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ABSTRACT In this study, we investigated the genomic changes in a major methicil-
lin-resistant Staphylococcus aureus (MRSA) clone following a significant outbreak at
a hospital. Whole-genome sequencing of MRSA isolates was utilized to explore the
genomic evolution of post-outbreak MRSA strains. The epidemicity of the clone declined
over time, coinciding with the introduction of multimodal infection control measures. A
genome-wide association study (GWAS) identified multiple genes significantly associ-
ated with either high or low epidemic success, indicating alterations in mobilome,
virulence, and defense mechanisms. Random Forest models pinpointed a gene related
to fibrinogen binding as the most influential predictor of epidemicity. The decline of
the MRSA clone may be attributed to various factors, including the implementation of
new infection control measures, single nucleotide polymorphisms accumulation, and
the genetic drift of a given clone. This research underscores the complex dynamics of
MRSA clones, emphasizing the multifactorial nature of their evolution. The decline in
epidemicity seems linked to alterations in the clone’s genetic profile, with a probable
shift towards decreased virulence and adaptation to long-term carriage. Understanding
the genomic basis for the decline of epidemic clones is crucial to develop effective
strategies for their surveillance and management, as well as to gain insights into the
evolutionary dynamics of pathogen genomes.
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S taphylococcus aureus is a versatile and ubiquitous bacterial pathogen that can cause
a wide range of infections, from mild skin and soft tissue infections to severe and
potentially fatal conditions, such as pneumonia, sepsis, and endocarditis (1). S. aureus
is notorious for its ability to become resistant to penicillin derivatives mainly due
to mecA genes and to other antibiotics, such as quinolones, gentamicin, and sulfame-
thoxazole/trimethoprim (2). Phylogenetic studies showed that infections caused by
antibiotic-resistant strains often occur in epidemic waves initiated by successful clones.
Methicillin-resistant S. aureus (MRSA) features prominently in these epidemics. The
introduction of methicillin in 1960 marked the first wave of MRSA with the archaic clone
ST250 (3). Subsequent waves in the 1970s and 1990s featured new strains, including
community-associated MRSA with smaller SCCmec allotypes (IV and V) and the Panton
Valentine leukocidin virulence factor (4). The epidemiology of MRSA has been described
as highly dynamic, and clonal replacement of predominant clones at a given location
was widely documented (5-7). However, the reasons why some clones replace others are
still unclear.

Rapid genomic evolution is a characteristic defining many pathogenic bacteria,
including S. aureus. The genetic variability of these pathogens enables them to adapt to
changing host environments and to evade the immune system. This genomic plasticity
significantly contributes to the emergence of new virulent strains and the acquisition
of antibiotic resistance. Mobile Genetic Elements (MGEs) have a key role in accelerating
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and promoting the adaptation of S. aureus to environmental pressures (8, 9), by either
acquisition or loss of genetic elements and/or by mutations modifying gene expression
or regulation. For instance, the USA500 strain became hypervirulent after an IS element
(1S256) was acquired by horizontal transfer and was inserted into the promoter sequence
of a repressor of toxins (the protein Rot) (10). Another example is the success of the
USA300 strain that seemed to be correlated with the acquisition of the speG gene
and the Arginine Catabolic Mobile Element (ACME) (11). Nevertheless, what will make
a lineage successful is largely unknown and still difficult to predict. Therefore, there is
a need to track these changes to follow, study, and understand what determines the
epidemiological success of this pathogen.

Traditionally, studies have focused on virulence traits acquisition that could explain
the spread and virulence of pathogens in the population. However, no studies focused
on the genomic changes occurring in an epidemic clone after a hospital outbreak. At the
University Hospital of Lausanne, a molecular epidemiological surveillance of MRSA that
was in place since the mid 1990s showed the emergence and decline of different clones
(12-15). The last one (ST228-l) was of particular interest as it was responsible for two
nosocomial outbreaks, one in 2001 and the second from 2008 to 2012, involving over
1,600 patients and representing 280-700 cases annually (16). The phylogeography of this
clone was studied using whole genome sequencing and showed that it first emerged in
South Germany and was introduced in 1999 in Switzerland (17).

