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Coagulase-negative staphylococci (CoNS) for a long time were considered avirulent constituents of the human and warm-blooded animal microbiota. However, at present, S. epidermidis, S. haemolyticus, and S. hominis are recognized as opportunistic pathogens. Although linezolid is not registered for the treatment of CoNS infections, it is widely used off-label, promoting emergence of resistance. Bioinformatic analysis based on maximum-likelihood phylogeny and Bayesian clustering of the CoNS genomes obtained in the current study and downloaded from public databases revealed the existence of international linezolid-resistant lineages, each of which probably had a common predecessor. Linezolid-resistant S. epidermidis sequence-type (ST) 2 from Russia, France, and Germany formed a compact group of closely related genomes with a median pairwise single nucleotide polymorphism (SNP) difference of fewer than 53 SNPs, and a common ancestor of this lineage appeared in 1998 (1986–2006) before introduction of linezolid in practice. Another compact group of linezolid-resistant S. epidermidis was represented by ST22 isolates from France and Russia with a median pairwise SNP difference of 40; a common ancestor of this lineage appeared in 2011 (2008–2013). Linezolid-resistant S. hominis ST2 from Russia, Germany, and Brazil also formed a group with a high-level genome identity with median 25.5 core-SNP differences; the appearance of the common progenitor dates to 2003 (1996–2012). Linezolid-resistant S. hominis isolates from Russia demonstrated associated resistance to teicoplanin. Analysis of a midpoint-rooted phylogenetic tree of the group confirmed the genetic proximity of Russian and German isolates; Brazilian isolates were phylogenetically distant. repUS5-like plasmids harboring cfr were detected in S. hominis and S. haemolyticus.
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INTRODUCTION

Coagulase production was introduced as a criterion for the differentiation of members of genus Staphylococcus members in 1940 (Fairbrother, 1940). In contrast to the main representative of coagulase-positive staphylococci (Staphylococcus aureus), coagulase-negative staphylococci (CoNS) initially were considered avirulent constituents of the human and warm-blooded animal microbiota. However, at present, many CoNS species are recognized as opportunistic pathogens (Coates et al., 2014; Heilmann et al., 2019). The most frequent colonizers of human skin S. epidermidis, S. haemolyticus, and S. hominis are the main cause of local and bloodstream foreign body–related infections; prosthetic valve endocarditis (Otto, 2012; Becker et al., 2014); and neonatal infections, including bacteremia (Dong and Speer, 2014).

Treatment of CoNS is becoming increasingly complex due to the emergence and rapid spread of methicillin resistance (MR)—a marker of resistance to most beta-lactams (except for ceftaroline and ceftobiprol), mediated by an additional penicillin-binding protein (PBP), designated PBP2a, that has reduced affinity to beta-lactams. After its first description (Kjellander et al., 1963), prevalence of MR among CoNS causing hospital-acquired infections has continuously increased. Publications from the late 2010s confirm high percentages of MR isolates among CoNS causing bacteremia worldwide: 64.2% in the United Kingdom (Henriksen et al., 2018), 64.7% in the United States (Pfaller et al., 2019), and 91% in Iran (Pourakbari et al., 2018).

Methicillin resistance in CoNS is frequently associated with resistance to other antibiotics except for glycopeptides, which for many years were the drugs of choice in the treatment of staphylococcal infections. Over the past decades, treatment options for Gram-positive infections have expanded significantly with new glycopeptides, beta-lactams, lipopetides, glycylcyclins, and oxazolidinones (linezolid and tedizolid). Although linezolid is not registered for the treatment of CoNS infections, it was used off-label for the treatment of meningitis (Krueger et al., 2004; Kruse et al., 2006; Watanabe et al., 2013), ventriculitis (Boak et al., 2006), osteomyelitis (Nam et al., 2008) and prosthetic-joint infections (Ferry et al., 2018) caused by CoNS. However, high rates of oxazolidinone consumption or the use of long courses of therapy promotes resistance (Dortet et al., 2018; Bai et al., 2019). There are four mechanisms of oxazolidinone resistance in CoNS: methylation of 23S rRNA [plasmid-born chloramphenicol–florfenicol resistance (cfr) gene], mutations in 23S rRNA and ribosomal proteins (rpl genes), and efflux (plasmid-born optrA gene) (Long and Vester, 2012; Wang et al., 2015). Resistance due to ribosomal protection (plasmid-born poxtA gene) was recently described in enterococci (Antonelli et al., 2018). Isolates harboring the cfr gene are resistant to linezolid but susceptible to tedizolid; all other resistance mechanisms confer cross-resistance between both oxazolidinones. Oxazolidinone-resistant CoNS infections and particularly bloodstream infections are associated with poor clinical outcome: high mortality and prolonged hospital stay (Russo et al., 2015).

Recently, several outbreaks of hospital-acquired infections due to oxazolidinone-resistant CoNS were reported from the United States (Tewhey et al., 2014), Brazil (de Almeida et al., 2013), Greece (Karavasilis et al., 2015), Italy (Mendes et al., 2010), France (Dortet et al., 2018), Germany (Layer et al., 2018), China (Cai et al., 2012), and Spain (Seral et al., 2011; Rodríguez-Lucas et al., 2020).

Revealing the genetic structure of bacterial populations is necessary for the identification of their evolution and distribution. Clustering in large databases is most often done using both non-spatial and spatial Bayesian analysis of population structure (BAPS) algorithms developed by Corander et al. (2008). Bayesian evolutionary analysis by sampling trees (BEAST) is used for the estimation of the time of clade formation (or divergence times). It is used to build rooted, time-measured phylogenies inferred using strict or relaxed molecular clock models. Using the combination of BEAST and BAPS (Castillo-Ramirez et al., 2012) several genetically isolated lineages within the MRSA sequence type (ST) 239 clone and chronology of the introduction of these lineages into the specific geographical regions were identified.

In the present study, we describe linezolid-resistant S. epidermidis (LRSE), S. haemolyticus, and S. hominis recovered in several tertiary hospitals in Moscow. Methods of comparative genomics were initially used for the investigation of recovered isolates and followed by comparison with publicly available genomes of oxazolidinone-resistant CoNS. BAPS and chronogram reconstruction using BEAST were implemented to determine clusters and the time of linezolid-resistant CoNS lineage emergence. The possibilities of two scenarios of oxazolidinone resistance dissemination were evaluated: either clonal spread of resistant genetic lineages or emergence of resistance de novo.



MATERIALS AND METHODS


Bacterial Strains and Antibiotic Susceptibility

Staphylococcus epidermidis, S. hominis, and S. haemolyticus isolates (n = 47) demonstrating reduced susceptibility to linezolid were collected in 2014–2018 in six Moscow hospital laboratories and transferred to the central laboratory Pediatric Research and Clinical Centre for Infectious Diseases (PRCCID) together with record forms. Personal data of patients were not included in record forms; ethical approval for the study was not required. Control of CoNS identification was performed in the central laboratory by MALDI-TOF mass spectrometry (Microflex LT, Bruker Daltonics, Germany) following the manufacturer’s instructions. Antimicrobial susceptibilities to 22 antibiotics (Molekula, United Kingdom), including linezolid (Sigma-Aldrich, United States), tedizolid (Bayer, Germany), teicoplanin, oritavancin, telavancin, and dalbavancin (Biosynth Carbosynth, United Kingdom) were tested by broth microdilution in cation-adjusted Mueller–Hinton broth (Bio-Rad, Marnes-la-Coquette, France) and interpreted according to The European Committee on Antimicrobial Susceptibility Testing (EUCAST) (2020) recommendations (Breakpoint tables for interpretation of MICs and zone diameters, Version 10.0, 2020.1).



Population Analysis Profile

A population analysis profile (PAP) was performed according to the microdilution modification proposed in a previous study (Pfeltz et al., 2001). Four dilutions (10–1, 10–3, 10–5, and 10–7) of the initial suspension (108 CFU/mL) of each strain were prepared. Three 10-μL droplets of each dilution were plated on vancomycin-containing brain–heart infusion agar plates (0.5, 1, 1.5, 2.0, 3.0, 4.0, 6.0, 4.0, 8.0, 12.0, and 16.0 mg/mL). The inoculated plates were incubated for 48 h at 37°C. Plated droplets containing 5–50 CFU were selected for counting, and the average number of colonies per vancomycin concentration was determined. Plots showing the log10 CFU in the presence of each concentration of vancomycin were constructed. Area under curve (AUC) was calculated using the R 3.6.3 base package with trapezoidal rule. The ratio of AUC for CoNS to AUC of control hetero-resistant strain Staphylococcus aureus Mu50 under the study was calculated (AUCCoNS/AUCMu50). Isolates demonstrating AUCCoNS/AUCMu50 ≥ 0.9 were considered to be hetero-resistant.



Whole Genome Sequencing

Genomic DNA was extracted using a PureLinkTM Genomic DNA Mini Kit (InvitrogenTM, CA, United States) with preliminary lysis of the cells being done with 1 mg/mL lysostaphin (Sigma-Aldrich, United States). The Nextera XT Kit (Illumina, San Diego, CA, United States) was used for DNA library preparation followed by sample indexing and amplification according to the manufacturer’s protocol. DNA libraries were sequenced on a MiSeq instrument (Illumina, San Diego, CA, United States). Quality check data on sequencing reads is presented in Supplementary Table 1.



