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Staphylococcus aureus is one of the main pathogens isolated from diabetic foot infections (DFI). The purpose of this study was to evaluate the importance of the persistence of S. aureus in this environment and the possible modifications of the bacterial genome content over time. Molecular typing of S. aureus isolates cultured from patients with the same DFI over a 7-year study revealed a 25% rate of persistence of this species in 48 patients, with a short median persistence time of 12weeks (range: 4–52weeks). Non-specific clonal complexes were linked to this persistence. During the follow-up, bla genes were acquired in three cases, whereas some virulence markers were lost in all cases after a long period of colonization (21.5weeks). Only one patient (2%) had a long-term persistence of 48weeks. The genome sequencing of a clonal pair of early/late strains isolated in this patient showed mutations in genes encoding bacterial defence and two-component signal transduction systems. Although, this study suggests that the long-term persistence of S. aureus in DFI is a rare event, genomic evolution is observed, highlighting the low adaptive ability of S. aureus to the specific environment and stressful conditions of diabetic foot ulcers. These results provide the basis for better understanding of S. aureus dynamics during persistent colonization in chronic wounds.
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INTRODUCTION

Chronic wounds correspond to those that do not progress through the healing process in an orderly and timely manner (Frykberg and Banks, 2015). The definition of time without complete or partial healing differs across countries, ranging from 4weeks to 3months (Järbrink et al., 2016). They include diabetic foot ulcers (DFU), venous leg ulcers, and pressure ulcers. Among them, DFU are one of the main complications in diabetic patients, with a lifetime prevalence varying between 15 and 25% (Armstrong et al., 2017). These wounds are frequently infected (more than 50%) and the infection that spreads to underlying soft tissues and bone structures is responsible for numerous lower-limb amputations (Senneville et al., 2020). Moreover, the consequences of DFU in terms of mortality, morbidity, and diabetes-related hospital admissions represent an important cost for society (Lipsky et al., 2020).

Several studies have shown that diabetic foot infections (DFI) are polymicrobial (Liu et al., 2020); however, Staphylococcus aureus is the most frequently isolated pathogen (Dunyach-Remy et al., 2016), mainly in Occidental countries. This species is found either alone or in combination, regardless of the depth of the infection. Staphylococcus aureus is both a commensal bacterium and an opportunistic human pathogen. Indeed, although approximately 30% of the human population is colonized with this species (Wertheim et al., 2005), it can also cause a wide range of clinical infections (e.g., bacteremia, endocarditis, skin and soft tissue, osteoarticular, pulmonary, and device-related infections; Tong et al., 2015). The numerous virulence factors and toxins produced by S. aureus are well characterized and responsible for the different clinical situations (Serra et al., 2015). One of the main problems in the management of DFI is the misuse of antibiotics. This is particularly frequent due to the mitigated clinical signs of ulcer infection. The unnecessary antimicrobial treatment has an impact on the bacterial microbiota and contributes to the selection and emergence of multidrug-resistant bacteria. Thus, the prevalence of methicillin-resistant S. aureus (MRSA) in DFI is high (Dunyach-Remy et al., 2016). Different risk factors for MRSA acquisition have been identified including prior hospitalization, living in a chronic care facility, previous antibiotic use, and previous amputation (Tentolouris et al., 2006; Ertugrul et al., 2012).

DFU colonization/infection by S. aureus is clearly described and S. aureus is known to hide and persist in skin cells and osteoblasts, thereby contributing to wound chronicity, yet very few data are available about the persistence rate of the species in this chronic infection. Longitudinal studies on persisting S. aureus strains in this context are lacking (Huitema et al., 2020). This contrasts with other chronic infections, the most well-known being lung infections in cystic fibrosis (CF) patients. In CF, longitudinal studies showed that S. aureus isolates belonging to the same genetic lineage are repeatedly recovered, indicating chronic infection with a single strain, and revealed adaptive modifications of the species during persistence under diverse biotic and abiotic selective pressures (Branger et al., 1996; Vu-Thien et al., 2010; McAdam et al., 2011).

This prompted us to investigate S. aureus persistence and adaptive ability during DFI. Indeed, during chronic DFU infection, S. aureus is also subjected to numerous selective pressures resulting from different antibiotic regimens, the host immune system, and the environment of the wound in uncontrolled diabetic patients and the presence of multiple microorganisms with colonizing and/or infecting potential, which interact with one another (Pouget et al., 2020). Here, we determined the rate and characteristics of S. aureus persistence in DFU based on the identification of the same lineage of S. aureus during a longitudinal study of DFI, and we performed a comparative genome analysis of sequential S. aureus strains isolated in the same patient to investigate the in vivo adaptative evolution.



MATERIALS AND METHODS


Patient Samples

Patients included in this study belonged to three previous projects approved by the Sud Mediterranean III Ethical Committee [clinical trials no. NCT01212120 (period 2011–2012), NCT01551667 (period 2012–2016), and NCT02565940 (period 2015–2017)] and carried out in accordance with the Helsinki Declaration as revised in 2000. All patients gave written informed consent for participation in these studies. From 1st January 2011 to 31st December 2017, we prospectively enrolled all diabetic patients managed in the Diabetic Foot Clinic Gard Occitanie at the Nîmes University Hospital (France) with a suspected newly presenting episode of DFI, without systemic antibiotic treatment within the previous 15days and with at least one sample taken for bacterial culture. Every wound was assessed for presence and severity of infection by a trained diabetologist using the PEDIS classification of the IWGDF consensus conference (Lipsky et al., 2020). Some clinical data (antibiotic and antiseptics used) and the wound evolution (healing/non healing) were collected from the previous studies. After wound debridement, samples for bacterial culture were obtained by scraping and collecting debris by swabbing at the wound base, or by a tissue biopsy using the procedure previously described (Lipsky et al., 2020). All the samples were immediately sent to the Department of Microbiology.



Bacterial Identification

Staphylococcus aureus identification was performed using either the VITEK® 2 GP ID card or the VITEK® MS system (bioMérieux, Marcy l’Etoile, France).



Antimicrobial Susceptibility Testing

For each S. aureus isolate, antimicrobial susceptibility was determined by the disk diffusion method (BioRad, Marnes La Coquette, France) on Mueller-Hinton agar plates according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) 2020.1 The minimum inhibitory concentration (MIC) of isolates to vancomycin and teicoplanin was determined by microbroth dilution (Umic®, Biocentric, Bandol, France) over a range of dilutions (0.25–4mg/L for vancomycin and 0.25–8mg/L for teicoplanin). A cefoxitin disk was used to screen isolates for methicillin resistance. To confirm the presence/absence of mecA and mecC genes, we performed specific PCR as previously described (Sahebnasagh et al., 2014).



