspAB, ΔcspABD, and the cspD-complemented ΔcspABD mutant strain were unable to grow under dual stress, while the WT strain grew, albeit to a significantly reduced extent under such dual stress conditions (Supplementary Figure 3). In addition, the cold growth benefits conferred by cspA were diminished in the presence of nisin stress (Supplementary Figure 3). This observation is indicative of the synergistic effects between cold stress and nisin which nullify stress tolerance benefits conferred through cspD expression alone. In summary, we established through these analyses the variable phenotypic roles for the three individual csp genes toward nisin stress resilience in L. monocytogenes. In addition to functional redundancy, the individual csp genes also seem to functionally influence the contribution of each other to the expression of nisin stress protection responses in this bacterium.



Expression Activation of Individual csp Genes in Response to Nisin Stress Varies

To examine for a molecular mechanism link between Csps and nisin stress responses, we applied RT-qPCR and assessed the impact of nisin stress exposure on csp gene expression. This revealed a variable but significant induction in mRNA abundance for all three csp genes when L. monocytogenes EGDe cells cultivated under nisin stress in BHI were compared to similarly cultivated control cells without stress (Figures 4A–C). By comparing the nisin stress-associated fold induction trends of csp mRNAs, it was shown that the induction magnitude trend reflected nisin stress growth phenotypic relevance observed from the evaluation of single csp gene deletion (ΔcspA > ΔcspB > ΔcspD) and single csp gene expression (ΔcspAB > ΔcspAD > ΔcspBD) mutants since the nisin-dependent mRNA fold induction levels determined also showed the cspD > cspB > cspA hierarchical trend (Figure 4D).


[image: image]

FIGURE 4. Growth under nisin stress variably induces csp mRNA levels. (A–C) Relative csp mRNA amounts were determined for exponentially growing L. monocytogenes EGDe cells cultivated in normal and nisin (5 ppm)-supplemented BHI. The data are presented as scatter plots showing the mean and SD (number of independent biological replicates = 3). 16S rRNA was used for normalization. (D) Bar charts showing the fold induction of different csp mRNAs relative to the abundance under nisin stress (BHI-nisin) with respect to control levels observed without stress (BHI). ∗P < 0.05, significant differences in mRNA levels and fold induction identified using the (A–C) t-test for independent samples and (D) Tukey’s post-hoc test pairwise comparison following one-way ANOVA.




Csp Deficiency Increases L. monocytogenes Sensitivity to Other Cell Envelope-Targeting Stressors

The impact of Csp deficiency on L. monocytogenes sensitivity to other cell envelope-targeting stressors besides nisin was also examined. Despite displaying a slight increase in resistance to vancomycin, the ΔcspABD mutant was more sensitive to cell membrane-targeting cationic peptides daptomycin and polymyxin B (Figures 5A–C). In addition, the ΔcspABD mutation also has increased sensitivity to ampicillin, a peptidoglycan synthesis inhibitor targeting penicillin-binding proteins (PBPs) (Figure 5D). The susceptibility of L. monocytogenes to the quaternary ammonium compound (QAC) detergent BC was increased without csp genes, as the ΔcspABD mutant displayed diminished survival and growth efficiency compared to the WT strain under BC stress (Figures 5E,F). Further assessment of daptomycin sensitivity on the other csp mutants also revealed that single csp-expressing mutants had increased sensitivity than WT, except for ΔcspAB-expressing cspD that had reduced sensitivity (Figure 5G). An overall hierarchical trend cspD (ΔcspAB) > cspB (ΔcspAD) > cspA (ΔcspBD) in sensitivity to daptomycin was observed similar to the sensitivity trends exhibited under nisin stress. The expression of cspD alone (ΔcspAB) also increased the daptomycin minimum inhibitory concentration to levels above the WT strain levels. Interestingly, ΔcspAD-expressing cspB only showed sensitivity comparable to ΔcspABD, while the expression of cspA alone (ΔcspBD) further increased the sensitivity beyond that observed with the csp null mutant (ΔcspABD)—an observation indicating that CspA might negatively impact Csp-dependent and Csp-independent stress response systems, further compromising the tolerance responses to daptomycin. Overall, these results therefore showed that Csp deficiency generally increases the cell envelope stress susceptibility of L. monocytogenes ΔcspABD mutant cells, suggesting that Csps contribute toward optimal cell envelope structure constitution and protective barrier functions in this bacterium.
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FIGURE 5. Impact of Csp deficiency on BC and antibiotic susceptibility of L. monocytogenes. Comparison of vancomycin, daptomycin, polymyxin B, ampicillin, and BC stress sensitivities between EGDe wild type (WT) and triple (ΔcspABD) and double (ΔcspBD, ΔcspAD, and ΔcspAB) csp deletion mutants. The minimum inhibitory concentrations (MICs) for vancomycin (A), daptomycin (B,G), polymyxin B (C), and ampicillin (D) were determined using the E-test. (E) WT and ΔcspABD strains were exposed BC (10 ppm) at 25°C for 15 min, and survival expressed as a percentage was measured as the number of colony-forming units determined after BC exposure normalized to the number of unstressed cells present at the beginning of stress exposure. (F) Growth of WT and ΔcspABD strains in BC (1.2 ppm)-supplemented BHI. Results are based on three independent experiments performed in duplicates. ∗P < 0.05, statistically significant differences between WT and ΔcspABD mutant identified using the t-test for independent samples. Different letters indicate significant differences between WT and the csp mutants daptomycin MICs that were identified using one-way ANOVA and Tukey post-hoc test pairwise comparison of all the strains (p < 0.05).