Genome Assembling and Annotation

Sequence reads were filtered and trimmed using the trimmomatic 0.32 (Bolger et al., 2014) under default settings for Illumina raw data. Read quality and length distribution were analyzed with FastQC 0.11.9 (Brown et al., 2017). De novo contigs were assembled with SPAdes 3.14.0 (Bankevich et al., 2012). Bowtie 2 2.3.5 (Langmead and Salzberg, 2012) and SAMtools 1.10 (Li et al., 2009) software were used for detection of SNP‘s conferred antibiotic resistance, including oxazolidinones resistance. Prediction of single nucleotide polymorphism (SNP) effects was done with SNPeff 4.3t (Cingolani et al., 2012) using filtered (minimum SNP coverage 10 and quality Phred per base > 20) and deduplicated reads after SAMtools processing. The following genomes were used as reference: S. epidermidis ATCC 12228 (NC_004461.1), S. hominis FDAARGOS_746 (NZ_CP046306.1), and S. haemolyticus ATCC 29970 (NZ_CP035291.1). Genomes were annotated with PROKKA 1.14.5 (Seemann, 2014), MLST typing, resistance, and virulence gene typing were done using MLST 2.18.02 and abricate 0.9.83 scripts, respectively.



Inclusion of Genome Data From Previous Studies

For phylogenetic reconstruction in addition to Moscow genomes, data from previous studies—outbreaks in France (Dortet et al., 2018) and the United States (Tewhey et al., 2014)—were included in the study. These data were downloaded from the NCBI Sequence Read Archive (SRA) (BioProjects PRJEB22222 and PRJNA239883, respectively), assembled, and annotated using methods listed in the previous section. Additionally, 460 genomes of S. epidermidis, 60 genomes of S. hominis, and 205 genomes of S. haemolyticus were downloaded from the NCBI GenBank using the list of genomes from the PATRIC database (update July 2019) (Wattam et al., 2017). The genomes included for phylogenetic analysis are listed in the data set (Supplementary Table 2).



Phylogenetic and Pan-Genome Analysis

Pan-genomic analysis was done with Roary 3.13.0 (Page et al., 2015), and gene content comparison was done with scoary 1.6.16 (Brynildsrud et al., 2016). Genomes of the CoNS were in silico genotyped against the PubMLST database update July 2020 (Jolley and Maiden, 2010) using MLST script 2.18.0 (see text footnote 2).

To produce a core genome alignment for phylogenetic tree reconstruction, we developed a nucmer aligner wrapper named panmap (available on4). Panmap uses nucmer 3.9.4 (Kurtz et al., 2004) to create a pairwise alignment for every genome against a reference contigs [in our case, we used the complete chromosome of S. epidermidis BPH0662 (NZ_LT571449.1), of S. hominis FDAARGOS_136 (NZ_CP014107.1), and S. haemolyticus JCSC1435 (NC_007168.1)]. Then, it uses reference contig annotations for every region—gene or intergenic—to produce counts of gapped positions. A gapped position is defined as a position in which the proportion of gaps is above some threshold. If the proportions of gapped positions in a region are higher than a second threshold, then the whole region is dropped. Otherwise, the whole region is kept. Both thresholds were set to 1%. We implemented this annotation-based region-to-region approach to keep as much information about distance between SNPs as possible as Gubbins 2.4.1 (Croucher et al., 2015)—the program that identifies potential recombination regions—uses SNP density information. Using Gubbins 2.4.1, we removed potential regions of recombination from the core genome alignment. The resulting alignment was used for phylogenetic tree reconstruction by IQ-tree 1.6.12 software with ModelFinder and ultrafast bootstraps (Nguyen et al., 2015; Kalyaanamoorthy et al., 2017; Hoang et al., 2018). The substitution model chosen by ModelFinder was TVMe + ASC + R4. The substitution model was chosen based on the ModelFinder results under default parameters. Long branches that did not contain genomes of interest were removed from the trees. The core genome alignment was clustered using BAPS with the rhierBAPS R package 1.0.1 (Cheng et al., 2013; Tonkin-Hill et al., 2018) with the expected number of populations set as 20 and maximum depth of clustering set as two. Intra- and inter-group pairwise comparison of the number of SNPs was carried out using R script pairwise_snp_differences5 (Supplementary Table 3).



Timed Phylogeny Analysis

Timed phylogeny calculation was used for the genetically closest groups of CoNS. Several genome groups were chosen: LRSE belonging to ST2 (n = 76), all (susceptible and resistance to linezolid) ST22 isolates (n = 27), and S. hominis ST2 (n = 20). BEAST 2.6.4 was used to generate a timed phylogeny (chronogram) assuming a relaxed lognormal clock and, with coalescent constant tree prior, 10 million iterations of a gamma site model with an HKY substitution model. Tree convergence was confirmed using BEAST’s Tracer 1.7.1 program (Suchard et al., 2018) using the recommended criterion (ESS > 200). TreeAnnotator was then used to identify the maximum clade credibility (MCC) tree using a 10% burn-in. The resulting tree was visualized using FigTree 1.4.4.



Annotation and Mapping of Resistance Data

Analysis of resistance-related SNPs was done for SNPs known to cause linezolid resistance: 23S rRNA (G2576T, C2534T, T2504A Escherichia coli numbering), ribosomal proteins L3 (Ala157Arg, Asp159Tyr, Met156Thr, Gly152Asp, His146Arg, Gly137Val, Leu101Val), L4 (Asn158Ser), and L2 (Val112Ile, Ile75Thr) with a potential role of oxazolidinone-resistant. mecA, cfr genes, and mutations in rpoB that conferred multidrug resistance were also mapped. The sequence of 23S rRNA was extracted using barrnap tool 0.96. Other genes were extracted with designed in the study Riddikulus script7. Genes were aligned by MAFFT 7.407 (Katoh and Standley, 2013). SNPs were extracted using Unipro UGENE software 37.0 (Okonechnikov et al., 2012). Calculation of the total number of acquired resistance genes for each genome was done with abricate 0.9.8 (see text footnote 3).

Seventeen proteins associated with decreased glycopeptide susceptibility in S. aureus (MprF, Pbp123, WalKR, GraSR, VraSRT, RpoBC, YycIH, Cmk, and MsrR) were selected for analysis, and homology proteins were extracted from S. epidermidis and S. hominis genomes. Frequency of amino acids substitution (AAS) was compared across the all-genome data set in linezolid-resistant genomes and linezolid-susceptible genomes. AAS with frequency below the threshold of 5 and 1% for S. epidermidis and S. hominis, respectively, were excluded. For possible associations between mutations and linezolid-resistance phenotype multiple correspondence analysis (MCA) was applied using factoextra R package 1.0.7.

Visualization and annotations of phylogenetic trees were done using ITOL 6.1.1 (Letunic and Bork, 2016). Plasmid structural comparison was done with Mauve 2.4.0 (Darling et al., 2004).



Accession Numbers

Genomic data have been deposited in NCBI Sequence Read Archive (SRA) and all reads are available from BioProject PRJNA384130 (SRA id: SRR5482186—SRR5482205 and SRR8427123—SRR8427149).



RESULTS


Linezolid-Resistant CoNS in Moscow Hospitals

The first two LRSE isolates were recovered at site A in 2014 and 2015 from patients with catheter-associated bloodstream infections in the intensive care unit. These isolates belonged to genetic lineage ST23. Emergence and dissemination of LRSE (ST2, ST22), linezolid-resistant S. hominis (ST2), and S. haemolyticus (ST1) were observed in several Moscow hospitals (A to F), in 2016–2018.

Different combinations of mutations in 23S rRNA and rlp3 genes and acquisition of the cfr gene mediated resistance to oxazolidinones (Table 1). To estimate the number of modified copies of 23S rRNA, we aligned sequence reads on the target fragment of the reference sequence, and in all isolates, the specific SNPs were detected in 99% of the reads without mixed alleles. These data suggest that mutations are present in all copies of 23S rRNA.


TABLE 1. Characterization of Oxazolidinone-resistant CoNS isolated in Moscow hospitals.

[image: Table 1]
All CoNS isolates demonstrated a high level of linezolid resistance (MIC ≥ 32 mg/L). The majority of isolates demonstrated tedizolid MIC ≤ 16.0 mg/L. A high level of tedizolid resistance (MIC ≥ 32 mg/L) was detected in ST22 isolates carrying double substitution in 23S rRNA. Only one S. haemolyticus isolate carrying the cfr gene as a single mechanism of resistance demonstrated susceptibility to tedizolid (MIC = 0.25 mg/L).

LRSE, belonging to ST2 and ST22, harbored mec–cassette of SCCmec III–like type with intact recombinase genes ccrA3, ccrB3, mec-complex class A, and psm-mecA regions. ST23 isolates carried SCCmec V–like type without the psm-mecA region. All S. hominis harbored intact SCCmec III with psm-mecA region. The S. haemolyticus isolate lacked SCCmec elements with only the mecA gene.