Oligonucleotide DNA Arrays Procedure

Microarray-based characterization was carried out on all the MRSA isolated during the study. The Alere StaphyType DNA microarray (Alere Technologies GmbH, Jena, Germany) was used according to protocols and procedures previously described (Monecke et al., 2008, 2011). The screened numerous markers simultaneously tested in 5h. The DNA microarray includes 333 S. aureus target sequences, including species markers, antimicrobial resistance, and virulence-associated genes, and SCCmec-associated genes. Primer and probe sequences have previously been published (Monecke et al., 2008, 2011). DNA was extracted from each S. aureus strain, and after amplification and hybridization, markers were identified. This assay determines the clonal complex (CC) of strains. The CC may be defined as a cluster of strains (clones) that are similar enough to be claimed to share a common origin. This group of strains is genetically related to a single ancestral clone. Raw data were interpreted as “positive,” “negative,” or “ambiguous” using a previously described algorithm (Monecke et al., 2008, 2011). The affiliation of isolates to the CC or Sequence Type (ST) as defined based on Multi Locus Sequence Typing and spa-typing was determined by an automated comparison of hybridization profiles to a collection of previously characterized reference strains (Monecke et al., 2008).



Whole-Genome Analysis and Single-Nucleotide Polymorphism Identification Procedure

Staphylococcus aureus strains (n=2, strains C1BP152 and C01P19) isolated 48weeks apart from the same patient were sequenced. The strains were grown aerobically on 5% Columbia sheep blood agar plates (Becton Dickinson, United States) at 37°C for 24h. Genomic DNA was extracted by EZ1 DNA Tissue Kit (QIAGEN, Germany). Whole Genome Sequencing (WGS) was performed with an Illumina MiSeq sequencing system (Illumina, San Diego, CA, United States) using the paired-end (PE) read libraries (PE250) prepared by Nextera XT DNA Library Prep Kit (Illumina) following the manufacturer’s protocol. Raw reads were processed using FastQC (v.0.11.7) to assess data quality. The Cutadapter tool (v.1.16) implemented in Python (v.3.5.2) was used to remove residual PCR primers and filter low quality bases (Q_score<30) and short reads (<150bp). The filtered trimmed reads were included in the downstream analysis. Obtained reads were mapped against S. aureus NCTC 8325 genome (GenBank accession number: GCA_000013425.1), employing the CLC genomics workbench 7 (Qiagen Inc., Valencia, CA), using default parameters; length fraction: 0.5, similarity fraction: 0.8. The assembled contigs were processed by Prokka software for microbial genome annotation (Seemann, 2014). Virulence factor database (VFDB)2 was used to infer virulence factor-encoding genes from genome sequences (Chen et al., 2005). Antimicrobial resistance genes were obtained from ABRIcate with the ResFinder database on assembled genomes (Zankari et al., 2012; Bortolaia et al., 2020). The two WGS were aligned using the MAFFT software (Katoh and Standley, 2013). Single nucleotide polymorphism calls were made from the PE library raw reads. For SNP analysis, we employed the following software: SNP-sites for variants calling (Page et al., 2016) and SnpEff (v.1.3T) for SNP annotation in coding regions (Cingolani et al., 2012). SNP annotations of affected genes were searched within wild-type genome and their effects were classified according to mutation impact. Genes affected by stop gain mutations were searched in Uniprot database for virulence classification. Additional analyses were performed on WGS such as circular genome representation [BLAST Ring Image Generator software (BRIG); Alikhan et al., 2011].



Statistical Analysis

Comparisons of the identification rate of the genotypes (either CC or ST) for the S. aureus isolated from DFI at inclusion and during follow-up and between the virulence genes content between clonal or non-clonally-related groups of S. aureus strains were performed using the Fisher’s exact test. Values of p<0.01 were considered as significant.




RESULTS


Studied Population

During a previous 7-year period (2011–2017), we conducted three studies on S. aureus isolated during DFI. These studies included 388 patients. Among them, 94 patients participated in the three studies (Figure 1). The patients included in the present study were those with DFI, in the same localization, without healing, and with a DFU management period >4weeks. Thus, we definitively included 48 patients.
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FIGURE 1. Flowchart of the study. *One of the two patients with the same localization of the diabetic foot infection (DFI) presented two different Staphylococcus aureus clones during follow-up.


Most of the included patients were male (34, 70.8%) with a median age of 69years (27–92) and Type 2 diabetes (44, 91.7%). All DFI were classified as Grades 3 (46, 95.8%) and 4 (2, 4.2%).

During the inclusion period, the majority of patients had two independent tissular biopsies (37, 77.1%), although others had three (9, 18.7%), four (1, 2.1%) or five (1, 2.1%) biopsies.

The follow-up of patients due to non-healing of the wound fell within three timeframes: 23 patients with a follow-up between 4 and 10weeks, 12 patients with a follow-up between 11 and 30weeks, and 13 patients with a follow-up beyond 30weeks.



Comparative Genetic Diversity of Staphylococcus aureus Populations at Inclusion and During Patient Follow-Up

A total of 110 strains were analyzed, 48 isolated at inclusion and 62 isolated during the follow-up period. A great genetic diversity was observed among the 48 S. aureus strains isolated from DFI at patient inclusion, as the isolates belonged to 15 distinct genotypes. The 62 S. aureus strains isolated during patient follow-up also belonged to 15 genotypes, of which nine had been previously identified. Six genotypes were identified for strains isolated at patient inclusion only and six other genotypes were identified for strains isolated during patient follow-up only (Table 1; Supplementary Table S1).



TABLE 1. Clonal complexes and ST of the Staphylococcus aureus isolated from DFI at different periods of patient management.
[image: Table1]

At inclusion, ST30 represented the main genotype identified (n=9) followed by ST45 (n=8) and CC5 (n=6). The MRSA clones were rarely identified (7, 14.6%) belonging to the Lyon clone (CC8-MRSA-IV; n=5), the CC5-MRSA-IV clone (n=1), and the ST59-MRSA-V clone (n=1).

During the follow-up of the DFI, ST398 and the Lyon clone were mainly detected (10, 16.1% and 9, 14.5%, respectively), followed by ST45 and ST15 (7, 11.3% both; Table 1; Supplementary Table S1). No statistical difference in the repartition of S. aureus clones was noted between the two periods except for the ST30-MSSA clone that was significantly less detected during the follow-up of the DFI. The ST398-MSSA and CC22-MSSA clones were more frequently isolated during follow-up, whereas the ST72-MSSA clone was absent during the follow-up; however, these trends were not significant (p=0.23 and 0.27, respectively).