Impact of Csp Deficiency on the Expression of Nisin Resistance-Associated Genes

The increased sensitivity of the ΔcspABD mutant to nisin and other cell envelope stressors pointed toward Csp deficiency-induced changes in stress protective and barrier functions of cell envelope structures. To assess the possible mechanistic links between Csp deficiency and cell envelope structural and functional alteration, the impact of Csp loss on expression regulation of different cell envelope modification-associated genes linked to nisin resistance was examined. RT-qPCR was performed on RNA isolated from exponential-growth-phase cultures cultivated under nisin stress, and the mRNA levels between the WT and ΔcspABD strains were compared. Of the two component regulatory systems examined, liaR mRNA was upregulated in the ΔcspABD mutant, whereas the virR, lisK, and cesR mRNA levels remained similar to those of the WT strain (Supplementary Figure 4). The ΔcspABD mutant additionally expressed higher anrB (4.46-fold) and similar telA mRNA compared to the WT strain (Supplementary Figure 4). On the other hand, despite the unchanged virR mRNA expression levels, the ΔcspABD mutant contained lower amounts of dltA (2.84-fold) and mprF (7.4-fold) mRNAs, both of which are positively regulated through VirR, than the WT strain (Figure 6A). The dltABCD operon and mprF gene products contribute toward the net cell envelope positive charge through cell wall (WTA D-alanylation) and cell membrane (lysinylation) modification, respectively. Thus, a possible consequence of low dltA and mprF expression would be a more electronegatively charged cell envelope. Cytochrome c binding comparison was used as a measure of cell surface net charge, showing that the ΔcspABD mutant indeed has a more electronegative cell surface as its cells bound more cytochrome c than the WT strain (Figure 6B). Cell WTA L-rhamnosylation, which is mediated by the rhamnosyltransferase RmlT, is another stress-protective cell envelope modification strategy that reduces the access of antimicrobial peptides to the cell membrane. We assessed if this modification might be altered without Csps by comparing the rmlT mRNA expression between ΔcspABD and WT strains cultivated in minimal media with L-rhamnose as the sole carbon source. This showed that the ΔcspABD expressed lower rmlT mRNA levels than the WT strain during growth on L-rhamnose—an observation that suggests that WTA rhamnosylation might be reduced without Csps contributing to increased cell membrane vulnerability to antimicrobial peptides, including nisin (Supplementary Figure 5). Finally, the increased sensitivity of the ΔcspABD mutant to ampicillin also points toward Csp deficiency-altering PBP expression and activity. The altered expression balance and activity of PBPs can induce peptidoglycan synthesis, composition, and structural modification changes. Upon comparing transcripts of selected PBP genes in stationary-phase-growth-stage L. monocytogenes cells cultivated in BHI, it was shown that there was reduced abundance in mRNA associated with PBP Lmo0540, whereas those for PBPs Lmo2754, Lmo2309, Lmo1438, and Lmo1892 were increased in the ΔcspABD mutant compared to the WT strain (Figure 7). Overall, our analysis of gene expression suggests that Csp deficiency might increase nisin sensitivity through altered cell membrane and cell wall synthesis and modification processes, thus causing a more electronegative cell surface and possibly an altered peptidoglycan composition, structure, and function.
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FIGURE 6. A ΔcspABD mutation reduces the mRNA abundance of nisin response genes and cell surface anionic charge. (A) virR, dltA, and mprF mRNA levels in L. monocytogenes EGDe_ΔcspABD are expressed relative to the wild type (WT) strain (WT level is 1.0 and is denoted by a dotted line). RT-qPCR was performed on mRNA isolated from exponentially growing cells cultivated in nisin (1.5 ppm)-supplemented BHI broth. 16S rRNA was used for mRNA normalization. (B) Bar graph showing the cytochrome C binding level of exponentially growing EGDe_ΔcspABD and WT cells cultivated until OD600 1.0 in BHI at 37°C and 150 rpm. Cytochrome C binding expressed as a percentage was measured as the mean OD530 values from replicate samples containing bacteria relative to the mean value of the sample supernatant lacking bacteria. ∗P < 0.05, statistically significant differences between WT and ΔcspABD mutant identified using the t-test for independent samples.
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FIGURE 7. Impact of the ΔcspABD mutation on mRNA abundance of selected penicillin-binding protein (PBP) genes. Bar graphs showing the relative quantities of PBP gene mRNAs in EGDe_ΔcspABD relative to the WT strain whose level is denoted by a dotted line in stationary-phase cells cultivated in BHI for 16 h at 37°C and 150 rpm. RT-qPCR was performed on mRNA samples isolated from cells cultivated for 16 h at 37°C and 150 rpm in BHI. 16S rRNA was used for mRNA normalization. ∗P < 0.05, significant differences in mRNA levels between the WT and ΔcspABD strains identified using the t-test for comparison of independent samples.