CoNS isolates under the study demonstrated high levels of associated resistance to aminoglycosides, fluoroquinolones, macrolides/lincosamides, tetracycline, co-trimoxazole, fusidic acid, rifampicin, and mupirocin but retained susceptibility to ceftaroline, tigecycline, and daptomycin. Resistance phenotypes were confirmed by the detection of corresponding genotypes (Supplementary Table 4). Isolates belonging to ST22 demonstrated susceptibility to erythromycin (despite the presence of intact macrolide resistance genes msrA and mphC) and resistance to clindamycin (L-phenotype). The phenotype is associated with T2504A point mutation (Liakopoulos et al., 2009).



Molecular Epidemiology of LRSE

Analysis of the S. epidermidis population identified a pan-genome consisting of 31,036 genes and 731 core ortholog gene clusters. Phylogenetic analysis of genomes was based on extraction of a 74,628 nt long core genome after alignment.

Bayesian analysis of population structure divided the S. epidermidis population into eight clusters (Figure 1 and Supplementary Figure 1), but LRSE genomes were found only in two of them: BAPS clusters 2 and 3 consisting mainly of mecA-positive isolates of human origin (from infected persons and carriers). S. epidermidis belonging to other clusters (1 and 4–8) were isolated from different sources: environmental samples, animals, and humans and were characterized by maximum diversity and represented by different STs.
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FIGURE 1. Maximum-likelihood phylogeny of S. epidermidis population (n = 554) with mapped data of linezolid resistance and multidrug resistance data. Background color fill is matched to BAPS clustering. LRSE isolate is marked triangles: from Russia (current study), the United States (Tewhey et al., 2014), France (Dortet et al., 2018), Germany (unpublished data, only metadata is available BioProject PRJNA314440), and Brazil (unpublished data, only metadata is available from BioProjects PRJNA419710, PRJNA419705, PRJNA419706, and PRJNA419711). Annotation from inner to outer circle: presence mecA, mutations in rpoB (rifampin resistance), linezolid resistance (mutations in 23S rRNA, rpl3, rpl4 genes and presence of cfr). Full zoom scalable view of phylogenetic tree with additional data and names of strains and description of calculated acquired resistance genes are available in Supplementary Figure 1.




BAPS Cluster 2

Bayesian analysis of population structure cluster 2 consisted mostly of ST2 (n = 260) and a minor number of other STs. Part of LRSE in the cluster forms a compact group of closely related ST2 genomes from Russia, France, and Germany, all of them harbored a mutation in the 23S rRNA gene (G2576T) and rpoB gene (Asp471Glu and Ile527Met). LRSE from France carried an additional mutation in rpl3 (Met156Thr). Part of LRSE from France and Germany harbored the cfr gene. Other LRSE were represented by distantly related ST2 and ST23 genomes from the United States, Brazil, and Germany. A pairwise SNP difference between LRSE and linezolid-susceptible ST2 isolates revealed a low level of identity with a median of 191 SNPs with lower and upper interquartile range (IQR): 181–545. LRSE of ST2 demonstrated high genomic identity with a median pairwise SNP difference of 43 SNPs with lower and upper IQR: 16–53 SNPs. A subgroup of isolates from France, Germany, and Russia demonstrated an even higher level of similarity (Supplementary Table 3). Intragroup SNP differences between genomes from the same country varied from 2 to 27 and intergroup from 44 to 52. BAPS cluster 2 also includes a group of seven highly similar ST23 isolates from the United States with a median pairwise SNP difference of 35 SNPs (IQR: 29–39).

The timed phylogeny analysis of all LRSE ST2 isolates showed that they could have emerged in the 1960s with a large confidence interval: 1915–1994 (Figure 2). A common ancestor of LRSE isolates from Russia, France, and Germany appeared in 1998 (1986–2006) before introduction of linezolid in practice. We can assume two scenarios for the appearance of LRSE in Russia: independent formation (site E) and importation (site F) from Germany. At the same time, the progenitor of the Russian isolates appeared in 2002 (1996–2008). In Brazil and the United States, LRSE isolates emerged independently in 1960–1970.
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FIGURE 2. Chronogram of LRSE ST2 (n = 76) based on core-SNP alignment and BEAST. Color of branches is matched to country of origin of LRSE: black, Germany; blue, France; green, Brazil, violet, United States; and red, Russia (sites E and F). The time of divergence is given near nodes.




BAPS Cluster 3

Bayesian analysis of population structure cluster 3 included ST5, ST2, ST22, ST23, ST186, ST7, ST16, and ST35. Two groups of LRSE were detected within this cluster. The first group included LRSE of ST22 and its single-locus variant ST186 from Russia, France, and the United States. ST22 from Russia and France carried two mutations in 23S rRNA (C2534T and T2504A), and two mutations in rpl3 (Asp159Tyr and Gly152Asp). Part of the Russian isolates carried a mutation of the rpoB gene (His481Asn). ST186 from the United States carried C2534T mutations and harbored the cfr gene. The pairwise SNP difference between LRSE and linezolid-susceptible ST22 isolates demonstrated a low level of identity with a median pairwise SNP difference of 214.5 (IQR: 204–233). LRSE from Russia and France were highly similar with a median pairwise SNP difference of 40 (IQR: 35.75–48.25). LRSE of ST186 from the United States were genetically distant from Russian and French isolates with a median pairwise SNP difference of more than 1,000 (Supplementary Table 3).

All ST22 isolates were included in BEAST analysis (Figure 3), a majority of them were LRSE, and a few were susceptible to linezolid. ST22 has a common time of origin in 1992 (1975–2000), but the LRSE sublineage widespread in France and Russia emerged in 2011 (2008–2013), and further divergence continued. Russian isolates from center A, B, and D are descended from a common ancestor with isolates from France, whose time of origin was 2011 (2009–2013). All isolates are compactly localized and have a short spreading period (which is also reflected in short branches on the chronogram), which indicates a clonal spread. Russian isolates from site E formed a separate cluster and were susceptible to rifampicin due to a wild type of rpoB.
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FIGURE 3. Chronogram of S. epidermidis ST22 (n = 25) based on core-SNP alignment and BEAST. Three linezolid-susceptible S. epidermidis from different countries were included in the analysis. LRSE ST22 from Russia (red branches) and France were included in the analysis. Title of Russian isolates is matched of site isolation. 95% CI of time appearance (blue bars) shown near the nodes.


The second group of LRSE within BAPS cluster 3 consisted of ST5 isolates from France (n = 23), and the United States (n = 2), and ST23 isolates from the United States (n = 2) and Russia (n = 2). LRSE of ST23 harbored mutations in 23S RNA (G2576T or C2534T) and rpoB (Asp471Glu and Ile527Met), and one isolate carried the cfr gene. LRSE of ST5 carried a C2534T mutation and harbored the cfr gene. LRSE of ST23 were characterized by significant heterogeneity between BAPS clusters and between all LRSE of ST23 with median pairwise SNP difference of 4,204 (IQR: 4,167–4,252) SNPs and 4,196 (IQR: 37–4,245), respectively. LRSE of ST5 from France were highly similar with a median pairwise SNP difference of 5 (IQR: 2–7) SNP. Two isolates from Russia were also similar, but four isolates from the United States of ST23 and ST5, belonging to BAPS 3 and located close to the Russian isolates, revealed a high level of heterogeneity with a median pairwise SNP difference of 7,165 (IQR: 1,955.5–7,167.5).

In two genomes from Russia (CNS243, CNS244 from site F) and one from the United States (strain DAR4891, BioProject PRJNA308322) belonging to the ST2 rare mutation in rpl3, Gly137Val was detected together with a G2576T mutation in 23S rRNA. The role of this SNP in linezolid resistance development is unknown. Mutations in rpl2 (Val112Ile and Ile75Thr) and rpl4 (Asn158Ser) were detected in LRSE and linezolid-susceptible isolates from epidemic sequence types from BAPS cluster 3.

Analysis of distribution of acquired resistance genes in the population shows that the highest mean count of determinants per genome was in genomes of BAPS clusters 2 (6.1) and 3 (5.9). The mean count of resistance genes in the LRSE subpopulation was 6.9.



Phylogenetic Analysis of S. hominis

The pan-genome of S. hominis consisted of 7,798 genes, and the core genome included 1,185 genes. Phylogenetic analysis of genomes was based on extraction of 50,332 nt long core genome after alignment. The S. hominis population formed six BAPS clusters (Figure 4). The 1–3 BAPS clusters were localized closely to the root; they included mecA-negative isolates from healthy humans, animals, insects, and environmental specimens with different new unregistered MLST allelic profiles. Comparative analysis of genomes of these clusters showed a high number of core SNPs: for the BAPS 1 cluster, the pairwise median SNP difference was 4,197 (IQR: 3,538.5–4,915), and for BAPS 3, 2,860 SNPs (IQR: 348–7,694). The pairwise median SNP difference of all BAPS clusters is presented in Supplementary Table 3.
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FIGURE 4. Maximum-likelihood phylogeny of S. hominis population (76 genomes) based on core-SNP alignment. Background color fill is matched to BAPS clustering (BAPS 1 to BAPS 6). Linezolid-resistant S. hominis isolates (LRSh reports) marked as triangles on the tree. Annotation included source of genomes, MLST, linezolid resistance markers (LR): 23S rRNA mutation G2576T, rpl3 (Phe147Ile, Val154Leu, and Met156Thr), cfr; and multidrug-resistance markers (MDR): mecA and mutations in rpoB (Asn481His, Asp354Gly); bar chart is matched to the number of acquired resistance genes from 0 to 10 genes per genome (1R gene to 10R genes). The following genes were screened (mutations were not included): aac(6′)-aph(2″), aadD, ant(6)-Ia, ant(9)-Ia, aph(3′)-III, blaZ, cat, ermC, fexA, cfr, fosB, fosD, fusB, fusC, lnu(A), lsa(B), mecA, mph(C), msr(A), str, tetK, tetL, vgaA, and vgaB.