Longitudinal Evolution of S. aureus Clones

During the consecutive 7-year period of three studies performed in our diabetic foot population, about half of the patients (51.1%) had a persistent S. aureus colonization/infection of their DFU, harboring one clone (n=11, 22.9%), two clones (n=28, 58.3%), three clones (n=8, 16.7%), or four clones (n=1, 2.1%). Among these patients, only 12 (25%) presented a persistent DFU colonization by the same strain (28 strains recovered in patients 8, 11, 16, 20, 21, 23, 29, 32, 33, 41, 44, and 45; Figure 2; Supplementary Table S1). The majority concerned patients with wounds followed over a short period of time (4–10weeks; n=7/12; Figure 1). The number of patients with identical S. aureus isolated over time significantly decreased along with the increase of the follow-up period (30.4% for the 4–10-week period, 25% for the 11–30-week period, and 15% when follow-up exceeded 30weeks; p=0.089; Figures 1, 2). These persistent S. aureus belonged to seven clonal complexes (Figure 2). The ST15-MSSA (n=3), CC8-MRSA-IV (n=2), and CC25-MSSA (n=1) clones were only successively detected in the first period of the follow-up. The ST22-MSSA clone was the only genotype still identified after a long period of almost 1-year follow-up (week 4–52 in patient no. 21). Interestingly, this patient had an initial DFU with another S. aureus clone (ST30-MSSA) at inclusion that was never isolated again during the patient’s follow-up. Patient no. 20 was the only patient who presented a DFU co-colonized by two MSSA clones, the ST45-MSSA and the CC5-MSSA clones, over long periods of 27 and 23weeks, respectively.

[image: Figure 2]

FIGURE 2. Schematic representation of the periods of identification of identical Staphylococcus aureus clones isolated from patients with the DFI. ST, sequence type; CC, clonal complex. Presence of a red star corresponds to the period of wound healing.


Among the seven patients (14.5%) who harbored MRSA at inclusion, only two continued to maintain a strain of identical genotype over 5–7-week periods (patients 11 and 45, CC8-MRSA-IV; Supplementary Table S1). Among the patients with DFI due to MSSA at inclusion (n=41), seven (17%) had an MRSA clone during their follow-up: six with the Lyon clone CC8-MRSA-IV and one with the New Paediatric clone CC5-MRSA-VI. Interestingly, two of these seven patients had other samples during their follow-up and in both cases, the MRSA clone was never detected again and was replaced by the MSSA clone distinct from the initial colonizing MSSA (patients 1 and 46; Supplementary Table S1). We also noted that the median time for harboring MRSA was 4weeks (range 4–24).

A general comparison of virulence gene content detected by the DNA arrays between clonal and non-clonally related groups of S. aureus strains (same or different S. aureus strains isolated at inclusion and during the follow-up) indicated that tst and agrIII genes were significantly associated with the group of non-clonally related S. aureus (0 vs. 12 and 0 vs. 14, respectively; p<0.01; Supplementary Table S2). No other difference was detected.

Among the group of clonally-related strains, only three pairs of isolates (23%) had no difference when comparing the strains at inclusion and during the follow-up (Table 2). The majority of strains had differences in resistance genes content (9/13 pairs or trios of strains), whereas the main virulence genes were less divergent (6/13 pairs or trios of strains). Concerning resistance genes, strains isolated during the follow-up of six patients had lost genes (6/13, concerning C1BP158, C02P12, C02P14, C01P65, C01P78, and B71 isolates). However, the group of genes blaR, blaI, and blaZ, which encodes for penicillinase, was the most frequently modified and was mainly acquired by S. aureus isolates during the follow-up (three patients; C01P54, C02P12, and C04P08 isolates). Regarding virulence genes, in all the six cases showing modifications, genes were lost during the follow-up. Interestingly, three strains (C1BP147, C02P12, and C01P65) had lost the pair of genes that encodes factors associated with the mediation of immune evasion of S. aureus in humans (sak and scn).



TABLE 2. Differences in the gene content detected by the Alere StaphyType DNA microarray® between Staphylococcus aureus isolated over time from diabetic foot ulcers (DFU) in the 12 patients of the study with successively isolated strains of identical genotypes (n=28).
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Genome Sequencing of Early and Late S. aureus Isolates From DFU

To evaluate the S. aureus genome adaptation during DFI, we sequenced the genomes of the two clonally-related strains isolated after the longest period in patient 21 (C1BP152 and C01P19 isolated 48weeks apart in the same wound). The first analysis confirmed that the two isolates were closely related according to Ankrum and Hall (2017) criteria (18), belonging to ST22. The genome sizes were similar: 2,821,250bp for C1BP152 and 2,821,266bp for C01P19 (Table 3). Whole genome comparison obtained by the BRIG (Alikhan et al., 2011) is shown in Figure 3.



TABLE 3. Genomic features of Staphylococcus aureus strains isolated 48weeks apart in a patient with diabetic foot infection.
[image: Table3]

[image: Figure 3]

FIGURE 3. BLAST Ring Image Generator software (BRIG) analysis of Staphylococcus aureus genomes isolated from a same diabetic foot ulcer at a 48-week interval. Genome of C01P19 isolate was compared against the genome of C1BP152 isolate and virulence factors obtained from the virulence factor database (VFDB) analysis were annotated on the circular genome of each strain. Circular genome representation was done using BRIG (Alikhan et al., 2011). In green, the main virulence factor-encoding genes known in Staphylococcus aureus.


Variant call analysis showed the presence of SNPs within coding regions, comparing S. aureus isolates at the two time points. When evaluating SNPs in C01P19 strain, 123 divergent nucleotides were identified, and affected 5.8% of the genes (143/2468). Among these differences, 68 SNPs concerned missense and nonsense (stop gain) mutations affecting genes that were classified according to their functions (virulence factor-encoding genes/other genes).

Fourteen stop gain mutations directly affecting both virulence factor-encoding genes and other genes were identified in the genome of strain C01P19 (Table 4). However, none were detected in the main virulence genes known in S. aureus (Figure 3). In addition, no mutations were detected in antibiotic resistance genes.



