

[image: codY and pdhA Expression Is Induced in Staphylococcus epidermidis Biofilm and Planktonic Populations With Higher Proportions of Viable but Non-Culturable Cells]
codY and pdhA Expression Is Induced in Staphylococcus epidermidis Biofilm and Planktonic Populations With Higher Proportions of Viable but Non-Culturable Cells





BRIEF RESEARCH REPORT

published: 15 November 2021

doi: 10.3389/fcimb.2021.771666

[image: image2]


codY and pdhA Expression Is Induced in Staphylococcus epidermidis Biofilm and Planktonic Populations With Higher Proportions of Viable but Non-Culturable Cells


Vânia Gaio†, Nathalie Lopes†, Nuno Cerca and Angela França*


Laboratory of Research in Biofilms Rosário Oliveira (LIBRO), Centre of Biological Engineering (CEB), University of Minho, Braga, Portugal




Edited by: 

Carolina Henritta Pohl, University of the Free State, South Africa

Reviewed by: 

Claudia NH Marques, Binghamton University, United States

Ferdinand Xiankeng Choong, Karolinska Institutet (KI), Sweden

*Correspondence: 
Angela França
 afranca@ceb.uminho.pt

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Biofilms, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 06 September 2021

Accepted: 27 October 2021

Published: 15 November 2021

Citation:
Gaio V, Lopes N, Cerca N and França A (2021) codY and pdhA Expression Is Induced in Staphylococcus epidermidis Biofilm and Planktonic Populations With Higher Proportions of Viable but Non-Culturable Cells. Front. Cell. Infect. Microbiol. 11:771666. doi: 10.3389/fcimb.2021.771666



Staphylococcus epidermidis biofilm cells can enter a physiological state known as viable but non-culturable (VBNC), where, despite being alive, they do not grow in conventional laboratory media. As such, the presence of VBNC cells impacts the diagnosis of S. epidermidis biofilm-associated infections. Previous transcriptomics analysis of S. epidermidis strain 9142 biofilms with higher proportions of VBNC cells suggested that the genes pdhA, codY and mazEF could be involved in the induction of the VBNC state. However, it was previously demonstrated that VBNC induction is strain-dependent. To properly assess the role of these genes in VBNC induction, the construction of mutant strains is necessary. Thus, herein, we assessed if VBNC cells could be induced in strain 1457, a strain amenable to genetic manipulation, and if the previously identified genes were involved in the modulation of the VBNC state in this strain. Furthermore, we evaluated the formation of VBNC cells on planktonic cultures. Our results showed that despite being commonly associated with biofilms, the proportion of VBNC cells can be modulated in both biofilm and planktonic cultures and that the expression of codY and pdhA was upregulated under VBNC inducing conditions in both phenotypes. Overall, our study revealed that the formation of VBNC cells in S. epidermidis is independent of the mode of growth and that the genes codY and pdhA seem to be relevant for the regulation of this physiological condition.
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Introduction

Staphylococcus epidermidis is now considered an opportunistic pathogen responsible for many healthcare-associated infections, mainly those related to biofilm formation on indwelling medical devices (Mack et al., 2013). S. epidermidis biofilm-associated infections are often recurrent leading to high rates of morbidity (Otto, 2009). The failure of antibiotics to cure these types of infections is primarily associated with the poor capacity to eradicate biofilms, which are known to have bacterial cells with distinct physiological states (Rani et al., 2007), including viable but non-culturable (VBNC) cells (Cerca et al., 2011a; Zhang et al., 2018; Li et al., 2020). Although VBNC cells cannot grow on standard growth media, these cells present a reduced metabolic activity, replication rate and gene transcription (Lleo et al., 2000; Zhang et al., 2018). For this reason, their detection with traditional culture-based methods and, consequently, the diagnosis of S. epidermidis biofilm-related infections is hindered (Zandri et al., 2012). Moreover, S. epidermidis VBNC cells can be more tolerant to antibiotics (Cerca et al., 2014), limiting the efficacy of current treatment options. As such, the study of the mechanisms underlying the development of this physiological state in S. epidermidis is of utmost importance.

