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A General Map of Transcriptional Expression of Virulence, Metabolism, and Biofilm Formation Adaptive Changes of Staphylococcus aureus When Exposed to Different Antimicrobials
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Biofilm formation of Staphylococcus aureus is the major cause of implant-associated infections (IAIs). Antimicrobial treatment is one of the most effective therapeutic options for S. aureus infections. However, it can also lead to adaptive transcriptomic changes due to extreme selective pressure, which may increase the risk of antimicrobial resistance. To study the transcriptional changes in S. aureus upon exposure to antimicrobial agents, we obtained expression profiles of S. aureus treated with six antimicrobials (flucloxacillin, vancomycin, ciprofloxacin, clindamycin, erythromycin, and linezolid, n = 6 for each group). We also included an untreated control group (n = 8) downloaded from the Gene Expression Omnibus (GEO) database (GSE70043, GSE56100) for integrated bioinformatic analyses. We identified 82 (44 up, 38 down) and 53 (17 up, 36 down) differentially expressed genes (DEGs) in logarithmic and stationary phases, respectively. When exposed to different antimicrobial agents, we found that manganese import system genes and immune response gene sbi (immunoglobulin G-binding protein Sbi) were upregulated in S. aureus at all stages. During the logarithmic phase, we observed adaptive transcriptomic changes in S. aureus mainly in the stability of protein synthesis, adhesion, and biofilm formation. In the stationary phase, we observed a downregulation in genes related to amino biosynthesis, ATP synthesis, and DNA replication. We verified these results by qPCR. Importantly, these results could help our understanding of the molecular mechanisms underlying the proliferation and antimicrobial resistance of S. aureus.
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INTRODUCTION

Staphylococcus aureus is a gram-positive aerobic bacterium that causes various human infections (Troeman et al., 2019) including implant-associated infections (IAIs). IAIs caused by biofilm formation of S. aureus are still significant clinical issues, which can lead to morbidity, mortality, and increased healthcare expenditure (Klevens et al., 2007). Biofilm is a complex community of microorganisms adhered to surfaces and surrounded by protective extracellular polymeric substances (EPS) (Mirzaei et al., 2021). The biofilm formation goes through four stages comprising adherence, aggregation, maturation, and detachment. Proteinaceous and polysaccharide-dependent procedures are the two related mechanisms of biofilm formation in S. aureus, among which the polysaccharide intercellular adhesin (PIA) produced by the ica operon is the best-understood mechanism (Mirzaei et al., 2016, 2019). The biofilms are responsible for the resistance to antimicrobial agents and immune system defense.

The use of antimicrobials is one of the most effective strategies against S. aureus infection. Interruption of bacterial cell wall synthesis, suppression of bacterial protein synthesis, and inhibition of bacterial DNA gyrase are the major mechanisms of action for antimicrobials (Chernov et al., 2019). Although high-dose antimicrobials can eliminate bacteria, adaptive changes may occur in S. aureus due to the extreme selection pressure from the antimicrobial agents themselves. This can increase the risk of antimicrobial resistance and/or other pathological processes (Bui et al., 2017). In the presence of an implant, low-dose or long-term antimicrobial application can even promote biofilm formation in S. aureus, leading to reduced sensitivity to antimicrobial treatments (Lamret et al., 2020). This acquired antibiotic resistance is crucial for the survival of S. aureus (Proctor et al., 2006).

Researching the common adaptive transcriptional expression of biofilm formation, virulence, and metabolism of S. aureus when exposed to different low-dose antimicrobials can aid our understanding of the molecular mechanisms underlying the proliferation and induced antimicrobial resistance of S. aureus. This will have clinical significance for the prevention of S. aureus-induced IAIs and it will also aid the identification of novel targets against S. aureus.

To this end, we used public database resources to download gene expression profiles of GSE70043 (Mäder et al., 2016) and GSE56100 (Varma et al., 2019) from the Gene Expression Omnibus (GEO database). These expression matrixes contain the transcriptional data of S. aureus that have been exposed to various antimicrobials in different growth phases. After screening the differentially expressed genes (DEGs), we analyzed the biological function of the highlighted genes and verified these findings by qPCR. Herein, we propose a general map of transcriptional expression during biofilm formation, virulence, and metabolism following antimicrobials-induced adaptive changes in S. aureus.



MATERIALS AND METHODS


The Information of Microarray Data and R Packages

The gene expression profiles of GSE70043 (Mäder et al., 2016) and GSE56100 (Varma et al., 2019) were downloaded from the GEO DataSets database,1,2 which were identified by searching the keywords “staphylococcus aureus antimicrobials.” The dataset information is shown in Table 1. All bioinformatic analyses were performed in R(4.0.2). The getGEO function (GEOquery package) was used to download and process files. The data were normalized by the “normalizeBetweenArrays” function (limma package; Ritchie et al., 2015).


TABLE 1. Details for GEO data.
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Differentially Expressed Genes Analysis

The platform with annotation information was downloaded using the getGEO function (GEOquery package). Then, the probe name was converted into an international standard gene symbol. Gene differential expression analysis was performed using the limma package (Ritchie et al., 2015). Genes with a corrected p < 0.05 and log2 fold change (FC) > 1 were considered to be DEGs. The integration of microarray data was performed by the “aggregateRanks” function (Kolde et al., 2012) following the Robust Rank Aggregation (RRA) procedure in R (Kolde et al., 2012).



Protein-Protein Interaction Network Integration

Protein-protein interaction (PPI) network analyses were performed using the STRING database.3



Gene Ontology Enrichment Analysis

Gene ontology (GO) functional enrichment analysis was performed using the PANTHER classification system in the gene ontology resource.4



Bacterial Strains and Growth Conditions

In this study, we used a methicillin-susceptible S. aureus (MSSA) ST1792 strain which was isolated from a prosthetic joint infection (PJI) prosthesis (Tan et al., 2019). S. aureus samples were divided into three groups: The logarithmic growth phase group, the stationary growth group, and the biofilm group. For the logarithmic phase group, ST1792 was cultured in TSB at 37°C with shaking at 200 rpm for 3 h to enter the logarithmic phase. The samples were then treated with vancomycin, ciprofloxacin, and linezolid at the sub-minimum inhibitory concentration (MIC) for another 3 h. The stationary phase group was cultured in TSB and incubated for 6 h (37°C, at 200 rpm) to reach the stationary phase. The antimicrobials at sub-MICs were then applied to the samples for a further 3 h. In the biofilm group, S. aureus was first cultured for 12 h in six-well plates at 37°C in TSB supplemented with 0.25% glucose (TSBG) and then cultured for another 12 h with sub-MIC antimicrobials.



Bacterial Minimum Inhibitory Concentration Assay

A macrodilution method was used to determine the MICs of different antimicrobials for S. aureus ST1792. Here, 100 μl of twofold serial dilutions of antimicrobials dissolved in TSB were added to 100 μl of TSB, which contained approximately 106 CFU/ml, in a 96-well microplate. After overnight culture at 37°C, the optical densities at 600 nm (OD600) of the cells in the 96-well microplate were measured. Relatively high OD600 values were indicative of bacterial growth, while low OD600 values indicated no growth. The MICs of the antimicrobials were considered to be the lowest concentrations that suppressed growth. Linezolid, ciprofloxacin, and vancomycin were purchased from Aladdin (Shanghai, China). Linezolid and ciprofloxacin were dissolved in methanol and acetic acid, respectively, and were diluted in TSB.



Growth Curve Assay

One single colony of ST1792 was isolated and cultured in TSB on a gyratory shaker (200 rpm) at 37°C. The ST1792 was cultured on a gyratory shaker (200 rpm) at 37°C overnight. The next day, ST1792 was diluted at a ratio of 1:100 and incubated in TSB medium on a gyratory shaker (200 rpm) at 37°C. OD600 values were recorded at intervals of 1 h for up to 12 h until the stationary phase was reached.