TABLE 4. Genes with stop gain mutations identified by comparison of Staphylococcus aureus strains isolated 48weeks apart in DFU of patient 21.
[image: Table4]




DISCUSSION

Staphylococcus aureus represents the main pathogen isolated in DFI in Occidental countries (Dunyach-Remy et al., 2016). To date, no longitudinal study has evaluated the ability of this species to persist in DFU over long periods of time, yet the knowledge of this persistence is crucial to understand the bacterial adaptation in this specific environment. Among our patients, only 12 (25%) presented a persistent DFU colonization by a related strain during a period ≥4weeks with a median persistence of 12weeks. Only one patient presented successive S. aureus strains belonging to the same clonal lineage over time for an extended period exceeding 30weeks (patient 20). These results suggested that long-term persistence of S. aureus in DFI after initial colonization is a rare finding in DFI (2.1% of the patients in our study), a low implantation rate compared with other chronic conditions like lung colonization in CF patients (Kahl et al., 2003). We assume that the dynamics of S. aureus implantation in DFU differ from the dynamics of bacterial colonization and adaptation in the lower respiratory tract during CF due to distinct environmental conditions and infection management (Kahl et al., 2003; Vandenesch et al., 2012). Our results support that DFI caused by S. aureus is mainly recurrent due to iterative reinfection. This could be explained by the efficiency of the debridement performed in our center by a trained orthopedist and of the antibiotics. This observation is reinforced by the high diversity of S. aureus clonal lineages identified in DFI at inclusion and during the follow-up.

Among S. aureus clonal lineages in the chronic wounds of diabetic patients, MRSA was identified in 14.5% of the patients at inclusion. This observation could be explained by the inclusion criteria because only patients with a first episode of the DFU were included in our studies. MRSA persisted in wounds for short periods of time only (mean of 4weeks) and was mainly replaced by MSSA clones. More patients (9, 18.8%) had MRSA during their follow-up and one had the same CC8-MRSA-IV Lyon clone identified in three specimens sampled over a 7-week period (patient 11). This patient had a Grade 4 DFI and was hospitalized for 3weeks, possibly explaining this persistence. However, due to both their low representation and implantation rate in DFU, the potential of virulence of these MRSA strains remains contentious. Similarly, the fact that MRSA could be less adaptable to the DFU environment and/or more “sensitive” to the debridement due to a more superficial localization in the wound remains on open hypothesis.

Interestingly, the comparison of the distribution of virulence genes between clonal/persistent and non-clonally-related/sporadic strains isolated at different periods in the same patients showed a significant difference concerning tst and agrIII genes (Supplementary Table S2). The absence of the tst gene but also of other major toxinogenic factor-encoding genes (e.g., lukF/S-PV, etA, etB, edinA, and edinC) and the low prevalence of etD and edinB genes in persistent S. aureus suggests that these toxinogenic strains do not have the potential to adapt to the DFU environment. They have high virulence and invasiveness and the host immune response is more activated to eliminate these pathogens (Horn and Kielian, 2021). Recently, we also observed, in an in vitro model mimicking the DFI environment, that the strains harboring lukF/S-PV and edin genes were particularly affected by this condition (Pouget et al., 2020). A significant reduction of bacterial virulence can be observed, thus, the immune system could more easily eliminate the toxinogenic strains.

Comparative gene contents of S. aureus isolates obtained sequentially over several weeks revealed that the majority of strains (58.3%) showed no modification over time, but among the virulence factor-encoding genes that were lost in persistent isolates, two factors associated with mediation of immune evasion of S. aureus in humans (scn and sak) were lost by three strains. These factors can specifically modulate the human innate immune system, and are considered as mechanisms of S. aureus adaptation to the human host (Senghore et al., 2016). Interestingly, the median time to the loss of virulence genes was high [21.5weeks (range 9–52)]. In DFI, the intrahost adaptation is a continual process, where the decrease of virulence could be a key point to limit the host immune response and favor the chronicity of the lesions, as previously suggested (Pouget et al., 2020).

Concerning the resistant gene contents, we observed a similar evolution with four and three isolates having either loss or gain of resistance-encoding genes, respectively, and two isolates having both gain and loss of these genes (Table 2). In the cases of gene loss, qacA, tetM, and ermC were the most prevalent. These genes encode for resistance to antiseptics, tetracyclin, and macrolides, respectively. They are associated on mobile genetic elements and are easily acquired or lost by bacteria (Anitha et al., 2016). In the five patients (no. 11, 20, 32, 33, and 45) harboring these S. aureus showing evolution during DFI, none of the antibiotics or antiseptics used could explain the loss of these genes (data collected in the three previous studies and cross-referenced with the results of this study). In the cases of gene gain, the acquisition of β-lactamase-encoding genes was the most commonly observed. The prescription of amoxicillin/clavulanic acid during the management of these ulcers in patient 20 and 41 could have favored the resistance selection. Although, the blaZ gene was particularly frequent in our population and qacA present regardless of the period of the isolation of the S. aureus strains, tetM and ermC were rarely identified, but in all cases these genes were present in strains isolated at inclusion and lost in the follow-up strains, suggesting that they could be more susceptible than others to be lost during the adaptation of S. aureus to the DFU environment.

To gain insight into the adaptive ability of S. aureus in DFU, we compared the genomes of clonal S. aureus isolated from the same wound after 48weeks. No modification in the genome size was observed, suggesting that the bacterial adaptation in this hostile environment does not need the reduction of the genome, as previously observed for Escherichia coli (Lienard et al., 2021). However, some genome modifications were noted concerning important virulence factor-encoding genes. Indeed, four genes were affected by a stop codon affecting two main bacterial functions: the bacterial defense (bepA and oatA) and the two-component systems (TCS) SsrA-SsrB and VraS/VraR (ssrB and vraR). Beta-barrel assembly-enhancing protease (BepA) acts both as a chaperone and a metalloprotease. BepA maintains the integrity of the outer membrane both by promoting assembly of the outer membrane proteins (OMPs) and by degrading misfolded OMPs (Lütticke et al., 2012; Narita et al., 2013; Shahrizal et al., 2019). O-acetyltransferase (OatA) is an O-acetylating enzyme present in Gram-positive bacteria (Jones et al., 2020). O-acetylation of the peptidoglycan protects bacteria from the lytic activity of lysozyme, an enzyme integral for one pathway of innate immune response inside phagocytic cells (Bera et al., 2005). Different bacterial enzymes can modify the essential cell wall polymer peptidoglycan by O-acetylation, thus representing an important bacterial virulence factor. Moreover, S. aureus possess different members of the TCS, which is involved in the global regulation of multiple targets that determine virulence, stress tolerance, and persistence in these bacteria (Shankar et al., 2015). Among those, the TCS VraS/VraR has been shown to be involved in the control of the cell wall peptidoglycan biosynthesis. This system inhibits the host autophagic flux and delays the early stage of autophagosome formation, thereby promoting bacterial survival. It facilitates the ability of S. aureus to resist host polymorphonuclear leukocytes-mediated phagocytosis and killing, thus contributing to immune evasion (Belcheva and Golemi-Kotra, 2008). Mutations in this VraSR system are involved in increasing resistance to antibiotics (Galbusera et al., 2011; McCallum et al., 2011; Qureshi et al., 2014). Finally, SrrA/B is also a member of the TCS, which regulates a type III secretion system and is thus involved in the global regulation of staphylococcal virulence factor production. This TCS regulates different genes involved in bacterial survival under modified environmental conditions such as anaerobic condition, oxidative environment, cytochrome biosynthesis, and assembly, in biofilm formation and programmed cell death. Recently, SrrA/B has been identified to play a role in host-derived nitric oxide resistance (Yarwood et al., 2001; Tiwari et al., 2020). Altogether, these four mutations indicate that during long-term intrahost evolution, S. aureus decreased its potential to adapt to the stress environment and its ability to hijack the immune system through virulence attenuation. This could explain the low persistence of S. aureus in DFU and a “preference” of the bacteria for an intracellular life (Rasigade et al., 2016). However, we could not exclude the influence of the “environment” encountered by S. aureus in this chronic wound. If we previously highlighted that the diabetic foot medium modifies the virulence of S. aureus (Pouget et al., 2021), we also know that the competition between microorganisms in these polymicrobial infections directly impacts the invasiveness of S. aureus (Pouget et al., 2020). The importance of the bacterial adaptation could also be observed by the formation of small colony variants (Tuchscherr et al., 2020), as previously observed in isolates from CF patients (Schwerdt et al., 2018) and DFU (Cervantes-Garcia et al., 2015). All these multifactorial aspects influence the behavior of this pathogen and could explain the modulation of the S. aureus virulence. Further work on the transcriptomic profile of these persistent isolates must be developed to evaluate the regulation of the different pathways involved in this long-term evolution.