An in vitro model aimed to induce the formation of VBNC cells in S. epidermidis biofilms, developed on strain 9142, demonstrated that the addition of a high concentration of glucose (1%) increased the proportion of VBNC cells, while the addition of magnesium chloride (MgCl2, 20 mM) prevented the formation of VBNC cells. This modulation resulted in biofilms with approximately the same number of viable cells but about 1 log difference in the number of culturable cells (Cerca et al., 2011a; Carvalhais et al., 2014). Importantly, although glucose enrichment was associated with medium acidification, it was formerly demonstrated that the prevention of the VBNC state is a pH-independent phenomenon since the addition of MgCl2 does not prevent acidification of the medium (Cerca et al., 2011a). The applicability of this model to induce the formation of VBNC cells in S. epidermidis biofilms was further analysed in 19 clinical and 24 commensal isolates (Carvalhais et al., 2018). Most of the clinical isolates tested (70%) showed at least a 0.5 log10 decrease in culturability, whereas only 33% of the commensal isolates presented a similar reduction, suggesting that VBNC cells induction by glucose and prevention by magnesium chloride is not a universal phenomenon amongst S. epidermidis isolates. A possible explanation for this isolate-specific response may be related to transcriptomic changes, for instance, in genes involved in metabolism and oxidative stress (Keren et al., 2011; Carvalhais et al., 2014; Postnikova et al., 2015). Therefore, the analysis of genes whose products could be associated with the regulation of this physiological state is crucial to underpin the mechanisms behind its emergence.

Previously, using an RNA-Sequencing (RNA-Seq) approach, we have detected changes in the transcription of the genes codY, mazE, mazF and pdhA in biofilms with a higher proportion of VBNC cells, suggesting that these genes could be linked to the emergence of the VBNC state in S. epidermidis strain 9142 (Carvalhais et al., 2014). To confirm this hypothesis, the study of strains lacking the genes of interest is essential. S. epidermidis is known to be difficult to be genetically manipulated, with only a few strains known to be amenable (Mack et al., 2001; Winstel et al., 2015; Winstel et al., 2016; Galac et al., 2017), being S. epidermidis strain 1457 the most frequently used for mutagenesis studies. Unfortunately, earlier studies aiming to modulate VBNC cells proportions in S. epidermidis biofilms did not include such strain. Therefore, to determine if S. epidermidis 1457 could be a suitable candidate for the study of the mechanisms behind the formation of VBNC cells, the ability of this strain to form VBNC cells needs to be investigated.

Thus, herein, we tested the induction of VBNC cells in biofilms formed by strain 1457, using the previously optimized in vitro VBNC cells induction model, and assessed the expression of the genes codY, mazE, mazF and pdhA. Additionally, we investigated the suitability of this model in planktonic cultures, further exploring the potential role of the previously identified genes in the VBNC state mediation in planktonic cells.



Material and Methods


Strains and Growth Media

S. epidermidis 1457, a strain isolated from a venous catheter-associated infection (Mack et al., 1992) was used for this study, together with the commensal isolate COM040A (skin sample from a healthy volunteer) and the clinical isolate PT11004 (isolated from a bloodstream infection), which were previously shown to accumulate high amounts of VBNC cells (Carvalhais et al., 2018). Additionally, to validate previous RNA-Seq data, strain 9142 was also included. For each experiment, all S. epidermidis strains were grown directly from the glycerol stocks (30% glycerol) in tryptic soy broth (TSB, Merck, Darmstadt, Germany) at 37°C and with shaking at 120 rpm (10 mm orbit shaker). The optical density (OD) of overnight suspensions was adjusted, at 640 nm, to 0.25 ± 0.05, corresponding to ≈ 2 × 108 colony-forming units/mL (CFU/mL) (Freitas et al., 2014), to be used as inoculum for all the experiments subsequently described.



Biofilm Cultures

Biofilms were formed, in 24-well plates (Orange Scientific, Braine-l’Alleud, Belgium), by inoculating 10 µL of overnight suspensions, previously adjusted to OD640nm= 0.25 ± 0.05, into 1 mL of TSB supplemented with 0.4% glucose or 0.4% glucose plus 20 mM MgCl2, for further induction and prevention of the VBNC state, respectively (Cerca et al., 2014). The plates were then incubated for 24 h at 37°C and 120 rpm. After that period, the spent media was removed and replaced by fresh TSB supplemented with either 1% glucose (induced VBNC state) or 1% glucose plus 20 mM MgCl2 (prevented VBNC state), and grown under the same temperature and agitation conditions for additional 24 h. Thereafter, the biofilm bulk fluid was removed, and the biofilms washed twice with 500 µL of 0.9% NaCl. Finally, biofilms were scraped from the plate bottom and suspended in 1 mL of the same saline solution.