DISCUSSION

Nisin is a widely used bacteriocin for mitigation against food-associated pathogenic and spoilage bacteria (Bali et al., 2016; Gharsallaoui et al., 2016; Santos et al., 2018; Ibarra-Sánchez et al., 2020; Martinez-Rios et al., 2021). The efficacy of nisin against L. monocytogenes is, however, currently reduced through various intrinsic nisin resistance molecular response systems, most of which we do not yet fully understand (Gravesen et al., 2002; Bergholz et al., 2013; Zhou et al., 2014; Draper et al., 2015; Bucur et al., 2018; Wambui et al., 2020; Pinilla et al., 2021). An improved understanding of these mechanisms will thus enhance our capability to design better strategies for nisin deployment against this pathogen. The function of Csps is crucial in global gene expression regulatory events underlying the normal growth physiological responses as well as virulence and stress protection phenotypes in bacteria (Keto-Timonen et al., 2016; Muchaamba et al., 2021). Studies by others have previously shown that, when exposed to nisin stress, L. monocytogenes also responds through activation of csp gene expression (Liu et al., 2013; Wu et al., 2018). Such observations suggest that global regulatory functions through Csps might contribute to stress protection responses required for the survival and growth of this bacterium in the presence of nisin. In the current study, the functional requirements for Csps in L. monocytogenes nisin stress tolerance were examined, which revealed that Csp regulatory inputs were indeed essential for the full expression of intrinsic nisin stress protection responses in L. monocytogenes. This seems to be achieved through mechanisms that at least, in part, involve Csp-dependent regulatory input that promotes the optimal expression of cell envelope-associated modification and stress protection functions.

We initially showed that the removal of all the three csp genes severely compromises nisin stress resilience, strongly attenuating growth in a L. monocytogenes EGDe ΔcspABD mutant cultivated under nisin stress conditions. The functional contributions of individual csp genes to nisin stress tolerance in this bacterium were distinguished through the phenotypic analysis of single csp gene-deleted mutants (ΔcspA, ΔcspB, and ΔcspD) as well as double csp gene-deleted mutants (ΔcspBD, ΔcspAD, and ΔcspAB) expressing single csp genes. This confirmed that functional inputs from all the three csp genes are necessary for the optimal expression of the nisin stress tolerance phenotype in this bacterium. Nonetheless, despite sharing some functionally redundant roles, the contributions of the three csp genes toward the nisin stress tolerance phenotype were not equal but rather displayed a clear hierarchical trend—cspD > cspB > cspA—with respect to their ability to promote the resistance and growth of L. monocytogenes under nisin stress.