Staphylococcus aureus RNA Isolation and Quantitative PCR

We used qPCR to verify our bioinformatic data. Cells from the three groups were harvested and disrupted by a tissue lyser (70 Hz, 30 s). Next, we used the RNeasy kit (EZBioscience, United States) to isolate RNA according to the manufacturer’s instructions. The quality and quantity of the RNA were measured using a Nanodrop spectrophotometer (Thermo Fisher Scientific, United States). After adding gDNA remover, 1 μg RNA was reverse-transcribed into cDNA using a RT-PCR kit (EZBioscience, United States). The cDNA was then used as the DNA template for qPCR, performed with two SYBR Green qPCR Master Mix kits (EZBioscience). We used the following thermal cycler conditions for DNA amplification: initial denaturation at 95°C for 5 min, followed by 40 amplification cycles at 95°C for 10 s and 60°C for 30 s, using a Roche LightCycler 480 (Roche, Switzerland). Relative gene expression levels were quantified using the 2–ΔΔCT method (Yu et al., 2021), and gyrB expression levels were used as the internal reference. Each group and each selected gene had three replicates. The premier information is available in Supplementary Table 1.




RESULTS


The Information on Microarray Data

The GSE70043 data set contains transcriptional data of NCTC 8325, a derivative strain of S. aureus (Herbert et al., 2010). The antimicrobials treated samples of the dataset were analyzed in depth in our study. S. aureus was grown in the presence of different antimicrobials including flucloxacillin (fluc), vancomycin (vanc), ciprofloxacin (cipro), clindamycin (clind), erythromycin (ery), and linezolid (line) and the samples were collected during the logarithmic and stationary phases. The GSE56100 contains transcriptional data of S. aureus ATCC29213, which was treated with celecoxib. GSE56100 was used as the negative control in the study to confirm that the DEGs identified in GSE70043 were specific for the antimicrobials. The bioinformatic processes used in this study are shown in Figure 1. The GSE70043 data set was screened using the limma package in R (corrected p < 0.05, |log2 FC| > 1) to identify DEGs (Figure 2).
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FIGURE 1. The bioinformatics processes used in this study. The expression data of GSE70043 was used as modeling data. GSE56100 was used as a negative control and the clindamycin treated samples were used as positive controls.
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FIGURE 2. Differential expression of five different antimicrobials treated samples in logarithmic phase and stationary phase. (A) DEGs in logarithmic phase (B) DEGs in stationary phase. The red points represent upregulated genes screened based on log2 fold change > 1 and a corrected p < 0.05. The blue points represent the downregulation of the expression of genes screened based on log2 fold change < –1 and a corrected p < 0.05. The gray points represent genes with no significant differences.




Identification of Differentially Expressed Genes Using Integrated Bioinformatics

We adopted the RRA method and through rank analysis, we identified 82 DEGs in the logarithmic phase including 44 upregulated and 38 downregulated genes (Figures 3A–C and Table 2). We also identified 53 DEGs in the stationary phase. Among them, 17 up- and 36 downregulated genes were obtained (Figures 3D–F and Table 3). Unannotated DEGs were excluded. A heat map of the top 30 up-and downregulated genes was generated, as shown in Figure 3. The clindamycin treated samples were used as positive controls, 372 DEGs were identified in the logarithmic phase including 187 up- and 185 downregulated genes; 666 DEGs were identified in the stationary phase. Among which, 269 up- and 397 downregulated genes were found (Figures 4A,D). The DEGs identified in the clindamycin treated samples included all of the genes that were differentially expressed in the integrated data, except tatC which was downregulated during the logarithmic phase in the integrated data but not downregulated in clindamycin treated samples (Figures 4B,C,E,F). For the GSE56100 data set, the celecoxib treated samples, 12 up- and 16 downregulated genes were found. None of these overlapped with the DEGs identified in the integrated data.
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FIGURE 3. The Venn diagram and the Heatmap of the integrated DEGs (A,B) number of integrated up- and downregulated genes in the logarithmic phase are shown in a Venn diagram. (D,E) Number of integrated up- and downregulated genes of stationary phase shown in a Venn diagram. (C) Heatmap of the top 30 up- and downregulated genes in logarithmic phase. (F) Heatmap of the top 30 up- and downregulated genes in stationary phase. The abscissa is the antimicrobials, and the ordinate is the gene name. Red represents log2 FC > 0, green represents log2 FC < 0, and the values in the box represent the log2 FC values.



TABLE 2. Screening DEGs in logarithmic phase by integrated microarray.
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TABLE 3. Screening DEGs in stationary phase by integrated microarray.
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FIGURE 4. Volcano plots of DEGs for clindamycin treated samples and Venn diagrams of DEGs identified in clindamycin treated samples and integrated data. (A) Volcano plots of DEGs identified in clindamycin treated samples during the logarithmic phase. (B,C) Venn diagrams of DEGs identified in clindamycin treated samples and integrated data during the logarithmic phase. (D) Volcano plots of DEGs identified in clindamycin treated samples during stationary phase. (E,F) Venn diagrams of DEGs identified in clindamycin treated samples and integrated data during stationary phase.




Analyzing Differentially Expressed Genes Using a Protein-Protein Interaction Network Analysis and Gene Ontology Enrichment

The DEGs in antimicrobial-treated S. aureus were constructed into PPI networks using the STRING database (see text footnote 3). Complex networks of DEGs during the logarithmic and stationary phases were also constructed (Figures 5, 6). The 18 most significant genes showing strong interactions in the logarithmic phase were guaA, purA, purH, carA-B, purK-N, pyrB-C, purQ, purC-F, hprT, pyrP. In addition, 13 node genes with significant interactions in the stationary phase were identified, thrC, relA, thrB, asd, rplO, ilvD, yidC, ilvH, atpD, atpG, dapA, acpP, dapB.
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FIGURE 5. PPI network of DEGs in logarithmic phase. PPI, protein–protein interaction. Circles represent genes, lines represent protein interactions, and protein structures are shown in circles. Line color represents evidence of the interaction between the proteins.
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FIGURE 6. PPI network of DEGs in stationary phase. PPI, protein–protein interaction. Circles represent genes, lines represent protein interactions, and the structures of proteins are shown in the circles. Line color represents evidence of the interaction between the proteins.


The DEGs in the logarithmic phase were mainly enriched in transmembrane transport, “de novo” IMP/UMP biosynthesis, glutamine metabolism, and pyrimidine nucleotide metabolism/biosynthesis (Figure 7A). The DEGs identified in the stationary phase were mainly involved in energy coupled proton transport, down electrochemical gradient, threonine biosynthetic process, valine biosynthetic processes, diaminopimelate biosynthetic processes, and purine nucleotide metabolic/biosynthetic processes (Figure 7B). For the DEGs identified during the logarithmic phase, the upregulated genes were significantly enriched in polyamine transport, “de novo” UMP biosynthesis, UMP metabolism/biosynthesis, tRNA methylation, and cell adhesion (Figure 7C). The identified downregulated genes during the logarithmic phase were mainly involved in programed cell death, “de novo” IMP biosynthesis, IMP metabolism/biosynthesis, and purine ribonucleoside monophosphate metabolism/biosynthesis (Figure 7D). Regarding the downregulated genes during the stationary phase, these DEGs were enriched in diaminopimelate biosynthetic processes, isopentenyl diphosphate/biosynthetic and metabolic process, ATP biosynthesis, and cation channel activity (Figure 7E).
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FIGURE 7. GO enrichment analysis of DEGs. GO analysis divided DEGs of the logarithmic phase (A) and stationary phase (B) into three functional groups: biological processes, molecular function, and cellular component. GO enrichment significance items of upregulated (C) and downregulated genes (D) during the logarithmic phase, and downregulated genes during the stationary phase (E). DEGs, differentially expressed genes; GO, gene ontology.




qPCR Verification

We performed qPCR to verify our bioinformatic data against 22 genes and three antimicrobial agents (linezolid, vancomycin, and ciprofloxacin). The three antimicrobials were added into the medium at sub-MIC levels during the logarithmic and stationary growth phases of the ST1792 MIC and sub-MIC for strain ST1792 are shown in Table 4. Cell samples were collected after 3 h of treatment. The qPCR data showing transcriptional changes (Figure 8) confirm our bioinformatics data. Upon exposure to antimicrobial drugs, S. aureus significantly upregulates the expression of fnbB, sbi, fnbA, mntA, and mntB, and downregulates the expression of purL, purQ, dapD, and asd during the logarithmic phase (Figure 8A). While sbi, tcaR, mntA, mntB, and copA were significantly upregulated, dapD, ilvB, and asd were downregulated during the stationary phase (Figure 8B).