This study is the first longitudinal one in DFI; it highlights a low prevalence of long-term persisting S. aureus infection observed in 2% of the patients. This work provides the basis for the understanding of S. aureus colonization dynamics in chronic wounds.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by CPP sud Mediterranée III. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

AS and J-PL: conceptualization, resources, and project administration. MH, CD-R, AY-M, BS, AS, and J-PL: methodology. MH and AY-M: software. J-PL, MH, HM, and AS: validation. J-PL, MH, CD-R, HM, and J-PL: formal analysis. J-PL, MH, CD-R, AB-D, and AS: investigation. AB-D, SS, NC, CD-R, VM, and J-PL: data curation. AS, HM, and J-PL: writing – original draft preparation. MH, CD-R, AB-D, SS, NC, AY-M, VM, and BS: writing – review and editing. HM, AS, CD-R, BS, and J-PL: visualization. AS and J-PL: supervision. AS, BS, and J-PL: funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the CHU de Nîmes and the University Hospital of Nîmes.


ACKNOWLEDGMENTS

We thank Sarah Kabani for her editing assistance. We also thank the Nîmes University Hospital for its structural, human, and financial support through the award obtained by our team during the internal call for tenders “Thématiques phares.” The authors belong to the FHU InCh (Federation Hospitalo Universitaire Infections Chroniques, Aviesan).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.741406/full#supplementary-material



FOOTNOTES

1www.eucast.org

2http://www.mgc.ac.cn/VFs/main.htm



REFERENCES

 Alikhan, N. F., Petty, N. K., Ben Zakour, N. L., and Beatson, S. A. (2011). BLAST Ring Image Generator (BRIG): simple prokaryote genome comparisons. BMC Genomics 12:402. doi: 10.1186/1471-2164-12-402 

 Anitha, P., Anbarasu, A., and Ramaiah, S. (2016). Gene network analysis reveals the association of important functional partners involved in antibiotic resistance: a report on an important pathogenic bacterium Staphylococcus aureus. Gene 575, 253–263. doi: 10.1016/j.gene.2015.08.068 

 Ankrum, A., and Hall, B. G. (2017). Population dynamics of Staphylococcus aureus in cystic fibrosis patients to determine transmission events by use of whole-genome sequencing. J. Clin. Microbiol. 55, 2143–2152. doi: 10.1128/JCM.00164-17 

 Armstrong, D. G., Boulton, A. J. M., and Bus, S. A. (2017). Diabetic foot ulcers and their recurrence. N. Engl. J. Med. 376, 2367–2375. doi: 10.1056/NEJMra1615439 

 Belcheva, A., and Golemi-Kotra, D. (2008). A close-up view of the VraSR two-component system. A mediator of Staphylococcus aureus response to cell wall damage. J. Biol. Chem. 283, 12354–12364. doi: 10.1074/jbc.M710010200 

 Bera, A., Herbert, S., Jakob, A., Vollmer, W., and Götz, F. (2005). Why are the pathogenic staphylococci so lysozyme resistant? The peptidoglycan O-acetyltransferase OatA is the major determinant for lysozyme resistance of Staphylococcus aureus. Mol. Microbiol. 55, 778–787. doi: 10.1111/j.1365-2958.2004.04446.x 

 Bortolaia, V., Kaas, R. F., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V., et al. (2020). ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 75, 3491–3500. doi: 10.1093/jac/dkaa345 

 Branger, C., Gardye, C., and Lambert-Zechovsky, N. (1996). Persistence of Staphylococcus aureus strains among cystic fibrosis patients over extended periods of time. J. Med. Microbiol. 45, 294–301. doi: 10.1099/00222615-45-4-294 

 Cervantes-Garcia, E., García-Gonzalez, R., Reyes-Torres, A., Resendiz-Albor, A. A., and Salazar-Schettino, P. M. (2015). Staphylococcus aureus small colony variants in diabetic foot infections. Diabet. Foot Ankle 6:26431. doi: 10.3402/dfa.v6.26431 

 Chen, L., Yang, J., Yu, J., Yao, Z., Sun, L., Shen, Y., et al. (2005). VFDB: a reference database for bacterial virulence factors. Nucleic Acids Res. 33, D325–D328. doi: 10.1093/nar/gki008 

 Cingolani, P., Platts, A., Wang, L. L., Coon, M., Nguyen, T., Wang, L., et al. (2012). A program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 6, 80–92. doi: 10.4161/fly.19695 

 Dunyach-Remy, C., Ngba Essebe, C., Sotto, A., and Lavigne, J. P. (2016). Staphylococcus aureus toxins and diabetic foot ulcers: role in pathogenesis and interest in diagnosis. Toxins 8:209. doi: 10.3390/toxins8070209 

 Ertugrul, B. M., Oncul, O., Tulek, N., Willke, A., Sacar, S., Tunccan, O. G., et al. (2012). A prospective, multi-center study: factors related to the management of diabetic foot infections. Eur. J. Clin. Microbiol. Infect. Dis. 31, 2345–2352. doi: 10.1007/s10096-012-1574-1 