Planktonic Cultures

For the analysis of VBNC cells formation in planktonic cells, 24 h and 48 h cultures, grown in 10 mL erlenmeyers, were evaluated. In the case of 24 h planktonic assays, a 1:100 dilution of the overnight growth was performed in TSB supplemented with 1% glucose (induction of the VBNC state) or 1% glucose plus 20 mM of MgCl2 (prevention of the VBNC state) and incubated at 37°C and 120 rpm for 24 h. The second approach (48 h growth) aimed to mimic the conditions used for biofilms growth. This consisted of pre-growing bacteria with TSB supplemented with 0.4% glucose (plus 20 mM of MgCl2 for prevented VBNC condition) for 24 h, followed by centrifugation of the cells (16.000 g, 10 min, 4°C) and replacement of the spent medium with fresh TSB supplemented with 1% glucose or 1% glucose plus 20 mM MgCl2. The suspensions were then grown for additional 24 h under the same temperature and agitation conditions.



Assessment of VBNC State Induction in Both Biofilm and Planktonic Cultures

At the selected time points, bacterial cells from either biofilms or planktonic cultures were collected and sonicated for 10 s at 33% amplitude (Ultrasonic Processor Model CP750, Cole-Parmer, IL, USA) to dissociate cells clusters and create a homogeneous biofilms cells suspension. Importantly, the selected sonication cycle has no significant effect on cells viability, as previously determined by CFU counting and propidium iodide incorporation (Freitas et al., 2014). The quantification of the total amount of suspended cells was performed by OD640nm measurements, as previously shown (Freitas et al., 2014). Viable cells were quantified by flow cytometry using SYBR Green (1:80000)/propidium iodide (20 µg/mL) staining as previously optimized (Cerca et al., 2011b). Samples were acquired in an EC800™ flow cytometer (Sony Biotech, CA, USA), with a flow rate of 10 µL/min and a total of 100000 events were acquired for each sample. Data analysis was performed using FCS Express 6 and considering the populations SYBR+/PI- (live cells) and SYBR+/PI+ (live cells somewhat permeable to PI), and excluding SYBR-/PI+ (dead cells). Finally, the number of culturable cells was determined by CFU counting. Briefly, serial dilutions were performed in 0.9% NaCl and 5 µL of each dilution were plated on TSA plates. Plates were incubated at 37°C for at least 16 h. The analysis of the proportion of VBNC cells in both biofilm and planktonic cultures was determined as the ratio (%) between the values obtained for induced and prevented conditions (IND/PRE), in terms of culturability (CFU) or OD.



Gene Expression Quantification by Quantitative PCR (qPCR)


RNA Extraction

For total RNA isolation from biofilm cells, the bulk fluid of the biofilm culture was discarded, the biofilms washed twice with 0.9% NaCl and then suspended in the same solution by scraping the cells from the plate bottom. All the procedure was performed on ice. Three independent biofilms were pooled to reduce biological variability (Sousa et al., 2014) and immediately centrifuged at 16000 g for 10 min at 4°C. For RNA isolation from planktonic cultures, 1 mL of culture was collected and immediately centrifuged at 16000 g for 10 min at 4°C. Of note, bacterial cells were suspended in 0.9% NaCl before RNA isolation since we have previously determined that mRNA quantification was similar to when using RNA preserving solutions if processed immediately (Supplementary Figure 1). The extraction of RNA from both suspensions was then performed using the kit ExtractMe RNA Bacteria & Yeast (Blirt S.A., Gdansk, Poland) as previously optimized (França et al., 2012). In brief, bacterial pellets were suspended in 600 µL of RYBL buffer, transferred into 2 mL tubes containing 0.5 g of acid-washed silica beads (150–212 mm) (Sigma-Aldrich, USA) and the cells were lysed using a BeadBug 6 Microtube Homogenizer (Benchmark Scientific, NJ, USA) for 35 s at ~4.5 rpm. Subsequently, samples were incubated on ice for 5 min and the cell disruption and cooling steps repeated three more times. Afterwards, samples were centrifuged at 16000 g for 1 min at 4°C, the supernatants transferred into 2 mL RNase-free tubes and mixed with an equal volume of 70% ethanol. The subsequent steps were performed according to the manufacturer’s instructions. RNA samples were then treated with DNase I (Thermo Fisher Scientific Inc, MA, USA) to degrade contaminating genomic DNA. RNA concentration and purity (A260/A280 and A260/A230) were determined by NanoDrop One (Thermo Fisher Scientific Inc) and RNA integrity was inferred by visualization of the 23S/16S rRNA banding pattern using a 1% non-denaturing agarose gel.