BAPS clusters 4–6 consisted of ST1, ST2, ST18, ST29, and ST47. Isolates of BAPS cluster 6 belonged to ST2, and they demonstrated high level genome identity with median 25.5 core SNP differences (IQR: 15–92); the cluster included linezolid-resistant isolates: 16 from Russia (current study), one from Lübeck, Germany (LRKNS031 unpublished, data from BioProject PRJNA314440), and two from Brazil (unpublished, data from BioProjects PRJNA419707 and PRJNA419709). One isolate from Sweden in BAPS cluster 6 was linezolid susceptible. All isolates carried a mutation in rpoB (Asn481His). Phylogenetic analysis of a midpoint rooted tree of BAPS cluster 6 (Figure 5) revealed the genetic proximity of the Russian and German isolates; they carried identical mutations in 23S rRNA (G2603T) and rpl3 (Met156Thr, Val154Leu). Six Russian isolates carried cfr also; most of them were isolated from site F. Isolates with double mechanism resistance and isolates with only mutation in 23S rRNA shared the same core genetic background with a minimum SNP difference. Brazilian isolates were phylogenetically distant; they carried identical mutations in 23S rRNA but different mutations in rpl3 (Met156Thr, Phe147Leu). The timed phylogeny analysis (Figure 5) showed that the BAPS 6 cluster of the S. hominis ST2 appeared in 1993 (95% CI: 1982–1998). The appearance of the common progenitor of linezolid-resistant S. hominis dates to 2003 (1996–2012) soon after introduction of linezolid into clinical practice in 2001, emergence of resistance de novo looks more probable.


[image: image]

FIGURE 5. Chronogram of S. hominis ST2 (BAPS cluster 6, n = 20) based on core-SNP alignment and BEAST. The violet star marks first time isolated oxazolidinone-resistant S. hominis in Russia, red star—first isolated cfr-positive S. hominis. Sites of appearance oxazolidinone-resistant S. hominis is shown on the figure (A, C–F). In addition to Russian isolates, this cluster included (blue names of strains): isolate LRKNS031 (linezolid-resistant S. hominis from Germany, BioProject PRJNA314440), two isolates from Brazil (BioProject PRJNA419707 and BioProject PRJNA419709) and linezolid-susceptible isolate CCUG 42399 from Sweden. 95% CI of time appearance (blue bars) shown near the nodes.




Phylogenetic Analysis of S. haemolyticus

The pan-genome of S. haemolyticus consists of 13,524 genes. The population of S. haemolyticus was divided into four BAPS clusters based on the extraction of 45,692 core SNPs after alignment of 1,032 core genes (Figure 6). BAPS cluster 1 included 82.6% of available S. haemolyticus isolates that were recovered at different times from different sources and belonged to 15 different STs, the cluster demonstrated a relatively low-level genome identity with median core-SNP differences of 651 SNPs (IQR: 481–806). A majority (77%) of isolates were mecA-positive and carried an average of 6.7 resistant genes per genome. Oxazolidinone-resistant S. haemolyticus isolates from Moscow (ST1) and the United States (ST4) (Tewhey et al., 2014) belonged to BAPS cluster 1 and were genetically distant.
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FIGURE 6. Maximum-likelihood phylogeny of S. haemolyticus population (n = 207) based on core-SNP alignment. Background color fill is matched to BAPS clustering (BAPS 1 to BAPS 4). Linezolid-restant isolates (LRS reports) isolates is marked triangles: from Russia (one isolate in current study) and the United States (Tewhey et al., 2014). Annotation from inner to outer circle: presence mecA; MLST data; outer bar chart is matched to the number of acquired resistance genes (from 0 to 13 genes, specific chromosomal mutations were not included). The following genes were screened: aac(6′)-aph(2″), aadD, ant(6)-Ia, ant(9)-Ia, aph(3′)-III, blaZ, cat, dfrG, ermA, ermC, cfr, fexA, fosB, fosD, fusB, fusC, lnu(A), lsa(B), mecA, mph(C), msr(A), str, tetC, tetK, tetL, tetM, vgaA, and vgaB.




Staphylococcus haemolyticus and S. hominis Plasmids Carrying cfr Genes

One S. haemolyticus and six S. hominis isolates carried cfr-harboring plasmids of approximately 38,000 bp size (only de novo assembled contigs were studied). BLAST analysis of the plasmid sequence revealed in GenBank several similar plasmids, which formed two clusters (Supplementary Figure 2). The first cluster included plasmids from S. haemolyticus (current study, Moscow), MRSA from the United States (Mendes et al., 2008) and Ireland (Shore et al., 2016), S. cohnii from China (Chen et al., 2013), and S. epidermidis from France (Dortet et al., 2018). The analysis of core genes of these plasmids revealed differences in no more than five SNPs. The second cluster included similar plasmids from S. hominis. They differed from the first cluster in no more than 408 SNPs. Plasmids from both clusters share 90% nucleotide identity and harbored replication gene repUS5, which was included in incompatibility group 18 (Inc18). The Cfr-gene in all considered plasmids was colocated together with the fexA gene coding phenicol resistance.



Decreased Susceptibility to Glycopeptide in Linezolid-Resistant CoNS

Eight S. hominis ST2 and one S. epidermidis ST23 isolates demonstrated teicoplanin resistance with MIC = 16 mg/L. At the same time, the MIC of vancomycin was in range 1–4 mg/L (Table 2). However, the median parameter of AUCMU50/AUCCoNS with vancomycin across all isolates was 0.74 (0.38–0.98). Nine isolates demonstrated a hetero-resistant phenotype with AUCMU50/AUCCoNS range from 0.90 to 0.99 (Supplementary Table 4). Correlation between susceptibility to rifampicin (including mutations in rpoB) and PAP/AUC as well as correlation between teicoplanin and vancomycin levels of susceptibility were not found (Supplementary Figure 3C). However, a moderate positive correlation (R = 0.27, p < 0.05) was found between two parameters: AUCMU50/AUCCoNS and teicoplanin susceptibility (Figure 7). The new lipoglycopeptides (oritavancin, dalbavancin, and telavancin) demonstrated high potency with an MIC range from 0.03 to 0.125 mg/L (Table 2 and Supplementary Table 4). For S. hominis isolates, possible genetic markers associated with teicoplanin resistance were identified. These include the plasmid homolog of teicoplanin resistance–related proteins (tcaA), localized together with the cfr and fexA. However, in the cfr-positive isolate of S. haemolyticus (CNS200), this gene is also present on the plasmid, but the teicoplanin MIC level was 2 mg/L. Other mutations were also identified only in teicoplanin-resistant isolates. In particular, the Tyr75Asn mutation in the protein with unknown function with the Duf420 domain; mutation of Gly95Glu in the protein containing the DedA family protein domain; mutation (G → T) in the upstream region of DNA polymerase III subunit beta.


TABLE 2. Glycopeptide and lipoglycopeptides susceptibility and PAP analysis in linezolid-resistant coagulase-negative staphylococci.
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FIGURE 7. Linear model and confidence interval plot with PAP/AUC data and teicoplanin MICs. Each point represented by AAS in RpoB (WT—wild type).


Using genomic data of all isolates included in the study, we analyzed the possible association of linezolid-resistance in S. epidermidis and S. hominis isolates with a decrease susceptibility to glycopeptides. For this purpose, 17 amino acid sequences of homologous proteins involved in the decreased susceptibility to glycopeptides in S. aureus were analyzed. A total of 45 mutation variants were identified, including missense and frameshift mutations. Using MCA analysis, the distribution of these mutations in the proteins was not associated with the LRSE genomes (Supplementary Figure 3B). However, it was found that the following mutations: YycH (Ser379Ala), RpoB (Ser486Tyr), GraS (Asn2Asp), and GraR (Glu224Gly) are most common in LRSE (p < 0.01), then in the other groups (heat map of frequency of occurrence mutations is presented in the Supplementary Figure 3A). There were no significant differences in the prevalence of these mutations between linezolid-resistant and linezolid-susceptible S. hominis.



DISCUSSION

In 2018, the main representative of CoNS group S. epidermidis was recognized by the European Centre for Disease Prevention and Control (2018) as a public health threat. The decision was based on the results of a study (Lee et al., 2018). The authors described the international spread of three hospital-adapted, multidrug-resistant lineages of S. epidermidis. Among the multidrug-resistant S. epidermidis isolates included in the study, the 18 isolates from Germany, France, and Ireland demonstrated resistance to linezolid, 14 of them belonged to ST2, three to ST5, and one to ST23. In the current study, we examined the international spread of LRSE in more detail. We also analyzed the dissemination of linezolid-resistant lineages of other common human skin colonizers: S. hominis and S. haemolyticus.