 Frykberg, R. G., and Banks, J. (2015). Challenges in the treatment of chronic wounds. Adv. Wound Care 4, 560–582. doi: 10.1089/wound.2015.0635 

 Galbusera, E., Renzoni, A., Andrey, D. O., Monod, A., Barras, C., Tortora, P., et al. (2011). Site-specific mutation of Staphylococcus aureus VraS reveals a crucial role for the VraR-VraS sensor in the emergence of glycopeptide resistance. Antimicrob. Agents Chemother. 55, 1008–1020. doi: 10.1128/AAC.00720-10 

 Horn, C. M., and Kielian, T. (2021). Crosstalk between Staphylococcus aureus and innate immunity: focus on immunometabolism. Front. Immunol. 11:621750. doi: 10.3389/fimmu.2020.621750 

 Huitema, L., Phillips, T., Alexeev, V., Tomic-Canic, M., Pastar, I., and Igoucheva, O. (2020). Intracellular escape strategies of Staphylococcus aureus in persistent cutaneous infections. Exp. Dermatol. doi: 10.1111/exd.14235 [Epub ahead of print]

 Järbrink, K., Ni, G., Sönnergren, H., Schmidtchen, A., Pang, C., Bajpai, R., et al. (2016). Prevalence and incidence of chronic wounds and related complications: a protocol for a systematic review. Syst. Rev. 5:152. doi: 10.1186/s13643-016-0329-y 

 Jones, C. S., Sychantha, D., Howell, P. L., and Clarke, A. J. (2020). Structural basis for the O-acetyltransferase function of the extracytoplasmic domain of OatA from Staphylococcus aureus. J. Biol. Chem. 295, 8204–8213. doi: 10.1074/jbc.RA120.013108 

 Kahl, B. C., Duebbers, A., Lubritz, G., Haeberle, J., Koch, H. G., Ritzerfeld, B., et al. (2003). Population dynamics of persistent Staphylococcus aureus isolated from the airways of cystic fibrosis patients during a 6-year prospective study. J. Clin. Microbiol. 41, 4424–4427. doi: 10.1128/JCM.41.9.4424-4427.2003 

 Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. doi: 10.1093/molbev/mst010 

 Lienard, A., Hosny, M., Jneid, J., Schuldiner, S., Cellier, N., Sotto, A., et al. (2021). Escherichia coli isolated from diabetic foot osteomyelitis: clonal diversity, resistance profile, virulence potential, and genome adaptation. Microorganisms 9:380. doi: 10.3390/microorganisms9020380 

 Lipsky, B. A., Senneville, E., Abbas, Z. G., Aragón-Sánchez, J., Diggle, M., Embil, J. M., et al. (2020). Guidelines on the diagnosis and treatment of foot infection in persons with diabetes (IWGDF 2019 update). Diabetes Metab. Res. Rev. 36:e3280. doi: 10.1002/dmrr.3280 

 Liu, C., Ponsero, A. J., Armstrong, D. G., Lipsky, B. A., and Hurwitz, B. L. (2020). The dynamic wound microbiome. BMC Med. 18:358. doi: 10.1186/s12916-020-01820-6 

 Lütticke, C., Hauske, P., Lewandroski, U., Sickmann, A., Kaiser, M., and Ehrmann, M. (2012). E. coli LoiP (YggG), a metalloprotease hydrolysing Phe-Phe bonds. Mol. BioSyst. 8, 1775–1782. doi: 10.1039/c2mb05506f 

 McAdam, P. R., Holmes, A., Templeton, K. E., and Fitzgerald, J. R. (2011). Adaptive evolution of Staphylococcus aureus during chronic endobronchial infection of a cystic fibrosis patient. PLoS One 6:e24301. doi: 10.1371/journal.pone.0024301 

 McCallum, N., Meier, P. S., Heusser, R., and Berger-Bächi, B. (2011). Mutational analyses of open reading frames within the vraSR operon and their roles in the cell wall stress response of Staphylococcus aureus. Antimicrob. Agents Chemother. 55, 1391–1402. doi: 10.1128/AAC.01213-10 

 Monecke, S., Coombs, G., Shore, A. C., Coleman, D. C., Akpaka, P., Borg, M., et al. (2011). A field guide to pandemic, epidemic and sporadic clones of methicillin-resistant Staphylococcus aureus. PLoS One 6:e17936. doi: 10.1371/journal.pone.0017936 

 Monecke, S., Slickers, P., and Ehricht, R. (2008). Assignment of Staphylococcus aureus isolates to clonal complexes based on microarray analysis and pattern recognition. FEMS Immunol. Med. Microbiol. 53, 237–251. doi: 10.1111/j.1574-695X.2008.00426.x 

 Narita, S., Masui, C., Suzuki, T., Dohmae, N., and Akiyama, Y. (2013). Protease homolog BepA (YfgC) promotes assembly and degradation of β-barrel membrane proteins in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 110, E3612–E3621. doi: 10.1073/pnas.1312012110 

 Page, A. J., Taylor, B., Delaney, A. J., Soares, J., Seemann, T., Keane, J. A., et al. (2016). SNP-sites: rapid efficient extraction of SNPs from multi-FASTA alignments. Microb. Genomics 2:e000056. doi: 10.1099/mgen.0.000056 

 Pouget, C., Dunyach-Remy, C., Pantel, A., Schuldiner, S., Sotto, A., and Lavigne, J. P. (2020). Biofilms in diabetic foot ulcers: significance and clinical relevance. Microorganisms 8:1580. doi: 10.3390/microorganisms8101580 

 Pouget, C., Gustave, C. A., Ngba-Essebe, C., Laurent, F., Lemichez, E., Tristan, A., et al. (2021). Adaptation of Staphylococcus aureus in a medium mimicking a diabetic foot environment. Toxins 13:230. doi: 10.3390/toxins13030230 

 Qureshi, N. K., Yin, S., and Boyle-Vavra, S. (2014). The role of the staphylococcal VraTSR regulatory system on vancomycin resistance and vanA operon expression in vancomycin-resistant Staphylococcus aureus. PLoS One 9:e85873. doi: 10.1371/journal.pone.0085873 

 Rasigade, J. P., Dunyach-Rémy, C., Sapin, A., Messad, N., Trouillet-Assant, S., Dupieux, C., et al. (2016). A prophage in diabetic foot ulcer – colonizing Staphylococcus aureus impairs invasiveness by limiting intracellular growth. J. Infect. Dis. 214, 1605–1608. doi: 10.1093/infdis/jiw432 

 Sahebnasagh, R., Saderi, H., and Owlia, P. (2014). The prevalence of resistance to methicillin in Staphylococcus aureus strains isolated from patients by PCR method for detection of mecA and nuc genes. Iran. J. Public Health 43, 84–92.