TABLE 4. Minimum inhibitory concentration (MIC) and sub-MIC for strain ST1792.
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FIGURE 8. The qPCR data of antimicrobials treated ST1792. The gyrB normalized transcription of ST1792 during logarithmic phase (A) and stationary phase (B). Statistical significance was calculated using ANOVA with Dunnett multiple column comparisons. *p < 0.05; **p < 0.01; ***p < 0.001 vs. non-treated control.




qPCR Data for Virulence and Metabolism Adaptive Changes in Staphylococcus aureus Biofilms

To further investigate the adaptive transcriptional changes in S. aureus biofilms when exposed to antimicrobials, we used qPCR to measure the 22 selected genes identified in the microarray datasets. The following genes were found to be upregulated: potA, potB, sbi, fnbA, mntA, mntB, vraR, vraS, copA, fnbB, efb, asd, and tcaR. In comparison, the following were downregulated: purl, dapA, purQ, isaA, ilvB, and dtd. Moreover, potA, potB, sbi, mntA, and mntB were significantly upregulated when exposed to linezolid, ciprofloxacin, and vancomycin, whereas dapA was downregulated. Ciprofloxacin and vancomycin increased fnbA, copA, and vraS expression, but decreased isaA expression. In addition, the expression of vraR increased in response to vancomycin and linezolid. For purQ, and ilvB expression, downregulation was observed after exposure to linezolid and ciprofloxacin, which also resulted in an increase in the tcaR expression. Downregulated purL and dtd were only identified in linezolid treated cells while fnbB, efb, and asd were upregulated following ciprofloxacin treatment (Figure 9).
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FIGURE 9. The qPCR data of antimicrobials treated ST1792. The gyrB normalized transcription after biofilm formation. Statistical significance was calculated using ANOVA with Dunnett multiple column comparisons. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. non-treated control.





DISCUSSION

Biofilm formation of S. aureus is the major cause of IAIs. Antimicrobial drugs are effective treatments against S. aureus infections (Hodille et al., 2017), with high doses being able to eliminate bacteria. However, adaptive changes may occur in S. aureus due to extreme selection pressure, which can result in antimicrobial resistance. Our study of the adaptive transcriptomic changes in S. aureus biofilm formation, virulence, and metabolism following exposure to different antimicrobial agents, especially in the common transcriptional features, is required to improve our understanding of the molecular mechanisms behind proliferation and antimicrobial resistance of S. aureus. This has clinical significance for the prevention of S. aureus-induced IAIs.

Using a combination of publicly available bioinformatic data and qPCR experiments, we found that mntA-C and sbi were significantly upregulated in the logarithmic phase, stationary phase, and during biofilm formation. Interestingly, mntA-C encodes genes involved in the manganese transport system ATP-binding proteins. Previous studies have shown that manganese plays an important role in activating or stimulating enzymes involved in stress responses, central carbon, and general metabolism in Streptococcus pneumoniae (Ogunniyi et al., 2010). For S. aureus, MntABC is essential for maintaining resistance to oxidative stress and superoxide dismutase (SOD) activity (Handke et al., 2018). A lack of manganese ions can cause disorders in metabolic processes and increase vulnerability to the host defense system (Radin et al., 2018). In this study, we found that following treatment with different antimicrobials, S. aureus specifically upregulated mntA-C expression. This demonstrates the importance of manganese in antibiotic stress responses and in the stability of the metabolic process.

The sbi gene encodes the IgG-binding protein Sbi, which plays an important role in the inhibition of both the innate and adaptive immune responses. Sbi possesses two N-terminal domains that bind the Fc region of IgG and two domains that form a tripartite complex with complement factors C3b and CFH. By recruiting CFH and C3b (Koch et al., 2012), the secreted form of Sbi acts as a potent complement inhibitor of alternative pathway-mediated lysis (Haupt et al., 2008). The increased transcriptional expression of sbi may be related to the immune evasion of S. aureus under antimicrobial selection pressure.

We also identified downregulation of opp-3D, opp-4C, opp-3A, cspB, and dapA in both logarithmic and stationary growth phases. Further, opp-3D, opp-4C, and opp-3A produce the oligopeptide transport system ATP-binding proteins. Decreased transcriptional expression of the oligopeptide transport system may be associated with the defense of exogenous proteins. Dihydrodipicolinate synthase, the product of dapA, is an essential enzyme involved in the lysine biosynthesis pathway (Girish et al., 2008). Cold shock protein B (CspB), encoded by cspB, responds to cold stress (Catalan-Moreno et al., 2021). A recent study revealed the production of S. aureus CspB and CspC is controlled by two paralogous RNA thermoswitches which repress CspB and CspC production at 37°C (Catalan-Moreno et al., 2021). Upon exposure to high temperature, the downregulated cspB in S. aureus may decrease susceptibility to daptomycin, gentamicin, and trimethoprim-sulfamethoxazole (TMS) (Duval et al., 2010). These down-regulated genes may play a crucial role in antimicrobials resistance.

During the logarithmic growth phase, S. aureus significantly upregulated the potA-D gene, which encodes spermidine/putrescine import ATP-binding proteins. We consider this to be an antimicrobial-induced adaptive transcriptional change in S. aureus. Spermidine and putrescine are polyamines and are thought to help stabilize some membranes and nucleic acid structures (Kwon and Lu, 2007). However, for S. aureus, polyamines are not only irrelevant but are detrimental (Li et al., 2019). S. aureus has lost most polyamine biosynthetic genes to overcome the toxicity of high levels of polyamines (Yao and Lu, 2014). The mechanisms behind some antimicrobials, such as clindamycin, erythromycin, and linezolid, involve disruption of protein synthesis. The observed upregulation of PotA-D may increase spermidine/putrescine levels in S. aureus to promote stability during protein synthesis. We found that potA-D was also upregulated in the biofilm stage. The increased transcriptional expression of trmD is associated with tRNA modification which is also an important adaptive change that stabilizes protein synthesis (Zhang et al., 2017).

lrgA and lrgB are involved in the negative control of murein hydrolase activity and autolysis (Groicher et al., 2000). Therefore, decreased expression of lrgA and lrgB can increase murein hydrolase activity. During the stationary phase of S. aureus, reduced expression of LrgA and LrgB enhance penicillin-induced killing of cells (Groicher et al., 2000), which is disadvantageous for S. aureus survival. However, here we observed downregulation of lrgA and lrgB during the logarithmic phase, a time in which lrgAB expression was shown to be minimal (Groicher et al., 2000). It is well established that peptidoglycan hydrolases are necessary to cleave the septum to allow the separation of daughter cells (Vollmer et al., 2008). Previous research has shown that a specific lrgAB mutant is capable of increasing levels of eDNA in the biofilm matrix, resulting in a more adherent biofilm (Sharma-Kuinkel et al., 2009). Therefore, decreased expression of lrgA and lrgB could be beneficial to the proliferation of S. aureus and biofilm formation during the logarithmic phase. In addition, we observed increased expression of adhesion genes efb, fnbA, and fnbB, which may also promote biofilm formation in S. aureus (Foster et al., 2020).