Complementary (c) DNA Synthesis

Total RNA concentration was adjusted to 250 ng in all samples and then reverse transcribed, in a 10 µL reaction volume, using RevertAid H minus Reverse Transcriptase enzyme (M-Mulv RT, Thermo Fisher Scientific, Inc.) and random primers (Bioron, Römerberg, Germany) as priming strategy. The synthesis was performed following the manufacturer’s instructions. A control lacking the reverse transcriptase enzyme (no-RT control) was prepared to later determine the level of genomic DNA contamination.



qPCR

The primers used for qPCR were designed with the support of Primer3 software (Untergasser et al., 2012) and using S. epidermidis RP62A (for 16S rRNA primers) or 1457 complete genome as a template (NCBI accession no. CP000029.1 and CP020463.1, respectively) (Supplementary Table 1). qPCR analysis was prepared in a 10 µL reaction containing 2 µL of diluted cDNA or no-RT control (1:400), 5 µL of Xpert Fast SYBR Mastermix (GRiSP, Lda., Porto, Portugal), 0.5 µL of each forward and reverse primers (0.5 µM per reaction), and 2 µL of water. qPCR run was performed in a CFX96 (Bio-Rad, CA, USA), with the following cycle parameters: 95°C for 2 min, and 40 cycles of 95°C for 5 s, 60°C for 30 s. A no-template control was included to assess reagent contamination and a melting curve analysis was performed to ensure the absence of unspecific products and primer dimers. Reaction efficiency was assessed at 60°C by performing 10-fold dilution series of the cDNA samples and determined from the slope of a standard curve. The expression of the genes tested was normalised to the expression of the reference genes 16S rRNA and gyrB using a variation of the LivaK method, according to Eq. (1), where E stands for the reaction efficiency. To simplify the analysis between strains and conditions, the results are represented as the ratio of TSB1%+Mg/TSB1%G (Fold-change IND/PRE).






Statistical Analysis

Statistical differences between conditions were determined using either unpaired T-test with Welch’s correction or One-way ANOVA with Tukey’s multiple comparisons test, using GraphPad Prism version 7 (Trial version, CA, USA). A p-value less than 0.05 was considered significant. At least three independent experiments were performed for each assay presented.




Results


Validation of VBNC State Induction Model in S. epidermidis 1457 Biofilms

To assess if the previously described VBNC induction model could be used in strain 1457, we first compared the total amount of cells (assessed by optical density), the number of living cells (assessed by flow cytometry) and the number of culturable cells (assessed by CFU quantification). For biofilms with an equivalent amount of total and live cells, the induction of the VBNC state resulted in a significantly lower number of cultivable cells, confirming that the formation of VBNC cells in stain 1457 can be induced (Figure 1). Additionally, no differences were found regarding the pH of the media (data not shown), confirming that VBNC state prevention with MgCl2 did not affect the pH of the culture, as previously shown (Cerca et al., 2011a).




Figure 1 | Quantification of S. epidermidis 1457 biofilms formed under VBNC conditions. (A) Total amount of cells (OD640 nm); (B) Live cells (cells/mL) and (C) Culturable cells (CFU/mL). The results are displayed as the mean + standard deviation of at least six independent experiments. ***p < 0.001 (One-way ANOVA). PRE, prevented; IND, induced.



To better correlate our data with previously published results, we compared the level of VBNC cells in strain 1457 with the reference strains COM040A and PT11004, whose significant ability to enter into a VBNC state was formerly confirmed (Carvalhais et al., 2018). As we showed above that flow cytometry and OD measurements yielded similar results, VBNC quantification was further analysed by comparing the total amount of cells (OD) and total culturable cells (CFU). Although the 70% decrease in culturability in strain 1457 was lower than the one found in the reference isolates (≈ 90%) (Supplementary Figure 2), it is still within the range previously considered relevant in the context of VBNC state induction (Carvalhais et al., 2018).



Validation of RNA-Seq Results by qPCR

Aiming to determine possible candidates for future mutagenesis studies, the expression of the genes highlighted in a former RNA-Seq analysis of S. epidermidis 9142 biofilms under inducing VBNC conditions was validated by qPCR (Figure 2). The first step was to compare the results obtained by RNA-Seq and qPCR for biofilms of strain 9142. Although a higher fold-change was observed in qPCR results, the ratios were not significantly different from the ones obtained by RNA-Seq, confirming the results previously obtained (codY, 1.5 ± 0.4; mazE, not applicable; mazF, 1.0 ± 0.6 and pdhA, 1.7 ± 0.2) (Carvalhais et al., 2014). Secondly, we assessed the expression of the selected genes in biofilms of the reference isolates, as well as in strain 1457. Not surprisingly, strain-to-strain variability was observed. Nevertheless, qPCR data confirmed that all tested genes were upregulated under VBNC inducing conditions in the reference isolates. Interestingly, although in strain 1457 the expression of the genes codY and pdhA was significantly increased in the induced VBNC state, the expression of the mazEF complex was not significantly affected.