 Schwerdt, M., Neumann, C., Schwartbeck, B., Kampmeier, S., Herzog, S., Görlich, D., et al. (2018). Staphylococcus aureus in the airways of cystic fibrosis patients – a retrospective long-term study. Int. J. Med. Microbiol. 308, 631–639. doi: 10.1016/j.ijmm.2018.02.003 

 Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068–2069. doi: 10.1093/bioinformatics/btu153 

 Senghore, M., Bayliss, S. C., Kwambana-Adams, B. A., Foster-Nyarko, E., Manneh, J., Dione, M., et al. (2016). Transmission of Staphylococcus aureus from humans to green monkeys in the Gambia as revealed by whole-genome sequencing. Appl. Environ. Microbiol. 82, 5910–5917. doi: 10.1128/AEM.01496-16 

 Senneville, E. M., Lipsky, B. A., van Asten, S. A. V., and Peters, E. J. (2020). Diagnosing diabetic foot osteomyelitis. Diabetes Metab. Res. Rev. 36:e3250. doi: 10.1002/dmrr.3250 

 Serra, R., Grande, R., Butrico, L., Rossi, A., Settimio, U. F., Caroleo, B., et al. (2015). Chronic wound infections: the role of Pseudomonas aeruginosa and Staphylococcus aureus. Exp. Rev. Anti Infect. Ther. 13, 605–613. doi: 10.1586/14787210.2015.1023291 

 Shahrizal, M., Daimon, Y., Tanaka, Y., Hayashi, Y., Nakayama, S., Iwaki, S., et al. (2019). Structural basis for the function of the β-barrel assembly-enhancing protease BepA. J. Mol. Biol. 431, 625–635. doi: 10.1016/j.jmb.2018.11.024 

 Shankar, M., Mohapatra, S. S., Biaswas, S., and Biswas, I. (2015). Gene regulation by the LiaSR two-component system in Streptococcus mutans. PLoS One 10:e0128083. doi: 10.1371/journal.pone.0128083 

 Tentolouris, N., Petrikkos, G., Vallianou, N., Zachos, C., Daikos, G. L., Tsapogas, P., et al. (2006). Prevalence of methicillin-resistant Staphylococcus aureus in infected and uninfected diabetic foot ulcers. Clin. Microbiol. Infect. 12, 186–189. doi: 10.1111/j.1469-0691.2005.01279.x 

 Tiwari, N., López-Redondo, M., Miguel-Romero, L., Kulhankova, K., Cahill, M. P., Tran, P. M., et al. (2020). The SrrAB two-component system regulates Staphylococcus aureus pathogenicity through redox sensitive cysteines. Proc. Natl. Acad. Sci. U. S. A. 117, 10989–10999. doi: 10.1073/pnas.1921307117 

 Tong, S. Y., Davis, J. S., Eichenberger, E., Holland, T. L., and Fowler, V. G. Jr. (2015). Staphylococcus aureus infections: epidemiology, pathophysiology, clinical manifestations, and mangement. Clin. Microbiol. Rev. 28, 603–661. doi: 10.1128/CMR.00134-14 

 Tuchscherr, L., Löffler, B., and Proctor, R. A. (2020). Persistence of Staphylococcus aureus: multiple metabolomic pathways impact the expression of virulence factors in small-colony variants (SCVs). Front. Microbiol. 11:1028. doi: 10.3389/fmicb.2020.01028 

 Vandenesch, F., Lina, G., and Henry, T. (2012). Staphylococcus aureus hemolysins, bi-component leukocidins, and cytolytic peptides: a redundant arsenal of membrane-damaging virulence factors? Front. Cell. Infect. Microbiol. 2:12. doi: 10.3389/fcimb.2012.00012 

 Vu-Thien, H., Hormigos, K., Corbineau, G., Fauroux, B., Corvol, H., Moissenet, D., et al. (2010). Longitudinal survey of Staphylococcus aureus in cystic fibrosis patients using a multiple-locus variable-number of tandem-repeats analysis method. BMC Microbiol. 10:24. doi: 10.1186/1471-2180-10-24 

 Wertheim, H. F., Melles, D. C., Vos, M. C., van Leeuwen, W., van Belkum, A., Verbrugh, H. A., et al. (2005). The role of nasal carriage in Staphylococcus aureus infections. Lancet Infect. Dis. 5, 751–762. doi: 10.1016/S1473-3099(05)70295-4 

 Yarwood, J. M., McCormick, J. K., and Schlievert, P. M. (2001). Identification of a novel two-component regulatory system that acts in global regulation of virulence factors of Staphylococcus aureus. J. Bacteriol. 183, 1113–1123. doi: 10.1128/JB.183.4.1113-1123.2001 

 Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., Lund, O., et al. (2012). Identification of acquired antimicrobial resistance genes. J. Antimicrob. Chemother. 67, 2640–2644. doi: 10.1093/jac/dks261 

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 © 2021 Lavigne, Hosny, Dunyach-Remy, Boutet-Dubois, Schuldiner, Cellier, Yahiaoui-Martinez, Molle, La Scola, Marchandin and Sotto. 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-12-741406-t002.jpg
Differences in the array
results for the 333 screened

patient ST isoiation time e
designation
Resistance Virulence
genes genes
8 ciBpas Inclusion msrA- sake, sons
C1BP147 Follow-up msrA+ sak—, scn—
(10weeks)
11 CIBPI08  Inclusion merAs, merBs, -
qacA+, merR+
C1BP141 Follow-up merA+, merB+, -
(4weeks) qacA+, merR+
CIBPISS  Folow-up merh-, merB-, -
(7wesks) qacA-, merR—
16 CIBP11  Inclusion - =
CiBP185  Follow-up = =
(Bweeks)
20 CIBP139'  Inclusion telM-, blaR=,  vwbs, lukS+
blal-, blaZ~
CIBPISTT  Folow-up totM+, blaRs, VWb, IUKS+
(4weeks) blal+, blaZ+
Cotpsas Follow-up tetM+, blaR+,  vwb, IUkS—
(@7weeks)  blal+, biaZ+
CotPE™  Folow-up telM+, blaR-,  son, sake,
(@6weeks)  blal-,bbZ-  sear, sed4,
sejr, ser+,
xR
Co2P12%  Folow-up totM-, blaRs,  son-, sak-,
(69weeks)  blalr,blaZr  sea-,sed-,
sej-, sor-,
XR=
21 ciBP1s2  Folow-up - =
(4weeks)
cotpig Follow-up - -
(52weeks)
23 C1BP175  Inclusion - ‘
CiBP200  Folow-up = =
(6wesks)
20 cotpaz Inclusion blaR, blal+, -
blaZs
cozpi4 Follow-up blaR-,blal-, -
(4weeks) blaZ—
32 cotpa3 Inclusion qacA+,emCs  splE+, scn+,
sake
CotPes Follow-up qacA-,emC-  splE-, son-,
(16weeks) sak—
33 co1Ps3 Inclusion totm+ =
cotP78 Follow-up totM- -
(12weeks)
@ Co2Pi6 Inclusion blaR-,blal-,  sel+, sec+
blaZz-
Co4pos Follow-up blaR+, blal+,  sel-, sec—
@7wesks)  blaZ+
44 862 Inclusion = sejt
B116 Follow-up - soj-
(9weeks)
r 861 Inclusion emC+,qacc- -
871 Follow-up emC-, qacC+ -
(5wesks)