Genes involved in purine metabolism (purl, purH, purK, purQ, purD, purF, purM, purE, purS, and purN) were downregulated, while those involved in pyrimidine metabolism (pyrB, pyrR, pyrE, pyrP, carA, pyrG, pyrC, and pyrF) were upregulated in the logarithmic phase. Inactivation of the S. aureus purine biosynthesis repressor leads to hypervirulence (Goncheva et al., 2019). Downregulated purine metabolism leads to reduced virulence which may be a mechanism of survival for S. aureus. Pyrimidine synthesis was significantly upregulated following antimicrobials treatment, which enhanced the resistance of S. aureus to reactive oxygen species (Buvelot et al., 2021). During the stationary growth phase, the expression of genes involved in amino acid biosynthesis, ATP biosynthesis (atpC, atpD, atpG), and DNA replication (dnaB, dnaC) were downregulated. These transcriptional changes may be associated with bacterial dormancy and may lead to persisters, a phenotypic transformation that generates bacteria with reduced sensitivity to antibiotics (Conlon et al., 2016). According to our qPCR data (Figure 9) of the biofilm stage, the transcriptomic changes seem to be more significant than in the logarithmic and stationary phases. In the biofilm stage, S. aureus upregulated genes involved in the polyamine transport system, manganese transport system, and adhesion genes which can stabilize protein synthesis, and metabolic processes, and reinforce the biofilm structure. These adaptive transcriptional expressions may be associated with biofilm resistance to antimicrobials.

S. aureus utilizes many survival strategies, either by defending against external stress or adapting to environmental conditions. S. aureus can survive the host immune response owing to the expression of a wide range of virulence factors that interfere with the host immune defenses (Watkins and Unnikrishnan, 2020). Biofilm formation can enhance resistance toward antimicrobials as well as resistance to immune response. In response to external pressure, actively growing S. aureus can switch lifestyle to promote biofilm formation, change its metabolism, surface properties, and produce a highly protective EPS. The biofilm includes the quasi-dormant and potentially persistent cells that are tolerant to antibiotics (Bui et al., 2017). In recent years, it has become clear that S. aureus is able to invade and survive in a range of cell types. The ability to survive intracellularly provides S. aureus with another way to evade antibiotics and immune responses during infection (Goldmann and Medina, 2018).

The DEGs identified in this study following exposure of cells to antibiotic stress have important implications for the survival of S. aureus. For example, we observed upregulation of the sbi gene, which plays a role in the inhibition of both the innate and adaptive immune responses. The expression of adhesion genes efb, fnbA, and fnbB was upregulated, which may promote S. aureus biofilm formation (Foster et al., 2020). The ATP biosynthetic process (atpC, atpD, and atpG), and DNA replication (dnaB and dnaC) were downregulated during the stationary growth phase. Recent studies have confirmed cellular ATP depletion by persister cells as a key feature and the basis for their tolerance to a range of antibiotics (Conlon et al., 2016).

The GSE70043 is the main dataset used in our study. The previous study (Mäder et al., 2016) has performed the analysis of all RNA transcripts of S. aureus under various conditions ranging from in vitro growth in different media to internalization by eukaryotic host cells, in order to identify factors regulating the transcriptome architecture of S. aureus. However, the transcriptome characteristics of S. aureus under antibiotic stress have not been explored in-depth in the previous study. Therefore, the integrated analysis of the antibiotics treated samples in the dataset was performed in our study to identify the common adaptive transcriptional changes induced by antibiotic stress.

The previous study (Mäder et al., 2016) added sub-MIC of the antimicrobials at the beginning of the cultures and collected the samples at the logarithmic growth phase as well as 4 h after entry into the stationary phase for the microarray. Our study used a different intervention way in the qPCR verification which is mentioned in the methods part. We treated the S. aureus with antimicrobials at sub-MIC for 3 h after the bacteria enter the logarithmic and stationary growth phase, respectively. Although the sub-MIC antibiotics could not inhibit the growth of S. aureus, they do impact the growth curve of bacteria (Weiss et al., 2016). The intervention method used in qPCR could reduce the influence of antibiotics on the growth curve. What’s more, the unified intervention time in the logarithmic group and stationary group could avoid bias from the antibiotics treatment time.

There are several limitations to our study. First, we focused only on the transcriptomic changes in MSSA. The adaptive transcriptional expressions of MRSA under the impact of antimicrobials are also important. We actually performed qPCR experiments to investigate the transcriptional levels of USA300 (MRSA strain), however, the expression tendency in MRSA is different from that in MSSA. This suggests that the transcriptomic changes observed in MRSA upon exposure to antimicrobial agents require further study. Second, six antimicrobials were included in this study. The impact of other antimicrobial drugs, such as rifampin and daptomycin should also be investigated. Finally, there was no microarray or sequencing data of biofilms in the study. In the future, microarrays or RNAseq of antimicrobials-treated biofilms should be performed.

In summary, under the pressure of different antimicrobials, S. aureus specifically upregulated the manganese import system gene, mntA-C, and the immune response gene, sbi, in all studied stages to enhance resistance to oxidative stress and inhibit the host immune responses. During the logarithmic phase, the adaptive transcriptomic changes of S. aureus mainly involved the stability of protein synthesis, adhesion, and biofilm formation to promote growth and survival under the pressure of antimicrobial treatment. In the stationary phase, S. aureus significantly downregulated the expression of genes involved in ATP synthesis and DNA replication, which may lead to the S. aureus dormancy and tolerance to the antimicrobials.

Herein, we provide a general map of transcriptional expression of virulence, metabolism, and biofilm formation following adaptive changes in S. aureus after exposure to different antimicrobials. These data have important clinical significance for the prevention of S. aureus infections and they provide novel therapeutic targets against S. aureus infection.



DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data can be found here: The microarray data (GSE70043 and GSE56100) are available on the GEO DataSets database (https://www.ncbi.nlm.nih.gov/geo/).



AUTHOR CONTRIBUTIONS

ZR contributed to the concept of the study and wrote the manuscript. ZR and JY contributed to the public databases research. FJ and FZ contributed to the bioinformatics analyses. JD, BW, and YZ contributed to the qPCR experiment. JT and MH collected clinical strains and performed antibiotic susceptibility testing. HS contributed to the data analysis and data interpretation. PH contributed to the study design, manuscript editing, and revision. All authors contributed to the article and approved the submission of this manuscript.



FUNDING

This study was supported by the National Natural Science Foundation of China (Grant Nos. 81974325 and 81772364), the Medical Guidance Scientific Research Support Project of Shanghai Science and Technology Commission (Grant No. 19411962600), and the Experimental Animal Study Support Project of Shanghai Science and Technology Commission (Grant No. 21140904800). This study also received funding from MicroPort Scientific Corporation and Harmony BioTech Ltd.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.825041/full#supplementary-material

Supplementary Figure 1 | Growth curve of the ST1792.

Supplementary Figure 2 | PCR verification of the qPCR primer product size and primer efficiency.

Supplementary Figure 3 | Standardization of gene expression GSE70043.

Supplementary Figure 4 | Standardization of gene expression GSE56100.

Supplementary Table 1 | Primer sequences for qPCR.