Evaluation of pairwise core-SNP differences between isolates of the same group (intragroup comparison) or between isolates of different groups (intergroup comparison) is a powerful tool for the assessment of the level of similarity between bacteria. However, criteria for different levels of similarity or identity are not established, making it difficult to interpret the results and differentiate lineages that have independently acquired resistance to oxazolidinones from lineages originating from a common resistant precursor. In this case, additional approaches could be used, such as BAPS and BEAST, for more detailed analysis of Staphylococcus phylogenomic.

In the current study using several approaches, we uncovered the existence of three international LRSE lineages, which largely coincides with the clustering of the S. epidermidis obtained in the study (Lee et al., 2018). The first lineage was represented by ST2 BAPS cluster 2 with highly similar isolates from France, Germany, and Russia harboring identical mutations in 23S rRNA and rpoB. The SNP difference between genomes from the same country (intragroup) was less than between genomes from different countries (intergroup). The time-scaled tree analysis showed that a common ancestor for LRSE ST2 from European countries and Russia appeared in 1998 (1986–2006) before introduction of linezolid in clinical practice, which indicates a greater likelihood of independent formation of LRSE in various countries. However, possible import of isolates can be observed for isolates from site F, which are in the same clade with LRSE from Germany. After dissemination to different regions, the lineage probably continues to evolve, thus the sublineage in France acquired additional a mutation in rpl3-Met156Thr, and some isolates in Germany and France acquired cfr genes.

The second LRSE lineage included ST22 isolates from France and Russia and its single-locus variant ST186 from the United States. Two ST22 isolates from France (Dortet et al., 2018) and 20 from Russia demonstrated high levels of intra- and intergroup similarity; they have identical mutations in 23S rRNA and rpl3, which suggests the existence of a common resistant precursor that appeared in 2011 (2008–2013). Isolates of this lineage harbored a maximal number of acquired resistance genes between all studied genomes. This genetic lineage may be common not only in Russia and France. ST22 LRSE carrying the same mutations in 23S and rpl3 were reported from Greece and Turkey (Karavasilis et al., 2015; Freitas et al., 2018; Papadimitriou-Olivgeris et al., 2020). The whole genome sequencing (WGS) data in the mentioned publication are lacking, and it is impossible to evaluate the level of similarity between ST22 isolates from different sources. Seven ST186 isolates from the United States were genetically distant from the ST22 subgroup.

The third LRSE lineage included highly similar ST5 isolates from France (n = 23) and the United States (n = 2), cfr genes, and the 23S rRNA SNP at position 2,534 mediated oxazolidinone resistance in this subgroup. In this case, neither the international spread of LRSE nor the independent acquisition of the plasmid by representatives of closely related genetic lineages can be ruled out.

S. hominis is a poorly studied species among CoNS, and it is an uncommon causative agent of different opportunistic infections, including life-threatening nosocomial (d’Azevedo et al., 2008) and neonatal bacteremia’s (Chaves et al., 2005). ST16, ST23, and ST2 are major lineages associated with human infections (Zhang et al., 2013). In this study, we found emergence and spread of linezolid-resistant ST2 lineage in Russia, Germany, and Brazil. BEAST analysis revealed that time of divergence of linezolid-resistant S. hominis was 2003 (1996–2012). The greatest genetic relationship with isolates from Russia demonstrated a single isolate from Germany. Linezolid-resistant S. hominis were previously reported from Europe (Musumeci et al., 2016; Drăgulescu et al., 2018) and Brazil (de Almeida et al., 2013; Chamon et al., 2014); however, data on MLST typing and/or WGS of these isolates are lacking. Six isolates from Russia carried simultaneous mutations in genes 23S rRNA and plasmid-born cfr. This combination of resistance mechanisms was previously described only in Romania (Drăgulescu et al., 2018). It cannot be ruled out that the spread of linezolid-resistant S. hominis ST2 is underestimated.

Several linezolid-resistant S. hominis from Russia demonstrated resistance to teicoplanin while maintaining susceptibility to vancomycin. To our knowledge, only a few reports dealing with teicoplanin-resistant S. hominis are published (Cercenado et al., 1996; d’Azevedo et al., 2008). We propose that resistance is caused by mutations in hypothetical proteins with Duf420 and DedA domains. The DedA family membrane proteins are widely represented in Gram-negative and Gram-positive bacteria; however, their biological functions are unknown. In one study, it was shown that DedA protein is associated with colistin resistance in Burkholderia (Panta et al., 2019). Further studies are needed for understanding of glycopeptide-resistance mechanisms in CoNS.

Staphylococcus haemolyticus is also an opportunistic pathogen and the second most frequent CoNS isolated from human blood cultures. In the study of Cavanagh et al. (2014), the population structure based on analysis of the core-genomes of a large collection of clinical European S. haemolyticus isolates showed predominance of one single cluster of genomes. All genomes from Cavanagh’s study were included in the current work, and a majority of them were in BAPS cluster 1. This cluster included highly similar linezolid-resistant isolates from the United States (Tewhey et al., 2014) and genetically distant isolate from Russia. Linezolid-resistant S. haemolyticus were previously reported from Europe (Rodriguez-Aranda et al., 2009), China (Jian et al., 2018), and India (Brijwal et al., 2016; Mittal et al., 2019); however, data on MLST typing and\or WGS of these isolates are lacking.

A limitation of the study is the impossibility to characterize mobilomes from the short reads of the studied genomes. We were able to demonstrate that cfr harboring plasmids from S. hominis and S. haemolyticus belonged to different clusters of repUS5-like plasmids widely disseminated in the S. aureus population (Mendes et al., 2008; Chen et al., 2013; Dortet et al., 2018). Lack of epidemiological data supporting this assumption is another limitation of the study. We also have no information about the level of consumption of antibiotics, including linezolid in participating hospitals, which may indicate in favor of the local formation of resistance.

Noteworthy is the small number of available complete genomes of linezolid-resistant strains of CoNS that are not associated with the main genetic lineages. Many linezolid-resistant clones may be quickly eliminated from circulation, and only evolutionarily successful ones remain. However, likely, isolates obtained from local outbreaks were mainly included in the studies with genome-wide sequencing. Larger studies using whole genome sequencing are needed to better understand the molecular epidemiology of linezolid-resistant CoNS.



CONCLUSION

CoNS are part of the human microbiome and are frequent contaminants of implants and medical devices. The importance of CoNS in the future is likely to increase as the use of invasive technologies in medicine increases, which will require new approaches to antibiotic therapy and, possibly, wider use of oxazolidinones. At present, the global population of linezolid-resistant CoNS is represented by a limited number of homogeneous genetic lineages and a small number of unrelated isolates. The leading mechanisms of resistance are mutations in the 23S rRNA and ribosomal protein genes; resistance due to cfr production is relatively rare. The geographic dissemination of resistance to linezolid is mediated by both the spread of resistant clones (LRSE ST22) and the formation of resistance de novo in closely related lineages of (LRSE ST2 and S. hominis ST2). The rate of further dissemination of resistance in the future is likely to depend on the consumption of oxazolidinones; however, it is almost impossible to predict which of the resistance mechanisms will dominate. Whole genome sequencing should become the main tool in the surveillance of the spread of linezolid-resistant CoNS.



DATA AVAILABILITY STATEMENT

Genomic data have been deposited in NCBI Sequence Read Archive (SRA) and all reads are available from BioProject PRJNA384130 (SRA id: SRR5482186–SRR5482205 and SRR8427123–SRR8427149).



AUTHOR CONTRIBUTIONS

SS, VG, and AK conceived and designed the study. SL and DL analyzed the data. OK, MB, ND, ZG, TP, LL, and AG performed the experiments. All authors have read and agreed to the published version of the manuscript.



FUNDING

This study was supported by the Institutional grant 001-05, Pediatric Research and Clinical Center for Infectious Diseases.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.661798/full#supplementary-material

Supplementary Figure 1 | Maximum-likelihood phylogeny of S. epidermidis population based on core-SNP alignment with additional data and names of strains and description of calculated acquired resistance genes.

Supplementary Figure 2 | Structure alignment of cfr-harboring plasmids.

Supplementary Figure 3 | (A) Heat map of the distribution of AAS in proteins associated with decreased susceptibility to glycopeptides in S. epidermidis; (B) Results of MCA analysis; (C) Distribution of isolates with PAP data, genotypes, and variants of mutations in RpoB.

Supplementary Table 1 | Quality of sequence data.

Supplementary Table 2 | Genomes included in the study.

Supplementary Table 3 | Pairwise SNP differences between genomes of CoNS.

Supplementary Table 4 | Description of resistance phenotypes and genotypes of Russian linezolid resistant isolates including MICs and PAP data.


FOOTNOTES

1http://www.eucast.org

2https://github.com/tseemann/mlst

3https://github.com/tseemann/abricate

4https://github.com/sleyn/panmap

5https://github.com/MDU-PHL/pairwise_snp_differences

6https://github.com/tseemann/barrnap

7https://github.com/dariader/Riddikulus


REFERENCES

Antonelli, A., D’andrea, M. M., Brenciani, A., Galeotti, C. L., Morroni, G., Pollini, S., et al. (2018). Characterization of poxtA, a novel phenicol-oxazolidinone-tetracycline resistance gene from an MRSA of clinical origin. J. Antimicrob. Chemother. 73, 1763–1769. doi: 10.1093/jac/dky088

Bai, B., Hu, K., Zeng, J., Yao, W., Li, D., Pu, Z., et al. (2019). Linezolid consumption facilitates the development of linezolid resistance in Enterococcus faecalis in a tertiary-care hospital: a 5-year surveillance study. Microb. Drug Resist. 25, 791–798. doi: 10.1089/mdr.2018.0005

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021

Becker, K., Heilmann, C., and Peters, G. (2014). Coagulase-negative Staphylococci. Clin. Microbiol. Rev. 27, 870–926.