We found that, in addition to increasing nisin stress vulnerability, Csp function deficiency also increases L. monocytogenes susceptibility to other cell envelope-targeting stressors. Csp loss increased the sensitivity to other membrane-active cationic antimicrobial peptides such as daptomycin and polymyxin B as well as BC, a membrane-active cationic detergent widely used for disinfection in hospital settings and food production environments. The lack of Csps additionally increased the susceptibility of L. monocytogenes to peptidoglycan synthesis inhibition through the β-lactam antibiotic ampicillin. Overall, these phenotypic defects thus indicate that consequences of Csp function loss include cell envelope structural and functional changes that increase the sensitivity to both cell wall- and cell membrane-targeting stress. Bacteria cell envelopes, among other functions, are also important in sensing and adaptation against cold and salt stress conditions (Jordan et al., 2008; Silhavy et al., 2010; Bergholz et al., 2012; Paul, 2013; Asmar et al., 2017; Bucur et al., 2018). Thus, a defective cell envelope structure and function in a ΔcspABD mutant would be consistent with previous observations that such a mutation increases L. monocytogenes sensitivity to these food-relevant stress conditions (Schmid et al., 2009).

Our observations on the ability of individual csp genes to restore nisin tolerance phenotype when expressed alone revealed variable functional roles as well as suggested complex functional and regulatory network interactions between the individual csp genes in view of their phenotypic contribution to L. monocytogenes nisin stress tolerance. Notably, the individual deletion of cspA as well as cspB to a lesser extent induced increased resistance and growth of L. monocytogenes under nisin stress. One possible explanation for this observation is that the expression and activities of cspA and cspB under the applied experimental conditions might be energetically costly, thus their inactivation avails more cellular resources for stress protection responses, allowing more efficient growth under nisin stress. Alternatively, these csp genes might also have negative regulatory effects that keep the activity of other Csps, such as CspD activity, in check. Consequently, their removal enhances the expression of CspD activities, including nisin stress protective functions. The latter hypothesis is supported by the fact that we found that expressing cspD alone conferred the highest levels of nisin stress tolerance, enabling even more efficient adaptation and growth under nisin stress to levels that even surpassed the WT strain. Along these lines, the upregulation of cspD and cspB mRNA levels were previously detected in cspA deletion mutants compared to their WT strains in response to desiccation stress (Kragh et al., 2020). Furthermore, studies in bacteria such as E. coli and S. aureus have also shown that Csps can have positive and negative regulatory effects on their own expression and that of other Csps (Bae et al., 1999; Caballero et al., 2018). The loss of cspA and cspB might inadvertently induce general stress resistance in mutated organisms due to stressful cellular conditions arising from the loss of CspA and CspB functions, which might lead to a general increase in nisin stress tolerance compared to the WT strain.