Figure 2 | Expression of the genes of interest in 48 h-old biofilms populations of S. epidermidis 1457 grown under induced (IND) and prevented (PRE) VBNC conditions. Data is presented as the fold-change between the IND and the PRE VBNC conditions (IND/PRE). Data is represented as the fold-change of the individual assays, where the horizontal lines represent the median of at least three independent experiments. *p < 0.05, ***p < 0.001 (Unpaired Welch’s T-test).





Applicability of the VBNC State Induction Model in Planktonic Populations

After validating the applicability of the VBNC state induction model in biofilms formed by strain 1457, we became interested in determining if this experimental model was also applicable to planktonic cultures, something yet undetermined. As observed in biofilms, a significant decrease in the number of culturable cells was also found under VBNC inducing conditions for all isolates tested, whereas the total amount of planktonic cells was identical in both induced and prevented conditions (≈100%) (Figure 3A). Interestingly, for strain 1457, the induction of VBNC cells in planktonic cultures reached 48%, while in biofilms it reached 70%. However, these results are not directly comparable since growth conditions and incubation time differed: while VBNC cells induction in biofilms cultures was initiated in a pre-established 24 h-old biofilm, in planktonic cultures the VBNC state was induced from the start of the incubation period. Thus, to better mimic the biofilm experimental setup, another experiment was conducted, where planktonic cultures were first allowed to grow for 24 h, followed by another 24 h of growth in TSB with 1% glucose or 1% glucose plus 20 mM MgCl2. Notably, with longer incubation periods the proportion of VBNC cells in planktonic cultures (Figure 3B) reached similar levels to what was previously observed in biofilms (Supplementary Figure 2).




Figure 3 | Culturability (CFU/mL) and total amount of cells (OD640nm) of (A) S. epidermidis 1457, COM040A and PT11004 24 h-old planktonic suspensions grown under induced (IND) and prevented (PRE) VBNC conditions. Data is represented as the ratio (%) of the culturability (CFU) or OD between cells in the IND or PRE VBNC state; and (B) S. epidermidis 1457 planktonic cells grown under IND and PRE VBNC conditions using two different growth strategies: (i) planktonic cells grown for 24 h in 1% glucose and (ii) planktonic cells grown for 24 h in 0.4% glucose + 24 h in 1% glucose; in both strategies 20 mM of MgCl2 was added in the prevented condition. Data is represented as the result of the individual assays, where the horizontal lines represent the mean of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (Unpaired Welch’s T-test). Glu, glucose.



Subsequently, we aimed to understand if the genes previously identified as potentially involved in the regulation of VBNC cells formation in biofilms could also play a role in planktonic cells. As can be seen in Figure 4, all genes were upregulated under the VBNC inducing conditions, with codY and pdhA reaching statistical significance. Interestingly, when comparing the fold-change IND/PREV between planktonic and biofilm cells (Figures 2, 4), the fold-change IND/PRE of the codY and pdhA was higher in planktonic cells. Although the expression of both mazE and mazF genes seemed to be more pronounced when the VBNC state was induced in planktonic cultures, this difference was not statistically significant.




Figure 4 | Expression of the genes of interest in 48 h-old planktonic populations of S. epidermidis 1457 grown under induced and prevented VBNC conditions. Data is presented as the fold-change between the induced (IND) and the prevented (PRE) VBNC conditions (IND/PRE). Data is represented as the fold-change of the individual assays, where the horizontal lines represent the median of at least three independent experiments. *p < 0.05, ***p < 0.001 (Unpaired Welch’s T-test).






Discussion

The induction of VBNC cells in S. epidermidis biofilms was previously reported in a wide range of clinical and commensal isolates, however, it was also found that not all strains formed VBNC cells under our in vitro VBNC state induction model (Cerca et al., 2011a; Carvalhais et al., 2018). Until now, the ability of S. epidermidis 1457, a strain widely used in genetic manipulation studies, to form VBNC cells using the previously developed model was unknown. Our results showed that the supplementation of the culture medium with 1% glucose induced a reduction in 1457 biofilm cells culturability of about 70% when compared to biofilms grown in media supplemented with 1% glucose plus 20 mM MgCl2.