Boak, L. M., Li, J., Spelman, D., Du Cros, P., Nation, R. L., and Rayner, C. R. (2006). Successful treatment and cerebrospinal fluid penetration of oral linezolid in a patient with coagulase-negative Staphylococcus ventriculitis. Ann. Pharmacother. 40, 1451–1455. doi: 10.1345/aph.1h029

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Brijwal, M., Dhawan, B., Rawre, J., Sebastian, S., and Kapil, A. (2016). Clonal dissemination of linezolid-resistant Staphylococcus haemolyticus harbouring a G2576T mutation and the cfr gene in an Indian hospital. J. Med. Microbiol. 65, 698–700. doi: 10.1099/jmm.0.000279

Brown, J., Pirrung, M., and Mccue, L. A. (2017). FQC dashboard: integrates FastQC results into a web-based, interactive, and extensible FASTQ quality control tool. Bioinformatics 33, 3137–3139. doi: 10.1093/bioinformatics/btx373

Brynildsrud, O., Bohlin, J., Scheffer, L., and Eldholm, V. (2016). Rapid scoring of genes in microbial pan-genome-wide association studies with Scoary. Genome Biol. 17:238.

Cai, J. C., Hu, Y. Y., Zhang, R., Zhou, H. W., and Chen, G. X. (2012). Linezolid-resistant clinical isolates of meticillin-resistant coagulase-negative staphylococci and Enterococcus faecium from China. J. Med. Microbiol. 61, 1568–1573. doi: 10.1099/jmm.0.043729-0

Castillo-Ramirez, S., Corander, J., Marttinen, P., Aldeljawi, M., Hanage, W. P., Westh, H., et al. (2012). Phylogeographic variation in recombination rates within a global clone of methicillin-resistant Staphylococcus aureus. Genome Biol. 13:R126.

Cavanagh, J. P., Hjerde, E., Holden, M. T., Kahlke, T., Klingenberg, C., Flægstad, T., et al. (2014). Whole-genome sequencing reveals clonal expansion of multiresistant Staphylococcus haemolyticus in European hospitals. J. Antimicrob. Chemother. 69, 2920–2927. doi: 10.1093/jac/dku271

Cercenado, E., Garcia-Leoni, M. E., Diaz, M. D., Sanchez-Carrillo, C., Catalan, P., De Quiros, J. C., et al. (1996). Emergence of teicoplanin-resistant coagulase-negative staphylococci. J. Clin. Microbiol. 34, 1765–1768.

Chamon, R. C., Iorio, N. L., Cavalcante, F. S., Teodoro, C. R., De Oliveira, A. P., Maia, F., et al. (2014). Linezolid-resistant Staphylococcus haemolyticus and Staphylococcus hominis: single and double mutations at the domain V of 23S rRNA among isolates from a Rio de Janeiro hospital. Diagn. Microbiol. Infect. Dis. 80, 307–310. doi: 10.1016/j.diagmicrobio.2014.09.011

Chaves, F., Garcia-Alvarez, M., Sanz, F., Alba, C., and Otero, J. R. (2005). Nosocomial spread of a Staphylococcus hominis subsp. novobiosepticus strain causing sepsis in a neonatal intensive care unit. J. Clin. Microbiol. 43, 4877–4879. doi: 10.1128/jcm.43.9.4877-4879.2005

Chen, H., Wu, W., Ni, M., Liu, Y., Zhang, J., Xia, F., et al. (2013). Linezolid-resistant clinical isolates of enterococci and Staphylococcus cohnii from a multicentre study in China: molecular epidemiology and resistance mechanisms. Int. J. Antimicrob. Agents 42, 317–321. doi: 10.1016/j.ijantimicag.2013.06.008

Cheng, L., Connor, T. R., Siren, J., Aanensen, D. M., and Corander, J. (2013). Hierarchical and spatially explicit clustering of DNA sequences with BAPS software. Mol. Biol. Evol. 30, 1224–1228. doi: 10.1093/molbev/mst028

Cingolani, P., Platts, A., Wang Le, 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

Coates, R., Moran, J., and Horsburgh, M. J. (2014). Staphylococci: colonizers and pathogens of human skin. Future Microbiol. 9, 75–91. doi: 10.2217/fmb.13.145

Corander, J., Marttinen, P., Siren, J., and Tang, J. (2008). Enhanced Bayesian modelling in BAPS software for learning genetic structures of populations. BMC Bioinformatics 9:539. doi: 10.1186/1471-2105-9-539

Croucher, N. J., Page, A. J., Connor, T. R., Delaney, A. J., Keane, J. A., Bentley, S. D., et al. (2015). Rapid phylogenetic analysis of large samples of recombinant bacterial whole genome sequences using Gubbins. Nucleic Acids Res. 43:e15.

Darling, A. C., Mau, B., Blattner, F. R., and Perna, N. T. (2004). Mauve: multiple alignment of conserved genomic sequence with rearrangements. Genome Res. 14, 1394–1403. doi: 10.1101/gr.2289704

d’Azevedo, P. A., Trancesi, R., Sales, T., Monteiro, J., Gales, A. C., and Pignatari, A. C. (2008). Outbreak of Staphylococcus hominis subsp. novobiosepticus bloodstream infections in Sao Paulo city, Brazil. J. Med. Microbiol. 57, 256–257. doi: 10.1099/jmm.0.47345-0

de Almeida, L. M., De Araujo, M. R., Sacramento, A. G., Pavez, M., De Souza, A. G., Rodrigues, F., et al. (2013). Linezolid resistance in Brazilian Staphylococcus hominis strains is associated with L3 and 23S rRNA ribosomal mutations. Antimicrob. Agents Chemother. 57, 4082–4083. doi: 10.1128/aac.00437-13

Dong, Y., and Speer, C. P. (2014). The role of Staphylococcus epidermidis in neonatal sepsis: guarding angel or pathogenic devil? Int. J. Med. Microbiol. 304, 513–520. doi: 10.1016/j.ijmm.2014.04.013

Dortet, L., Glaser, P., Kassis-Chikhani, N., Girlich, D., Ichai, P., Boudon, M., et al. (2018). Long-lasting successful dissemination of resistance to oxazolidinones in MDR Staphylococcus epidermidis clinical isolates in a tertiary care hospital in France. J. Antimicrob. Chemother. 73, 41–51. doi: 10.1093/jac/dkx370

Drăgulescu, E.-C., Codiţă, I., Nistor, I., Coldea, I. L., and Şerban, R. (2018). Linezolid resistant Staphylococcus hominis isolated in a paediatric Romanian hospital. Rom. Biotechnol. Lett. 23, 13255–13263.

European Centre for Disease Prevention and Control (2018). Multidrug-Resistant Staphylococcus Epidermidis – 8 November 2018. Stockholm: ECDC.

Fairbrother, R. W. (1940). Coagulase production as a criterion for the classification of the staphylococci. J. Pathol. Bacteriol. 50, 83–88. doi: 10.1002/path.1700500112

Ferry, T., Batailler, C., Conrad, A., Triffault-Fillit, C., Laurent, F., Valour, F., et al. (2018). Correction of linezolid-induced myelotoxicity after switch to tedizolid in a patient requiring suppressive antimicrobial therapy for multidrug-resistant Staphylococcus epidermidis prosthetic-joint infection. Open Forum Infect. Dis. 5:ofy246.

Freitas, A. R., Dilek, A. R., Peixe, L., and Novais, C. (2018). Dissemination of Staphylococcus epidermidis ST22 with stable, high-level resistance to linezolid and tedizolid in the Greek-Turkish region (2008-2016). Infect. Control Hosp. Epidemiol. 39, 492–494. doi: 10.1017/ice.2018.5

Heilmann, C., Ziebuhr, W., and Becker, K. (2019). Are coagulase-negative staphylococci virulent? Clin. Microbiol. Infect. 25, 1071–1080. doi: 10.1016/j.cmi.2018.11.012

Henriksen, A. S., Smart, J., and Hamed, K. (2018). Comparative activity of ceftobiprole against coagulase-negative staphylococci from the BSAC bacteraemia surveillance programme, 2013–2015. Eur. J. Clin. Microbiol. Infect. Dis. 37, 1653–1659. doi: 10.1007/s10096-018-3295-6

Hoang, D. T., Chernomor, O., Von Haeseler, A., Minh, B. Q., and Vinh, L. S. (2018). UFBoot2: improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518–522. doi: 10.1093/molbev/msx281

Jian, J., Chen, L., Xie, Z., and Zhang, M. (2018). Dissemination of cfr-mediated linezolid resistance among Staphylococcus species isolated from a teaching hospital in Beijing, China. J. Int. Med. Res. 46, 3884–3889. doi: 10.1177/0300060518781636

Jolley, K. A., and Maiden, M. C. (2010). BIGSdb: scalable analysis of bacterial genome variation at the population level. BMC Bioinformatics 11:595. doi: 10.1186/1471-2105-11-595

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., Von Haeseler, A., and Jermiin, L. S. (2017). ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods 14, 587–589. doi: 10.1038/nmeth.4285

Karavasilis, V., Zarkotou, O., Panopoulou, M., Kachrimanidou, M., Themeli-Digalaki, K., Stylianakis, A., et al. (2015). Wide dissemination of linezolid-resistant Staphylococcus epidermidis in Greece is associated with a linezolid-dependent ST22 clone. J. Antimicrob. Chemother. 70, 1625–1629.