Nisin targets L. monocytogenes through a mechanism that disrupts peptidoglycan and cell membrane synthesis and homeostasis (Bruno et al., 1992; Abee et al., 1994; Wiedemann et al., 2001). Previous studies have shown that cell wall and cell membrane changes are associated with altered nisin sensitivity in L. monocytogenes (Gravesen et al., 2004; Zhou et al., 2014; Bucur et al., 2018). Our observations here thus indicated that the Csp function deficiency might induce cell envelope changes that increase the vulnerability to cell wall- and cell membrane-targeting stressors such as nisin. D-Alanylation of cell wall teichoic acids and membrane phospholipid lysinylation are well-known cell envelope modifications that protect against nisin stress in L. monocytogenes. These processes involve the function of dltABCD operon and mprF gene products, respectively (Bucur et al., 2018). The expression of these protein systems is, in part, regulated through the VirRS two-component regulatory system (Kang et al., 2015; Grubaugh et al., 2018). Monitoring the levels of mRNA transcripts derived from these two loci showed that Csp deficiency reduced expression from the dltABCD operon (dltA) and mprF genes but had no impact on virR expression in L. monocytogenes cells cultivated under nisin stress. One possible explanation is that Csps influenced the dltA and mprF mRNA levels downstream of VirR regulation. This might be due to loss of Csp-associated transcription activation, antitermination, and mRNA stability functions (Bae et al., 2000; Phadtare et al., 2002; Phadtare and Severinov, 2010, 2016; Holmqvist and Vogel, 2018). We have previously demonstrated that this ΔcspABD mutation results in reduced listeriolysin O protein production, in part due to the reduced transcripts and the low stability of hly mRNA encoding for this protein (Schärer et al., 2013). Alternatively, as seen with CspR in Enterococcus faecalis, the effects of Csp absence on virR might be observable at the posttranscriptional level, having similar or more mRNA transcripts but less protein; however, such a possibility remains to be experimentally confirmed (Michaux et al., 2012). Eshwar et al. (2017) showed that csp mutants contained increased actA and flaA mRNA transcripts compared to the WT strain but had reduced or completely lacked ActA proteins and flagella, suggesting Csp contribution in post-transcriptional regulation of these genes. L. monocytogenes ΔcspABD mutant cells containing lower dltA and mprF mRNA levels are therefore expected to possess a more electronegative cell surface with an increased capacity to bind positively charged cytochrome c molecules. The increased cell envelope stress sensitivity to cationic antimicrobial peptides, such as nisin and the positive QAC detergent BC, observed upon the loss of Csps can thus, in part, be explained by the more anionic cell envelope induced through the loss of Csp-dependent regulation on Dlt and MprF protein-associated cell wall and cell membrane modifications. This disruption of native DltA and MprF protein regulation due to Csp loss thus hinders the ability of L. monocytogenes to respond to different stressors through cell envelope modification processes involving peptidoglycan D-alanylation and membrane phospholipid lysinylation.

Besides the altered peptidoglycan modification, the loss of Csps could also contribute to an altered peptidoglycan constitution through the loss of their regulatory inputs on PBP expression. The increased expression of PBPs, such as PBP2229 (Lmo2229), has previously been shown to confer or alter nisin resistance in L. monocytogenes (Gravesen et al., 2001, 2004). In this study, we observed a downregulation of PBP gene lmo0540 in the WT strain, while PBPs encoding genes lmo2754, lmo2309, lmo1438, and lmo1892 were upregulated in the ΔcspABD mutant compared to the WT strain. Such differential gene expression between the WT and mutant strains could have contributed to the observed phenotypic differences under nisin stress. The peptidoglycan structure and content of ΔcspABD might have favored survival while impairing growth as observed with its slightly better survival compared to the WT but overall compromised growth under nisin stress.

Regulatory systems, such as CesR, LisRK, LiaRS, VirRS, and sigma factors, are critical for fine-tuning the responses against stressors, such as nisin and cell envelop-targeting antibiotics (Cotter et al., 2002; Mascher et al., 2004; Mandin et al., 2005; Bucur et al., 2018), while ABC transporters also play important roles by removing these stressors from the cell envelope (Lubelski et al., 2006; Velamakanni et al., 2008; Collins et al., 2010a). Among the analyzed two-component system genes, only liaR was significantly upregulated in ΔcspABD. This upregulation of the LiaRS two component system, coupled with the increased expression of anrB, might have contributed to the reduced sensitivity of the mutant toward vancomycin compared to the WT strain. The increased sensitivity of ΔcspABD to ampicillin, yet being less sensitive to vancomycin, might be related to differences in the mechanism of action of these two antibiotics. Ampicillin mainly interferes with peptidoglycan synthesis by binding to PBPs inhibiting transpeptidation, while vancomycin prevents cell wall cross-linking by binding to the acyl-D-Alanine-D-Alanine portion of the growing cell wall (Watanakunakorn, 1984; Kaushik et al., 2014). Resistance to vancomycin in other bacteria, such as enterococci, has been linked to the alteration of the peptidoglycan synthesis pathway, involving the substitution of D-alanine-D-alanine to either D-alanine-D-lactate or D-alanine-D-serine (Ahmed and Baptiste, 2018). These changes significantly reduce vancomycin binding. Similar changes to peptidoglycan synthesis pathways might have occurred in the mutant, or they might have been structural changes brought about by the differential expression of PBPs, making the site of action of vancomycin less accessible and hence the observed increased tolerance. Similarly, the stationary-phase cells of ΔcspABD mutant had greater survival under nisin (7.5 ppm) stress compared to the WT strain. The reason for this increased survival is not yet clear. We can only speculate that the cell envelope and the general cell physiological state of the mutant at this growth stage improve its survival responses against nisin. Upregulation of genes, such as liaR and anrB, in the ΔcspABD mutant might be contributing to this phenotype. However, this needs to be experimentally validated.