Earlier, it was shown that the induction of VBNC cells in S. epidermidis biofilms led to modifications in cells transcriptomic and proteomic profiles. Carvalhais et al. reported, using an RNA-Seq approach, the upregulation of the genes codY, mazE, mazF and pdhA in S. epidermidis 9142 biofilms with higher proportions of VBNC cells, which indicated a potential involvement of these genes in the emergence of the VBNC state (Carvalhais et al., 2014). Even though RNA-Seq is a powerful technique to assess gene transcription, it is important to validate the results through an alternative method, being qPCR still considered the gold standard for gene expression quantification assays. Therefore, using qPCR, we first validated, in biofilm cultures, the RNA-Seq data previously obtained with strain 9142, and then assessed the expression of the genes of interest in strain 1457, as well as in the reference strains PT11004 and COM040A. Interestingly, using qPCR we were able to detect the expression of the gene mazE in both induced and prevented VBNC conditions, while in RNA-Seq analysis mazE was only detected in one of the conditions (Carvalhais et al., 2014). Additionally, mazE and mazF expression in strains 9142 and PT11004 was notably upregulated when the VBNC state was induced, but not in the target strain 1457, suggesting that mazEF might not have a key impact on VBNC state induction in this strain. On the contrary, codY and pdhA expression was noticeably upregulated in all strains tested, including 1457, which supports the hypothesis that these genes may be involved in the induction of VBNC cells. Unlike PdhA, the function of CodY has already been characterized in other strains. CodY is a repressor of hundreds of genes implicated in the transition from the exponential to the stationary growth phase, i.e., when nutrients become limited (Joseph et al., 2005; Barbieri et al., 2015). Additionally, it seems to regulate the agr quorum-sensing system, as well as genes associated with biofilm formation in Staphylococcus aureus (Majerczyk et al., 2008).

Although the onset of VBNC cells is commonly associated with the biofilm phenotype, non-culturable cells have also been reported in planktonic populations of several species, such as S. aureus and Escherichia coli (Xu et al., 2018). However, to our knowledge, no reports of VBNC cells in planktonic populations were found for S. epidermidis. As such, we aimed to understand if our VBNC state induction model could be applied to planktonic populations. As observed in biofilms, the decrease of culturability was more pronounced in the reference isolates, however, a significant proportion of VBNC cells was also obtained in planktonic populations of S. epidermidis 1457. Though, VBNC induction was significantly higher when planktonic populations were grown under biofilm-mimicking conditions (48 h of total growth), showing that the experimental setup with 24 h-old planktonic populations was not the most appropriate for the comparison with biofilms. Based on these results, we hypothesized that the lower proportion of VBNC cells in 24 h planktonic cultures may be, in part, related to the lower starting cell density, as in 24 h-old planktonic cultures the induction of the VBNC state started with ≈ 107 CFU/mL, whereas in 48 h-old planktonic started with ≈ 109 CFU/mL. The higher amount of VBNC cells attained in 48 h-old planktonic cultures raised our interest in understanding if the genes identified as playing a role in the emergence of VBNC cells in biofilms could also be involved in planktonic cultures. The analysis of gene expression showed that codY and pdhA were also upregulated in planktonic cultures under VBNC state inducing conditions. Although the exact function of codY and pdhA in the emergence of VBNC cells is still unknown, codY is responsible for the repression of genes when the cell is under unfavourable conditions, such as nutritional depletion and environmental stresses (Barbieri et al., 2015; Waters et al., 2016). This seems to be related to its upregulation when the VBNC condition is induced since the entrance of bacteria into a non-culturable state creates stress that leads to physiological and metabolic changes. On the other hand, although the role of pdhA has not yet been studied in Staphylococcus spp., the product of this gene – pyruvate dehydrogenase, has been related to the regulation of metabolism and perturbations on the cell membrane (Zhang et al., 2014; Singh et al., 2018).

Taken together, our data provide evidence that VBNC cells in S. epidermidis strain 1457 can be generated in vitro, both in biofilm and planktonic cultures. Additionally, this study reinforced the potential involvement of the genes codY and pdhA in VBNC cells formation in biofilm and revealed, for the first time, the potential involvement of these genes in VBNC cells formation in planktonic cultures. The role of both genes is now being assessed in our laboratory with knockout strains of S. epidermidis 1457.
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