FOOTNOTES

1 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70043

2 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE56100

3 http://string-db.org

4 http://geneontology.org/



REFERENCES

Bui, L. M., Conlon, B. P., and Kidd, S. P. (2017). Antibiotic tolerance and the alternative lifestyles of Staphylococcus aureus. Essays Biochem. 61, 71–79. doi: 10.1042/EBC20160061

Buvelot, H., Roth, M., Jaquet, V., Lozkhin, A., Renzoni, A., Bonetti, E. J., et al. (2021). Hydrogen Peroxide Affects Growth of S. aureus Through Downregulation of Genes Involved in Pyrimidine Biosynthesis. Front. Immunol. 12:673985. doi: 10.3389/fimmu.2021.673985

Catalan-Moreno, A., Cela, M., Menendez-Gil, P., Irurzun, N., Caballero, C. J., Caldelari, I., et al. (2021). RNA thermoswitches modulate Staphylococcus aureus adaptation to ambient temperatures. Nucleic Acids Res. 49, 3409–3426. doi: 10.1093/nar/gkab117

Chernov, V. M., Chernova, O. A., Mouzykantov, A. A., Lopukhov, L. L., and Aminov, R. I. (2019). Omics of antimicrobials and antimicrobial resistance. Expert Opin. Drug Discov. 14, 455–468. doi: 10.1080/17460441.2019.1588880

Conlon, B. P., Rowe, S. E., Gandt, A. B., Nuxoll, A. S., Donegan, N. P., Zalis, E. A., et al. (2016). Persister formation in Staphylococcus aureus is associated with ATP depletion. Nat. Microbiol. 1:16051. doi: 10.1038/nmicrobiol.2016.51

Duval, B. D., Mathew, A., Satola, S. W., and Shafer, W. M. (2010). Altered growth, pigmentation, and antimicrobial susceptibility properties of Staphylococcus aureus due to loss of the major cold shock gene cspB. Antimicrob. Agents Chemother. 54, 2283–2290. doi: 10.1128/AAC.01786-09

Foster, C. E., Kok, M., Flores, A. R., Minard, C. G., Luna, R. A., Lamberth, L. B., et al. (2020). Adhesin genes and biofilm formation among pediatric Staphylococcus aureus isolates from implant-associated infections. PLoS One 15:e0235115. doi: 10.1371/journal.pone.0235115

Girish, T. S., Sharma, E., and Gopal, B. (2008). Structural and functional characterization of Staphylococcus aureus dihydrodipicolinate synthase. FEBS Lett. 582, 2923–2930. doi: 10.1016/j.febslet.2008.07.035

Goldmann, O., and Medina, E. (2018). Staphylococcus aureus strategies to evade the host acquired immune response. Int. J. Med. Microbiol. 308, 625–630. doi: 10.1016/j.ijmm.2017.09.013

Goncheva, M. I., Flannagan, R. S., Sterling, B. E., Laakso, H. A., Friedrich, N. C., Kaiser, J. C., et al. (2019). Stress-induced inactivation of the Staphylococcus aureus purine biosynthesis repressor leads to hypervirulence. Nat. Commun. 10:775. doi: 10.1038/s41467-019-08724-x

Groicher, K. H., Firek, B. A., Fujimoto, D. F., and Bayles, K. W. (2000). The Staphylococcus aureus lrgAB operon modulates murein hydrolase activity and penicillin tolerance. J. Bacteriol. 182, 1794–1801. doi: 10.1128/JB.182.7.1794-1801.2000

Handke, L. D., Gribenko, A. V., Timofeyeva, Y., Scully, I. L., and Anderson, A. S. (2018). MntC-Dependent Manganese Transport Is Essential for Staphylococcus aureus Oxidative Stress Resistance and Virulence. mSphere 3, e00336–18. doi: 10.1128/mSphere.00336-18

Haupt, K., Reuter, M., van den Elsen, J., Burman, J., Hälbich, S., Richter, J., et al. (2008). The Staphylococcus aureus protein Sbi acts as a complement inhibitor and forms a tripartite complex with host complement Factor H and C3b. PLoS Pathog. 4:e1000250. doi: 10.1371/journal.ppat.1000250

Herbert, S., Ziebandt, A. K., Ohlsen, K., Schäfer, T., Hecker, M., Albrecht, D., et al. (2010). Repair of global regulators in Staphylococcus aureus 8325 and comparative analysis with other clinical isolates. Infect. Immun. 78, 2877–2889. doi: 10.1128/IAI.00088-10

Hodille, E., Rose, W., Diep, B. A., Goutelle, S., Lina, G., and Dumitrescu, O. (2017). The Role of Antibiotics in Modulating Virulence in Staphylococcus aureus. Clin. Microbiol. Rev. 30, 887–917. doi: 10.1128/CMR.00120-16

Klevens, R. M., Morrison, M. A., Nadle, J., Petit, S., Gershman, K., Ray, S., et al. (2007). Invasive methicillin-resistant Staphylococcus aureus infections in the United States. JAMA 298, 1763–1771. doi: 10.1001/jama.298.15.1763

Koch, T. K., Reuter, M., Barthel, D., Böhm, S., van den Elsen, J., Kraiczy, P., et al. (2012). Staphylococcus aureus proteins Sbi and Efb recruit human plasmin to degrade complement C3 and C3b. PLoS One 7:e47638. doi: 10.1371/journal.pone.0047638

Kolde, R., Laur, S., Adler, P., and Vilo, J. (2012). Robust rank aggregation for gene list integration and meta-analysis. Bioinformatics 28, 573–580. doi: 10.1093/bioinformatics/btr709

Kwon, D. H., and Lu, C. D. (2007). Polyamine effects on antibiotic susceptibility in bacteria. Antimicrob. Agents Chemother. 51, 2070–2077. doi: 10.1128/AAC.01472-06

Lamret, F., Colin, M., Mongaret, C., Gangloff, S. C., and Reffuveille, F. (2020). Antibiotic Tolerance of Staphylococcus aureus Biofilm in Periprosthetic Joint Infections and Antibiofilm Strategies. Antibiotics 9:547. doi: 10.3390/antibiotics9090547

Li, B., Maezato, Y., Kim, S. H., Kurihara, S., Liang, J., and Michael, A. J. (2019). Polyamine-independent growth and biofilm formation, and functional spermidine/spermine N-acetyltransferases in Staphylococcus aureus and Enterococcus faecalis. Mol. Microbiol. 111, 159–175. doi: 10.1111/mmi.14145

Mäder, U., Nicolas, P., Depke, M., Pané-Farré, J., Debarbouille, M., van der Kooi-Pol, M. M., et al. (2016). Staphylococcus aureus Transcriptome Architecture: from Laboratory to Infection-Mimicking Conditions. PLoS Genet. 12:e1005962. doi: 10.1371/journal.pgen.1005962

Mirzaei, B., Babaei, R., and Valinejad, S. (2021). Staphylococcal Vaccine Antigens related to biofilm formation. Hum. Vaccines Immunother. 17, 293–303. doi: 10.1080/21645515.2020.1767449

Mirzaei, B., Moosavi, S. F., Babaei, R., Siadat, S. D., Vaziri, F., and Shahrooei, M. (2016). Purification and Evaluation of Polysaccharide Intercellular Adhesion (PIA) Antigen from Staphylococcus epidermidis. Curr. Microbiol. 73, 611–617. doi: 10.1007/s00284-016-1098-5

Mirzaei, B., Mousavi, S. F., Babaei, R., Bahonar, S., Siadat, S. D., Shafiee Ardestani, M., et al. (2019). Synthesis of conjugated PIA-rSesC and immunological evaluation against biofilm-forming Staphylococcus epidermidis. J. Med. Microbiol. 68, 791–802. doi: 10.1099/jmm.0.000910

Ogunniyi, A. D., Mahdi, L. K., Jennings, M. P., McEwan, A. G., McDevitt, C. A., Van der Hoek, M. B., et al. (2010). Central role of manganese in regulation of stress responses, physiology, and metabolism in Streptococcus pneumoniae. J. Bacteriol. 192, 4489–4497. doi: 10.1128/JB.00064-10