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

Kjellander, J. O., Klein, J. O., and Finland, M. (1963). In vitro activity of penicillins against Staphylococcus Albus. Proc. Soc. Exp. Biol. Med. 113, 1023–1031. doi: 10.3181/00379727-113-28563

Krueger, W. A., Kottler, B., Will, B. E., Heininger, A., Guggenberger, H., and Unertl, K. E. (2004). Treatment of meningitis due to methicillin-resistant Staphylococcus epidermidis with linezolid. J. Clin. Microbiol. 42, 929–932. doi: 10.1128/jcm.42.2.929-932.2004

Kruse, A. J., Peerdeman, S. M., Bet, P. M., and Debets-Ossenkopp, Y. J. (2006). Successful treatment with linezolid and rifampicin of meningitis due to methicillin-resistant Staphylococcus epidermidis refractory to vancomycin treatment. Eur. J. Clin. Microbiol. Infect. Dis. 25, 135–137. doi: 10.1007/s10096-006-0097-z

Kurtz, S., Phillippy, A., Delcher, A. L., Smoot, M., Shumway, M., Antonescu, C., et al. (2004). Versatile and open software for comparing large genomes. Genome Biol. 5:R12.

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Layer, F., Vourli, S., Karavasilis, V., Strommenger, B., Dafopoulou, K., Tsakris, A., et al. (2018). Dissemination of linezolid-dependent, linezolid-resistant Staphylococcus epidermidis clinical isolates belonging to CC5 in German hospitals. J. Antimicrob. Chemother. 73, 1181–1184. doi: 10.1093/jac/dkx524

Lee, J. Y. H., Monk, I. R., Goncalves Da Silva, A., Seemann, T., Chua, K. Y. L., Kearns, A., et al. (2018). Global spread of three multidrug-resistant lineages of Staphylococcus epidermidis. Nat. Microbiol. 3, 1175–1185. doi: 10.1038/s41564-018-0230-7

Letunic, I., and Bork, P. (2016). Interactive tree of life (iTOL) v3: an online tool for the display and annotation of phylogenetic and other trees. Nucleic Acids Res. 44, W242–W245.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078–2079. doi: 10.1093/bioinformatics/btp352

Liakopoulos, A., Neocleous, C., Klapsa, D., Kanellopoulou, M., Spiliopoulou, I., Mathiopoulos, K. D., et al. (2009). A T2504A mutation in the 23S rRNA gene responsible for high-level resistance to linezolid of Staphylococcus epidermidis. J. Antimicrob. Chemother. 64, 206–207. doi: 10.1093/jac/dkp167

Long, K. S., and Vester, B. (2012). Resistance to linezolid caused by modifications at its binding site on the ribosome. Antimicrob. Agents Chemother. 56, 603–612. doi: 10.1128/aac.05702-11

Mendes, R. E., Deshpande, L. M., Castanheira, M., Dipersio, J., Saubolle, M. A., and Jones, R. N. (2008). First report of cfr-mediated resistance to linezolid in human staphylococcal clinical isolates recovered in the United States. Antimicrob. Agents Chemother. 52, 2244–2246. doi: 10.1128/aac.00231-08

Mendes, R. E., Deshpande, L. M., Farrell, D. J., Spanu, T., Fadda, G., and Jones, R. N. (2010). Assessment of linezolid resistance mechanisms among Staphylococcus epidermidis causing bacteraemia in Rome, Italy. J. Antimicrob. Chemother. 65, 2329–2335. doi: 10.1093/jac/dkq331

Mittal, G., Bhandari, V., Gaind, R., Rani, V., Chopra, S., Dawar, R., et al. (2019). Linezolid resistant coagulase negative staphylococci (LRCoNS) with novel mutations causing blood stream infections (BSI) in India. BMC Infect. Dis. 19:717. doi: 10.1186/s12879-019-4368-6

Musumeci, R., Calaresu, E., Gerosa, J., Oggioni, D., Bramati, S., Morelli, P., et al. (2016). Resistance to linezolid in Staphylococcus spp. clinical isolates associated with ribosomal binding site modifications: novel mutation in domain V of 23S rRNA. New Microbiol. 39, 269–273.

Nam, J. R., Kim, M. S., Lee, C. H., and Whang, D. H. (2008). Linezolid treatment for osteomyelitis due to Staphylococcus epidermidis with reduced vancomycin susceptibility. J. Korean Neurosurg. Soc. 43, 307–310. doi: 10.3340/jkns.2008.43.6.307

Nguyen, L. T., Schmidt, H. A., Von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300

Okonechnikov, K., Fursov, M., Golosova, O., and Team, T. U. (2012). Unipro UGENE: a unified bioinformatics toolkit. Bioinformatics 28, 1166–1167. doi: 10.1093/bioinformatics/bts091

Otto, M. (2012). Molecular basis of Staphylococcus epidermidis infections. Semin. Immunopathol. 34, 201–214. doi: 10.1007/s00281-011-0296-2

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K., Reuter, S., Holden, M. T., et al. (2015). Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics 31, 3691–3693. doi: 10.1093/bioinformatics/btv421

Panta, P. R., Kumar, S., Stafford, C. F., Billiot, C. E., Douglass, M. V., Herrera, C. M., et al. (2019). A DedA family membrane protein is required for Burkholderia thailandensis colistin resistance. Front. Microbiol. 10:2532. doi: 10.3389/fmicb.2019.02532

Papadimitriou-Olivgeris, M., Kolonitsiou, F., Karamouzos, V., Tsilipounidaki, K., Nikolopoulou, A., Fligou, F., et al. (2020). Molecular characteristics and predictors of mortality among Gram-positive bacteria isolated from bloodstream infections in critically ill patients during a 5-year period (2012–2016). Eur. J. Clin. Microbiol. Infect. Dis. 39, 863–869. doi: 10.1007/s10096-019-03803-9

Pfaller, M. A., Flamm, R. K., Duncan, L. R., Shortridge, D., Smart, J. I., Hamed, K. A., et al. (2019). Ceftobiprole activity when tested against contemporary bacteria causing bloodstream infections in the United States (2016–2017). Diagn. Microbiol. Infect. Dis. 94, 304–313. doi: 10.1016/j.diagmicrobio.2019.01.015

Pfeltz, R. F., Schmidt, J. L., and Wilkinson, B. J. (2001). A microdilution plating method for population analysis of antibiotic-resistant staphylococci. Microb. Drug Resist. 7, 289–295. doi: 10.1089/10766290152652846

Pourakbari, B., Mahmoudi, S., Moradzadeh, M., Mahzari, M., Ashtiani, M. T. H., Tanzifi, P., et al. (2018). Antimicrobial resistance patterns of the gram-positive bacteria isolated from children with bloodstream infection in an Iranian referral hospital: a 6-year study. Infect. Disord. Drug Targets 18, 136–144. doi: 10.2174/1871526517666170821164343

Rodriguez-Aranda, A., Daskalaki, M., Villar, J., Sanz, F., Otero, J. R., and Chaves, F. (2009). Nosocomial spread of linezolid-resistant Staphylococcus haemolyticus infections in an intensive care unit. Diagn. Microbiol. Infect. Dis. 63, 398–402. doi: 10.1016/j.diagmicrobio.2008.12.008

Rodríguez-Lucas, C., Rodicio, M. R., Càmara, J., Domínguez, M. Á, Alaguero, M., and Fernández, J. (2020). Long-term endemic situation caused by a linezolid- and meticillin-resistant clone of Staphylococcus epidermidis in a tertiary hospital. J. Hosp. Infect. 105, 64–69.

Russo, A., Campanile, F., Falcone, M., Tascini, C., Bassetti, M., Goldoni, P., et al. (2015). Linezolid-resistant staphylococcal bacteraemia: a multicentre case-case-control study in Italy. Int. J. Antimicrob. Agents 45, 255–261. doi: 10.1016/j.ijantimicag.2014.12.008

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

Seral, C., Saenz, Y., Algarate, S., Duran, E., Luque, P., Torres, C., et al. (2011). Nosocomial outbreak of methicillin- and linezolid-resistant Staphylococcus epidermidis associated with catheter-related infections in intensive care unit patients. Int. J. Med. Microbiol. 301, 354–358. doi: 10.1016/j.ijmm.2010.11.001

Shore, A. C., Lazaris, A., Kinnevey, P. M., Brennan, O. M., Brennan, G. I., O’connell, B., et al. (2016). First report of cfr-carrying plasmids in the pandemic sequence type 22 methicillin-resistant Staphylococcus aureus staphylococcal cassette chromosome mec type IV clone. Antimicrob. Agents Chemother. 60, 3007–3015. doi: 10.1128/AAC.02949-15

Suchard, M. A., Lemey, P., Baele, G., Ayres, D. L., Drummond, A. J., and Rambaut, A. (2018). Bayesian phylogenetic and phylodynamic data integration using BEAST 1.10. Virus Evol. 4:vey016. doi: 10.1093/ve/vey016

Tewhey, R., Gu, B., Kelesidis, T., Charlton, C., Bobenchik, A., Hindler, J., et al. (2014). Mechanisms of linezolid resistance among coagulase-negative staphylococci determined by whole-genome sequencing. MBio 5:e00894-14.