Previous work by others demonstrated that decoration of WTA with L-rhamnose increases bacterial resistance to AMPs by delaying their interaction and disruption of the plasma membrane, thereby promoting L. monocytogenes in vivo survival and pathogenicity (Carvalho et al., 2015). Our observation that Csps absence results in lower rmlT transcripts, which encodes a crucial effector for WTA L-rhamnose glycosylation, provides another pathway by which Csps might further influence nisin stress sensitivity. Decreased WTA rhamnosylation would increase the accessibility of the cell membrane, rendering it more susceptible to nisin stress. In the context of host pathogenicity, these findings are suggestive that nisin-stressed WT L. monocytogenes cells responding to this stress through increased L-rhamnosylation can inadvertently be primed for evasion and tolerance of host AMP-mediated defenses.

Cross-protection for many stress conditions and hurdle procedures, including nisin, has been reported in L. monocytogenes and other foodborne pathogens (Bergholz et al., 2012, 2013; Kaur et al., 2013; Begley and Hill, 2015; Malekmohammadi et al., 2017; Abeysundara et al., 2019; Chen et al., 2020; Henderson et al., 2020; Wu et al., 2021). Since csp genes are induced across most of these hurdle procedures, they might act, in part, as mediators of this cross-protection—for instance, CspD, which is critical for growth under osmotic stress, is also critical for nisin stress tolerance, and thus its induction by one of these stresses might inadvertently induce cross-protection to the other (Schmid et al., 2009). The phenomenon that Csp functions can be inhibitory to each other in some situations is encouraging; conditions that induce the inhibitory Csp might increase L. monocytogenes sensitivity to a stressor that requires the functions of the inhibited Csp. We show here that, under dual cold and nisin stress conditions, the ΔcspAB mutant expressing cspD alone and showing superior growth, compared to the WT strain, under nisin stress alone completely loses its growth ability. On the other hand, the WT is still able to grow under these dual stress conditions, albeit at a slower rate than that observed under cold stress alone. Moreover, both ΔcspBD and ΔcspABD::pPL2-cspA expressing cspA alone that grow under cold stress alone also lost cold growth ability when grown under dual cold and nisin stress. These observations, especially with the WT, are suggestive that the combination of hurdle techniques with opposing Csp requirements might potentiate inhibition efficacy, thereby increasing food safety. Thus, such effects must be considered when combining hurdle techniques or using them in series.

In the present study, the effects of Csp absence on pathways known to be involved in nisin stress responses and against other cell envelope-targeting stressors were investigated (Liu et al., 2013; Bucur et al., 2018; Wu et al., 2018; Pinilla et al., 2021). However, such an approach might miss other novel pathways contributing to the differences between the csp deletion mutants and the WT strains under nisin stress. A global approach which includes full transcriptome and proteome analysis must therefore be employed in future studies.

In conclusion, we have shown that Csps are crucial for stress tolerance against the food preservative nisin. Their absence increases sensitivity to cell wall- and cell membrane-targeting antimicrobials and chemicals. At the mechanistic level, we showed that Csp deficiency reduces the expression of genes encoding cell envelope-modifying proteins such as dltA and mprF. The consequences of such changes included increased electronegativity of the cell envelop in csp deletion mutants, thus reducing the electrostatic repulsion of cationic antimicrobials. We thus presume that the increased cell envelope stress sensitivity observed upon the loss of Csps is, in part, due to the loss of their regulatory effect on the expression of important cell wall and cell membrane modification proteins. By disrupting the native regulation of the DltA and MprF proteins, Csp loss hinders the ability of L. monocytogenes to respond to different cell wall- and cell membrane-targeting stressors requiring stress responses mediated through D-alanylation and lysinylation of cell WTA and membrane phospholipids, respectively. Overall, our study shows that Csps play important roles in L. monocytogenes survival and transmission in food and different processing environments. Such knowledge can be applied to improve food safety, ensuring hurdle techniques to avoid unintended cross-protection induction which might nullify otherwise effective interventions.
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