Proctor, R. A., von Eiff, C., Kahl, B. C., Becker, K., McNamara, P., Herrmann, M., et al. (2006). Small colony variants: a pathogenic form of bacteria that facilitates persistent and recurrent infections. Nat. Rev. Microbiol. 4, 295–305. doi: 10.1038/nrmicro1384

Radin, J. N., Zhu, J., Brazel, E. B., McDevitt, C. A., and Kehl-Fie, T. E. (2018). Synergy between Nutritional Immunity and Independent Host Defenses Contributes to the Importance of the MntABC Manganese Transporter during Staphylococcus aureus Infection. Infect. Immun. 87, e00642–18. doi: 10.1128/IAI.00642-18

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43:e47. doi: 10.1093/nar/gkv007

Sharma-Kuinkel, B. K., Mann, E. E., Ahn, J. S., Kuechenmeister, L. J., Dunman, P. M., and Bayles, K. W. (2009). The Staphylococcus aureus LytSR two-component regulatory system affects biofilm formation. J. Bacteriol. 191, 4767–4775. doi: 10.1128/JB.00348-09

Tan, J., Wang, J., Yang, C., Zhu, C., Guo, G., Tang, J., et al. (2019). Antimicrobial characteristics of Berberine against prosthetic joint infection-related Staphylococcus aureus of different multi-locus sequence types. BMC Complement. Altern. Med. 19:218. doi: 10.1186/s12906-019-2558-9

Troeman, D., Van Hout, D., and Kluytmans, J. (2019). Antimicrobial approaches in the prevention of Staphylococcus aureus infections: a review. J. Antimicrob. Chemother. 74, 281–294. doi: 10.1093/jac/dky421

Varma, G., Kummari, G., Paik, P., and Kalle, A. M. (2019). Celecoxib potentiates antibiotic uptake by altering membrane potential and permeability in Staphylococcus aureus. J. Antimicrob. Chemother. 74, 3462–3472. doi: 10.1093/jac/dkz391

Vollmer, W., Joris, B., Charlier, P., and Foster, S. (2008). Bacterial peptidoglycan (murein) hydrolases. FEMS Microbiol. Rev. 32, 259–286. doi: 10.1111/j.1574-6976.2007.00099.x

Watkins, K. E., and Unnikrishnan, M. (2020). Evasion of host defenses by intracellular Staphylococcus aureus. Adv. Appl. Microbiol. 112, 105–141. doi: 10.1016/bs.aambs.2020.05.001

Weiss, A., Broach, W. H., and Shaw, L. N. (2016). Characterizing the transcriptional adaptation of Staphylococcus aureus to stationary phase growth. Pathog. Dis. 74:ftw046. doi: 10.1093/femspd/ftw046

Yao, X., and Lu, C. D. (2014). Functional characterization of the potRABCD operon for spermine and spermidine uptake and regulation in Staphylococcus aureus. Curr. Microbiol. 69, 75–81. doi: 10.1007/s00284-014-0556-1

Yu, J., Jiang, F., Zhang, F., Hamushan, M., Du, J., Mao, Y., et al. (2021). Thermonucleases Contribute to Staphylococcus aureus Biofilm Formation in Implant-Associated Infections-A Redundant and Complementary Story. Front. Microbiol. 12:687888. doi: 10.3389/fmicb.2021.687888

Zhang, Y., Agrebi, R., Bellows, L. E., Collet, J. F., Kaever, V., and Gründling, A. (2017). Evolutionary Adaptation of the Essential tRNA Methyltransferase TrmD to the Signaling Molecule 3’,5’-cAMP in Bacteria. J. Biol. Chem. 292, 313–327. doi: 10.1074/jbc.M116.758896


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ren, Yu, Du, Zhang, Hamushan, Jiang, Zhang, Wang, Tang, Shen and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-13-825041-g006.jpg
‘ SAXN108_0647

organonitrogen fompound catabolic process

A

SAXN108 0646 hutl
hutU =

SAXN108_0562 AID38929.1

valine biosynthetic process (T
—, SAXN108_1110

AID39140.1 SAXN108_1365

.....