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) (2020). Breakpoint Tables for Interpretation of MICs and Zone Diameters. Version 10.0, 2020. Växjö: The European Committee on Antimicrobial Susceptibility Testing.

Tonkin-Hill, G., Lees, J. A., Bentley, S. D., Frost, S. D. W., and Corander, J. (2018). RhierBAPS: an R implementation of the population clustering algorithm hierBAPS. Wellcome Open Res. 3:93. doi: 10.12688/wellcomeopenres.14694.1

Wang, Y., Lv, Y., Cai, J., Schwarz, S., Cui, L., Hu, Z., et al. (2015). A novel gene, optrA, that confers transferable resistance to oxazolidinones and phenicols and its presence in Enterococcus faecalis and Enterococcus faecium of human and animal origin. J. Antimicrob. Chemother. 70, 2182–2190. doi: 10.1093/jac/dkv116

Watanabe, S., Tanaka, A., Ono, T., Ohta, M., Miyamoto, H., Tauchi, H., et al. (2013). Treatment with linezolid in a neonate with meningitis caused by methicillin-resistant Staphylococcus epidermidis. Eur. J. Pediatr. 172, 1419–1421. doi: 10.1007/s00431-013-1978-7

Wattam, A. R., Davis, J. J., Assaf, R., Boisvert, S., Brettin, T., Bun, C., et al. (2017). Improvements to PATRIC, the all-bacterial bioinformatics database and analysis resource center. Nucleic Acids Res. 45, D535–D542.

Zhang, L., Thomas, J. C., Miragaia, M., Bouchami, O., Chaves, F., D’azevedo, P. A., et al. (2013). Multilocus sequence typing and further genetic characterization of the enigmatic pathogen, Staphylococcus hominis. PLoS One 8:e66496. doi: 10.1371/journal.pone.0066496


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 Gostev, Leyn, Kruglov, Likholetova, Kalinogorskaya, Baykina, Dmitrieva, Grigorievskaya, Priputnevich, Lyubasovskaya, Gordeev and Sidorenko. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Global Expansion of Linezolid-Resistant Coagulase-Negative Staphylococci



		INTRODUCTION



		MATERIALS AND METHODS



		Bacterial Strains and Antibiotic Susceptibility



		Population Analysis Profile



		Whole Genome Sequencing



		Genome Assembling and Annotation



		Inclusion of Genome Data From Previous Studies



		Phylogenetic and Pan-Genome Analysis



		Timed Phylogeny Analysis



		Annotation and Mapping of Resistance Data



		Accession Numbers







		RESULTS



		Linezolid-Resistant CoNS in Moscow Hospitals



		Molecular Epidemiology of LRSE



		BAPS Cluster 2



		BAPS Cluster 3



		Phylogenetic Analysis of S. hominis



		Phylogenetic Analysis of S. haemolyticus



		Staphylococcus haemolyticus and S. hominis Plasmids Carrying cfr Genes



		Decreased Susceptibility to Glycopeptide in Linezolid-Resistant CoNS







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
’ frontiers
in Microbiology

Global Expansion
of Linezolid-Resistant
Coagulase-Negative
Staphylococci







OPS/images/fmicb-12-661798-g007.jpg
VAN PAP/AUC

8.00

16.00

RpoB
® D471+I527M

® H481N
° WT





OPS/images/fmicb-12-661798-t002.jpg
MLST

n Range MIC, mg/L PAP/AUC AAS* in RpoB
VAN TEC DLB TLV ORI DAP RIF Range M**  D471E  H481N  1527M
LRSE ST2 8 1-4 0.25-4 0.083-0.06  0.06-0.125 <0.06 0.25-0.5 >4 0.38-0.9  0.59 + — +
St22 16 12 0.125+4 <0.03 0.03-0.125 <0.06 0.125-0.5 0.25-1 0.37-0.99 0.76 = + —
ST22 4 2-4 4 <0.03 0.06-0.125 <0.06 0.25-0.5 <0.083 0.75-0.98 085 - - -
ST23 2 2-4  2and 16 0.06 0.125 0.125 0.5 >4 0.67-0.85 NA + — +
LRSH ST2 16 12 4-16 0.03-0.125 0.06-0.125 0.03-0.125 0.125-05 0.5-2 0.40-0.9 0.75 = + —

NA, not applicable; VAN, vancomycin; TEC, teicoplanin; DLB, dalbavancin; TLV, telavancin; ORI, oritavancin; DAR daptomycin; RIF, rifampicin. *amino acid substitution,

**median.







OPS/images/fmicb-12-661798-t001.jpg
Species MLST N Sites Source MIC, mg/L cfr SNPs

LNZ TDZ 23S rRNA* I3
S. epidermidis ST2 6 E Blood, sputum, intubation tube >32 2-4 — G2576T, (G2602T) -
2 F Intubation tube, feces >32 16 — G2576T, (G2602T) Gly137Val, His146Arg, Met156Thr
8123 2 A Blood 32 2 — G2576T, (G2602T) -
ST22 20 A,B,D,E Blood =30 =32 — C2534T, (C2560T), Asp159Tyr, Gly152Asp
T2504A, (T2530A)
S. hominis 812 10 ACDE Bilood >32 4-8 - G2576T, (G2603T) Met156Thr, Val154Leu
6 AF Blood, feces, sputum >32 4-8 + G2576T, (G2603T) Met156Thr, Val154Leu
S. haemolyticus ST1 1 A Blood >32 0.25 + - -

*Mutation in 23S rRNA according to E. coli numbering, in brackets mutation according to Staphylococcus numbering (NC_004461.1, NZ_CP046306.1, and
NZ_CP035291.1).





OPS/images/fmicb-12-661798-g003.jpg
USA-LSSE

China - LSSE
E France - LRSE
France - LRSE

B172

A8
A7
A%
] A2

—— A8

— A183
AtB4
=
A210
J—- s
=1

——e8

A191

D180

A209

A212

A213

E205

E27

E208

il (g !

E22

LSSE

4.0 Years

r T

1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 2012 2016 2020





OPS/images/fmicb-12-661798-g004.jpg
— %]
5 AAAAG »n [0}
8- & 15528 © © 4
Tree scale: 0.01 — 398 30 55590 ¥ o P
» 5 EREEEEEE Te T
= : :  BAPS Clusters MLST
- Y e _—
e [ ] BAPS 1 s
- '
= [] BAPS 2 [] sT2
= [ | BAPS 3 [ ] sT3
—
= [ ] BAPS4 Il sti8
| [ ] BAPS5 I st20
-
-
= [ ] BAPS® [ ] sTa7
- . Unknown
. | LRSh Reports
. > Russia LR and MDR markers
L —
_= P> Germany B mecA+
:_:i P> Brazil [ 23s(G2576T)
—
am; cfr+
5 Source : , ,
B — rpI3(F1471
-l . Clinical associated -
( rpl3(V154L)
— [ ] Part of human microbiome 0
= rpl3(M156T)
o F—m B Environmental 0
— rpoB(N481H)
| =7
, ——3 [ rpoB(D354G)
] F—x
N —
; —
i B
1 | o——
I i D———
| E—
I e
] E—
i [
| I





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-661798-g005.jpg
[T]

l

Sweden (CCUG 42399)
Brazil (SH08_17)
Brazil (SH04_17)
Germany (LRKNS031)
A173

A181

A175

A179

A186

D171 *

£223

A201

E221

C182

3.0 Years

235 (G2576T)/cfr+

AZII*

F 238
F242
F 241
F 239

F245

1980

1984

T

1988

1992

1996

2000 2004 2008 2012

2016

2020





OPS/images/fmicb-12-661798-g006.jpg
BAPS Clusters
[ | BAPS1
[ BAPs2
[ BAPS3
[ ] BAPS4

LRS reports

} Russia
P UsA

mecA

@ mecA+
O mecA-

MLST

[] st
B s
s
Bl st
B st
Il sm25
B s20
D Other

1ty

\‘\\\ 3 \.\\ .-.\.-."/





OPS/images/fmicb-12-661798-g001.jpg
BAPS Clusters

I:] baps1

D baps2

D baps3

. baps4 V4
- baps5 8y, /
. baps6 %%@é%?

- baps7 K

. baps8

LRSE report
} Russia
P usa
> France

P> Germany

=1
> Brazil
LR and MDR markers
. mecA >
. rpoB >
' \\

N

e

Tree scale: 0.001 ——

B 23s(G2576T)

[] 23s(C2534T)

Il 23s(12504A) X
B

B

. cfr






OPS/images/fmicb-12-661798-g002.jpg
L
08
— 2004 m

20 "__‘E France
—_——
1998

1975 E Russia
L=,

1969 _
11959 — : Brazil
PR
S —
USA

10.0 Years

T

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

1