*Staphylococcus aureus ST45, clone 1.
*Staphylococcus aureus CCS5, clone.





OPS/images/fmicb-12-741406-t003.jpg
Strain Date of isolation (OD/MM/ ~ Genome coverage  Sequencetype  Genome size (bp) ~ GC DNA content  No. of open-reading
YYYy) (fold) (%) frame (ORFs)

C1BP152 26/06/2012 101x sT22 2,821,250 33% 2,455
CO1P19 28/06/2013 101x sT22 2,821,266 33% 2,468





OPS/images/fmicb-12-741406-g003.jpg
CO1P19

W 100 igentty
B 70% igentity
50% identity
. Virulence

C1BP152
2,821,250





OPS/images/fmicb-12-741406-t001.jpg
Genotype
(Alere
StaphyType
DNA
microarray)

ST30-MSSA
ST45-MSSA
CC5-MSSA
CC8-MRSA-V
ST15-MSSA
CC8-MSSA
ST398-MSSA
ST72-MSSA
CC25-MSSA
CC5-MRSA-V
CCO-MSSA
CC6-MSSA
ST182-MSSA
CC59-MRSA
ST59-MSSA
CC20-MSSA
ST22-MSSA
CC133-MSSA
STO7-MSSA
CC101-MSSA
CC121-MSSA

Atinclusion During follow-up P
No. of strains  No. of No.of Inclusion vs.
and patients  strains patients follow-up

(n=48) (n=62) (n=48)
9(18.8) 5(8.1) 5 008
8(16.7) 7(11.3) 6 039
6(12.5) 6(9.7) 5 054
5(10.4) 9(14.5) 8 078
483 7(11.3) 7 1
3(6.3 5(8.1) 5 1
363 10(16.1) 10 023
2(42) 0(0) 0 0.16
2(42) 348 3 1
1@1) 1(1.6) 1 1
1@1) 0(0) 0 040
1@1) 00 0 0.40
121) 0(0) 0 0.40
1@1) 0(0) 0 040
0(0) 232 2 050
11 0(0) 0 040
0() 3448 2 0.27
0(0) 1(1.6) 1 1
00 1(16) 1 1
00 1016 1 1
0 10169 1 1

MSSA, methicilin-susceptible Staphylococcus aureus; MRSA, methicilln-resistant
Staphylococcus aureus. Statistical analysis wes performed using the Fisher's exact test.
Values of p<0.01 were considered as significant (in bold). *A same patient can have DFI
with different clones during the follow-up.





OPS/images/fmicb-12-741406-t004.jpg
C1BP152 strain/CO1P19 strain

Beta-barrel assembly-enhancing protease BepA
Sensor protein S8
Transcriptional regulatory protein VraR
O-acetylransferase OatA
 Genes encoding proteins other than virulence factors
Putative lipoprotein
Argininosuccinate synthase
Lipoyl synthase
Heptaprenylglyceryl phosphate synthase
Phosphoribosylaminoimidazole-succinocarboxamide synthase
Outer membrane lipoprotein RosF
Demethylrebeccamycin-d-glucose
O-methylransferase
Ghromosome partition protein Smo
Poly(glycerol-phosphate) alpha-glucosyltransferase
Mermbrane protein YaJ






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Long-Term Intrahost Evolution of Staphylococcus aureus Among Diabetic Patients With Foot Infections



		Introduction



		Materials and Methods



		Patient Samples



		Bacterial Identification



		Antimicrobial Susceptibility Testing



		Oligonucleotide DNA Arrays Procedure



		Whole-Genome Analysis and Single-Nucleotide Polymorphism Identification Procedure



		Statistical Analysis









		Results



		Studied Population



		Comparative Genetic Diversity of Staphylococcus aureus Populations at Inclusion and During Patient Follow-Up



		Longitudinal Evolution of S. aureus Clones



		Genome Sequencing of Early and Late S. aureus Isolates From DFU









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References



















OPS/images/fmicb-12-741406-g001.jpg
Pre-Included patients

DFl with S. aureus
Study 1, n= 276 (2011-2012) NCT01212120
Study 2, n= 69 (2012-2016) NCT01551667
Study 3, n=43 (2015-2017) NCT02565840

Total n =388

1

Patients included in the 3 studies
Total n =94

1

* First episode of ulceration

* Same localization of DFI

* Absence of healing

* Length of DFI management > 4 weeks

]
Definitively included patients
N=48
3 13
DFU evolution period 4-10 weeks DFU evolution period 11-30 weeks DFU evolution period >30 weeks
N=23 N=12 N=13
I Il |
Patients infected with the same clone of S. aureus
N=12
L2 ¥ 13
Period 4-10 weeks Period 11-30 weeks Period >30 weeks
N=7 N=3 N=2*






OPS/images/fmicb-12-741406-g002.jpg
ST25 ST25

patientn's B | * weeks
CCBMRSA CCENIRSA CCoMRSA
patientn'11 AL H B x weeks
s <
patientn'1s ML B * weeks
S5 5T 623 3 £
patient w20 L[ [ | | B, veeks
o sz 22
Patient n°21 | | | weeks
smis ST
patientn'23 AL | h.4 weeks
a1 Sn
patientnzo 1 b4 weeks
< ]
Patient 32 Il x weeks
stas STas
Patient n°33 h.d weeks
stas ST
patient a1 L 0 weeks
stis By
Patient n°44 X weeks
CcommeA  CCEMSA
patientn'as L 1Bk L I weeks
0 4 10 30 52

Start of care Period of worsening evolution of the wounds





OPS/images/cover.jpg
’ frontiers
in Microbiology

Long-Term Intrahost Evolution of
Staphylococcus aureus Among
Diabetic Patients With Foot
Infections









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Microbiology