S
‘:{’
- . - ™
E
~~~~ .
p S
4 Y& ' \
\ B2 / \
" A - } \
. "" ¢ J
LA 3\
.0 y \
-

COpA

---‘-——'"

“‘ ’
-5"

g
,4—'

""""
“\‘-‘: :i: .......

"'-

AlID39425.1
-

)

£ > oxidative stress

) < ) = AID40825.1 -
oligopeptide transport é/é

azoR

AlD40865.1 « ‘,

\\\\\\\

AlD41423.1

DNA repllcatlon
thiamine biosynthetic process






OPS/images/fmicb-13-825041-g005.jpg
programmed cell death
IrgB
— mgrA

—

AlID41060.1
-

-

N

\ _—_ SAXN108_1752

“\:«4
inopimelate iosynthetic process

AL asd

Al sarA_
virulence __ aip4i14231

=
ssaA
glutamine metabolic pro ».= e
. SAXN108_0767 —

b

—, AID39782.1

SAXN108_1408
X taboli
de\metabolic process
polyamine transport

N
\\“\\\0 AlD38848.1

1 1=y z . - /gr/-‘:'/”j‘i\‘\"/.’k \‘Q
A \V/\ \ SAXN108_1099 . </ §/[ - -
// u:f{:ﬁ - / MW
\ Za

)

\\\

\ \/ \
-7 \
\ —
‘?A ! 2 ‘\\ T —

:_ AN i /
| A . \ g Ay
: o =)
! \ ) L 0 m— : ‘ 1 ”’/ Wi
3 - J _\_\-" N /57 K \\».:_“,\‘ N | ‘ 5
N e O S WUl
\ 1 <V = , ! AU _, trpC

=

=

tRNA modifi

joas= &
\\\\\MV% / ___AID39140.1

\\ \\%/’ 7
g \ Pyrimidingoggsplleode metaboli(: pro /////“\
“\’///ﬁ\‘\“‘tg\\“ s 9 39139.

A

V/ manganese transport
rpmE2
A

4

O
ene expression.
2 Pres\il

AlD39138.1






OPS/images/fmicb-13-825041-g004.jpg
A Logarithmic phase

(o]
|

i

. - .

3
Qo
ity

-log10(P-value)
-3
|
d

W

N
|

I | |

&

0
log2(fold change)

D Stationary phase

-log10(P-value)

0.0

0
log2(fold change)

9

* down:185
-+ stable:1808
¢ up:187

9

*  down:397
© stable:1514
* up:269

B Log phase upregulated genes C Log phase downregulated genes

clind clind RRA

143 148

E Sta phase upregulated genes F Sta phase downregulated genes

clind
clind






OPS/images/fmicb-13-825041-g003.jpg
40 -4
2 30 4
o
s
g
é 20 4
(4]
104 8 8 8
T T
lilin........
N oo o o
I ruc iog .
_ vanc.log [ ] I {
[ e ° I [ {
[ e ° : JI
75 50 25 0 05 ac . S ECH -
gene number -4.49 -3, -3.36 -3.74 -3.69 pLII"L
-4.03 -3.42 -3.17 -3.77 -3.30 purN
-3.96 -3.20 -3.00 -3.36 327 FurF
B -3.36 -3.43 -3.34 -3.41 -3.39 rgA
w0 -4.09 3.7 -2.95 -3.50 -3.28 purQ
3 -3.94 -3.22 -2.93 -3.43 -3.21 purM
-4.02 -3.06 -2.82 -3.29 -3.08 purS
-3.69 BN -2.90 -3.31 -2.90 purH
-3.60 -2.51 -2.65 -2.76 -2.76 ur
- -2.69 -2.44 -3.03 -2.96 -3.33 Ii!h1-lctE
-3.07 =N -2.50 -2.74 -2.43 pur
" -2.44 -2.19 -3.01 -3.23 -3.18 oppD
g -2.44 -2.28 -2.14 -2.51 -2.61 hmrA
8 -2.12 -2.25 -2.44 -3.14 -2.99 oppC
g -2.98 -1.99 202 -2.08 -2.09 purg
° -2.98 -2.23 -1.95 -2.44 -2.03 purkK
3 -2.36 -1.86 -3.05 -2.96 -3.06 opEA
.76 -1.90 -1.87 HTe -1.69 Irg
-1.82 -1.52 -1.79 -1.87 -2.02 lysC
104 -1.53 -1.64 -1.90 -1.74 -1.81 cs?B
-2.06 -1.82 -1.57 -1.38 -1.80 Xp -xprT
-2.05 -1.93 -1.31 -1.81 .57 roP
III 38 u -1.94 -1.26 -2.24 -2.37 -2.18 dapA
1 b 8 6 % & 3§ -1.40 -1.49 =i -1.54 -1.59
0 III --------- _40 _23 E ® 46 _50 kapz
I iinelog . -1.46 -1.57 (o8 -1.80 -1.49 ndhF
= o -2.03 -1.20 -2.30 2.4 -2.30 asd
I -1.63 w1 -1.64 =14 -1.56 serA
I fluc.log L] I -1.29 1925 -1.27 -1.4C -1.36 fadX
I ioro.og ° -1.72 -2.13 -1.20 =1.72 -1.42 pfoR
I < o . I Q é 5 “?" ¢)]
o % P o 2 = @ 0 <
gene number O O
D F mntC
mntB
40 39 mntA
242 — 949 1.81 1.93 S34
-0.07 S816
2.02 242 2.37 2.32 2.42 dps
- 2.25 2.20 2.12 S1126
0.49
g
b3
8
= 20
e
3
w- | | I
I cioosta
I ucsta
— e 18
I ancsta I { I 3
I i sta :
W % ¢
gene number = A
E 5‘ -1.66 -2.99 282 -2.21 -3.04 opp
-1.65 -3.10 =243 -2.28 -2.15 S601
-1.97 -3.42 -3.57 = RS -3.09 S548
-1.45 -3.30 -3.03 -2.58 -2.81 S8
40 248 -2 51 -2.26 -2.45 -2.37 S1131
36 36 -1.67 -4.12 -2.25 -2.47 -2.50 S25
2 -1.58 -3.39 B AT -3.10 -1.94 S1186
8 -0.94 -3.0 312 277 -2.56 S1035
¢ -1.48 -2.63 -2.07 -2.41 -2.04 gltS
£ -1.42 -2.84 -2.04 -2.02 -2.18 585
g -2.00 -2.80 -1.64 -2.71 -2.31 S138
- -1.39 -2.43 -2.28 L -1.86 IgtH
-2 .46 213 -2.69 A7 =250 1163
14 =136 -2.42 -2.15 '8 =216 ﬁnFA
12 4 -1.36 -2.63 -2.55 2102 52112 p
-1.63 2 18 -1.93 -2.16 -1.86 S153
S 555 5 -1.49 -2.11 -2.37 =2.00 -1.66 8106
II"Issa“ -1.45 -1.91 215 -2.00 -1.85 S1108
~ e 1 23l = - RN
B cprosn -1.60 -2.13 .77 2.06 -1.50 mvaD
N ucsta ° 5128 -1.87 -1.80 -1.52 -1.83 dnaC-dnaB
_ erysta ® I -1 .65 -1 .E 0 -1 .82 -1 .48 -1 .‘ 9 8843
' I -2.08 237 -1.73 -1.86 2.10 S1149
I i ta ° =5 =1.91 -1.74 -1.70 =1.75 recJ
_ vanc.sta ! .:: "E.: 4 ':, 3:; L .38 -1 .74 81 175
e -1.1€ -2.16 -2.46 =135 -1.99 thrB
100 0 ~ o A -
ol -1.14 237 -3.01 -1.38 237 S729
2 5 = 2 :
- = ® o <
(o] 3]





OPS/images/fmicb-13-825041-g009.jpg
1.01

1.01

1.01

1.12

1.01

1.00

1.00

1.00

1.00

1.02 1.49 329 77 204 =
1.00 202 122 198
1.00 1.54 236 227 ***
1.01 0.23 0.31 0.30
1.02 026 ° 025 ° 0.30
1.01 0.50 024 024 *
1.02 0.37 0.39 0.42
1.01 0.16 * 020 0.31
1.00 0.47 0.56 0.55
1.03 0.28 * 022 021
1.00 0.26 * 0.31 0.28
1.00 0.69 0.41 0.36
1.02 1.13 197 g
c)C)Q \\QQ O\Q\O A(OQC)

fnbB
efb
tcaR
mntA
mntB
COpA
vraR
vraS
purL
purQ
IsaA
dapD
ilvB
lytH
dapA
dtd
cspB

asd

10





OPS/images/fmicb-13-825041-g008.jpg
1.00 1.42 1.97 1.22
1.00 1.18 194 ° 1.52
1.00 242

1.00 261 °

1.00 146 160 "
1.00 0.68 067 0.97
1.00 0.98 0.86 0.89
1.01

1.00 160 * 285

1.01 1.15 1.18 0.96
1.00 1.00 0.88 117
1.00 1.07 0.91 1.07
1.00

1.07

1.08

1.00

1.03

1.00 1.13 0.97 1.16
1.00 0.96 0.80 0.85
1.00 0.75 0.73 0.78
1.00 1.50 0.74 0.92
& N c',\Q@ \{b‘\o

potA

potB

fnbA
fnbB
efb
tcaR
mntA
mntB
COpA
vraR
vraS
purlL
purQ
isaA
dapD
ivB
lytH
dapA

dtd

“oo

1.01

1.04

1.00

1.00

1.00

1.00

1.01

1.04

1.00

1.00

1.00

potA

potB

fnbA
fnbB
efb
tcaR
mntA
mntB
COpA
vraR
vraS
purL
purQ
isaA
dapD

ivB

| lytH

dapA

dtd






OPS/images/fmicb-13-825041-g007.jpg
valine metabolic proc [ ]
40 valine biosynthetic process < ®
threonine metabolic process [ J
Z 1 ®
@ h h boli -
@ 30 GO_category iRosophiephine il ]
3 - biological_process bonucieot ' 1
(2 ogical_p ribonucleotide biosynthetic process
O oo . cellular_component ide tri bolic p 1 @
E ribonucleoside triphosphate biosynthetic process 4 [ ]
=] . molecular_function p i I 1
- e ]
10 e ] -
1 ®
i 1 ‘
X UL lndifn , B e .
N N N ~ ANomANN N i ini i 1
o A T N R O I IS I L T RIS (ool coupesiis o ke
B ™SS ANy ‘obNQM&%WNNNNQ‘ONNNNQNN‘QNNQNQNNQQNNNQ)'OQ'O ‘O'A':H)Q)Q)%'\N$<o'\¢b'\ p t -
‘ohNN(ofolomm@vaﬂo'ﬂo NNOODND OBV NNONOIDOLLCONHBNVNNVANGLNSOCOCLOLOYFL OO i
S S S S S S S SSS SSSS SSSS S S S S S S S S SSSSS SSS S S SSSSESSSS SSSSSSSSSSSS proton channelsciy o
SN S S SSSSSSSS NSNS S SSSSSSSSSSSSSSNSSSSSSSSSSnSSSSSSSSSSSSSOSSSSS proton-transporting ATP synthase actvty, rotat ism - o
0000000000000 00000000000000000000000000000000000000000000000000 ok i 4 )
GOOVVOVVOVOVVVLVOVVVVVOVVLVVVVVVVLVLVLVLVLVVLVLVOVVLVLVLVOVOVOVLVLVLLOVVVLVVLVLVLVLVLVLVLBLLVLVLVBLLOO : )
phospholipid biosynthetic process @
GO term p ity - e
B The Most Enriched GO Terms in Sta Phase g e ; '
304 leotide bi h 1
ol 1 ®
1 o
nucleoside phosphate biosynthetic process 4 1
w 20 A ’ (o ini g i s -
8 GO_category lysine metabolic process 1 o
[} . biological ine bi 1 o
O iological_process lysine biosynthetic process O
— . . . "
g - cellular_component . y : il ,
310 - molecular_function i 1 *
Z isoleucine metabolic process @
i : ]
ion channel activity @
9y d 1 ®
I il st gt B
0 p 4 ol L @)
T T T T T T T T , T ¥ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T - .
N oy N AN N~ N N N 1
S S 8888888 88885888 58888588888 3 8888888538885 8585888 T isebs 5
SRS S o NS ES S S S o NSSSSESESSESS eSSy YERRN S S NEC TN SIS ol
S S SSSSS S S ST S S S SSSSSSSTSSSSSSSSSSSSTSSSSSSSESISS oy - ]
S SO N SO NS S S SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSnSSSSnSSSSSSSSS cellular amino ackd biosynthed 1
0000000000000 000000000000000000000000000000000000000000 cation channel activity < ®
[CRCRCRCRCRCECRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRCRORCRCRCRCRCRCRCECRCRCRCRCRCRCRCRCRCRCRORC] o ant i 4 .
GO term branched-chain amino acid metabol 1 ®
R e b 4 O
ATP synthesis coupled proton transport 1 [ ]
ATP biosynthetic process - . [ ]
" b.r i 1 ! i -
P ®© L
Fold Enrichment
(: GO Enrichment of Upregulated DEGs in Log Phase D GO Enrichment of Downregulated DEGs in Log Phase
UMP metabolic process 'l P 4
UMP biosynthetic process 4 e el " P d
tRNA processing 4 @ ribose phosphate metabolic process .
tl modification < [} ribose phosphate biosynthetic process .
tRNA methylation = ® PN ok J .
tRNA metabolic process - O ribonucleotide biosynthetic process - .
RNA processing 4 2 ib leosid hosph boli 4
RNA modification 4 B ik = |
RNA methylation = (] R e J .
RNA metabolic process 1 ‘ purine ribonucleotide biosynthetic process
ribosome . gt PR Sk J '
o d b leotid I 4 . purine nucleobase biosynthetic process 1 [ ]
pyrimid | biosynthetic p 4 . purine-containing compound metabolic process - . .
pyrimid lantid hol J ‘ programmed cell death - I -
P d 4 @ counts oxoacid metabolic process '
Py idi e leobase bi heti 1 o organophosphate metabolic process -
Py d b J p y . O 20 organophosphate biosynthetic process -
pyrimid g : 1 . organonitrogen compound biosynthetic process
. P°'YamL'“? transport - ¢ O 15 organic cyclic compound biosynthetic process
. : 1 nucleotide metabolic process .
phosphat g d O 10 S i€ | .
organophosphate metabolic process = O s I TR e J .
ol r'ogen f:ompound Slogynt etfc procone nucleoside monophosphate metabolic process 4
organic cyclic compound metabolic process 4 FDR PR A e e |
organic cyclic compound biosynthetic process - R 4o
organelle 0.05 g ic p 1 [ ]
tontid . . 0.04 nucleobase biosynthetic process 1 [ ]
o ) .. 0.03 i g } | '
nucleoside phosphate biosynthetic process . 0.02 lysine metabolic process - L ]
Se08id phosph bolic p 4 . 0.01 lysine biosynthetic process via diaminopimelate [ ]
oy phosphate bi hetic p 4 . lysine biosynthetic process - [ ]
boll - . ligase activity, forming carbon-nitrogen bonds - .
b 1 o igase activity < .
leob tabol 4 IMP metabolic process 1 .
leob g p 1 IMP biosynthetic process 4 .
CRNA processing . GMP metabolic process - L
ncRNA metabolic process - @ a i ] °
macromolecule met n ® dicarboxylic acid metabolic process < o
|f\tracellular organelle - inopimelate metabolic process °
% T diaminopimelate ntheti b °
; G ] ® novo' IMP biosynthetic process 4
v . cellular amino acid metabolic process <
geneexprecsion | cellular amino acid biosynthetic process
de novo' UMP biosynthetic process 4 . Il death .
de novo' pyrimidine nucleobase biosynthetic process - L ] S 3 SN
a4 carboxylic acid metabolic process .
cellular nitrogen compound metabolic process 4 carbon-nit | tivity, with gl A, < do-N-d i ®
cellular nitrogen compound biosynthetic process ?rtzotyd.ratf dgm{ahvg meta?ol!c bsased]
cellular aromatic compound metabolic process - s > = v i
cell adhesion - ° P y P | ®
tbohyd — ek J ‘ aspartate family amino acid biosynthetic process 4 [ ]
biological adhesion . e Iph id bol 1 !

The Most Enriched GO Terms in Log Phase

GO Enrichment of Downregulated DEGs in Sta Phase

counts

O 125
O 10.0
O s

O so
O 25
FDR
0.05
0.04
0.03
0.02
0.01
[ ]
FDR
0.04
0.03
0.02
0.01
counts

- T 2

o 1

©
Fold Enrichment

T T

©
Fold Enrichment





OPS/images/fmicb-13-825041-t001.jpg
GEO Platform Strain Sample Replicates group Treatment Stage

GSE70043 GPL20586 NCTC 8325 Fluc-log 3 Treatment Flucloxacillin Logarithmic
GSE70043 GPL20586 NCTC 8325 Fluc-sta 3 Treatment Flucloxacillin Stationary
GSE70043 GPL20586 NCTC 8325 Vanc-log 3 Treatment Vancomycin Logarithmic
GSE70043 GPL20586 NCTC 8325 Vanc-sta 3 Treatment Vancomycin Stationary
GSE70043 GPL20586 NCTC 8325 Cipro-log 3 Treatment Ciprofloxacin Logarithmic
GSE70043 GPL20586 NCTC 8325 Cipro-sta 3 Treatment Ciprofloxacin Stationary
GSE70043 GPL20586 NCTC 8325 Clind-log 3 Treatment Clindamycin Logarithmic
GSE70043 GPL20586 NCTC 8325 Clind-sta 3 Treatment Clindamycin Stationary
GSE70043 GPL20586 NCTC 8325 Ery-log 3 Treatment Erythromycin Logarithmic
GSE70043 GPL20586 NCTC 8325 Ery-sta 3 Treatment Erythromycin Stationary
GSE70043 GPL20586 NCTC 8325 Line-log 3 Treatment Linezolid Logarithmic
GSE70043 GPL20586 NCTC 8325 Line-sta 3 Treatment Linezolid Stationary
GSE70043 GPL20586 NCTC 8325 Con-log 3 Control TSB medium Logarithmic
GSE70043 GPL20586 NCTC 8325 Con-sta 3 Control TSB medium Stationary
GSE56100 GPL18450 ATCC29213 Celecoxib 2 Treatment Celecoxib Stationary
GSE56100 GPL18450 ATCC29213 Con 2 Control TSB medium Stationary

GEO, Gene Expression Omnibus; Fluc, flucloxacillin; Vanc, vancomycin, Cipro, ciprofloxacin; Clind, clindamycin; Ery, erythromycin; Line, linezolid; Log, logarithmic phase;
Sta, stationary phase.
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DEGs, differentially expressed genes.
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DEGs, differentially expressed genes.
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