Although it is possible to estimate the epidemic success of a lineage or clone by
establishing its phylogeny and studying its epidemiology, it is difficult to associate
drivers of epidemic success using this information. Time-scaled Haplotypic Density (THD)
has been developed as a metric representing epidemic success, giving the possibility
to highlight such drivers (18-20). It has been shown to be more accurate to evaluate
epidemic success than traditional operational definitions based on epidemiological
studies (21). So far, this metric has been essentially used to study Mycobacterium
tuberculosis and the spread of antibiotic resistances (22-25). A recent work used THD to
identify mutations characterizing the epidemiological success of strains across different
clonal complexes but failed to find significant candidates (21).

In this study, we analyzed the genomes of various ST228-| isolates that were collected
up to a decade after the end of the last outbreak and compared them with isolates
from the original outbreak. We reconstructed the phylogeny of the ST228 clone at
both international and local levels to investigate the clone evolution. We also examined
changes in the clone’s accessory genome to identify any potential adaptations that may
have occurred after the outbreak. Additionally, we attempted to identify genetic markers
that could represent the post-outbreak evolution of the clone using THD as a metric of
the epidemic success.

MATERIALS AND METHODS

The University Hospital of Lausanne is a 1,100 bed tertiary care hospital where screening
for MRSA of at-risk patients was performed for over three decades. At least one isolate
per patient was typed by a molecular method (initially pulsed-field gel electrophoresis
followed by double locus sequence typing) (26). From 2013 to 2018, up to 10 isolates
from new ST228 MRSA cases were selected annually, for a total of 56 ST228 isolates.
Whole genome sequencing of these 56 isolates was performed on an Illumina MiSeq
platform (European Nucleotide Archive [ENA], accession project number PRIEB49254).
These 56 isolates were compared with 365 ST228 isolates from a previous study (17)
selected to represent the diversity of Swiss isolates from 1999 to 2012 (N = 250) and
European isolates (N = 115) (Table S1). Bioinformatics analyses were performed in
Bionumerics V8.1.1 (bioMérieux, Applied Maths NV, St Martens Latem, Belgium) with
default parameters. Reads were mapped against the reference genome N315 (16), and
SNPs were identified with the strict filtering option (close SNP set). A de novo assem-
bly was performed using the Unicycler option in Bionumerics. Based on the de novo
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assemblies, acquired resistance traits, acquired virulence traits, resistance loci, virulence
loci, resistance mutations, and pathogenicity islands were analyzed using the S. aureus
functional genotyping plugin v2022.12.05 available in Bionumerics. These data sets were
exported for further analyses. The SNP alignment was also exported and curated by
removing all positions with gaps and missing data.

A maximum likelihood (ML) tree of the concatenated SNPs was generated using
IQ-tree v2.2.0.3 with a transversion model with equal base frequency and ascertainment
bias correction (TVMe+ASC). The best fitting evolutionary model was estimated with
ModelFinder (27), and 500 bootstraps were used to build the final consensus tree. Tree
visualization and annotation were carried in R v4.2.2 using the ggtree package v3.6.2.
The final tree was rooted on the oldest German isolate (RKI 97-00028). Based on this
tree, a subset of 218 isolates was created, comprising only isolates from the 2008-2012
Lausanne outbreak clone and their descendants for subsequent analyses. In this data set,
each isolate corresponded to a different patient. A ML tree using this data set of 218
isolates was generated with the same parameters and rooted on the identified index
case (isolate 18412).

THD was calculated as a proxy for strain epidemic success from SNP data (18) using
the the package v1.0.1 (https://github.com/rasigadelab/thd) in R with the following
parameters: m = 2814816 (effective genome size for S. aureus), mu = 1.87e™° (ST228
mutation rate), (17) and t = 1. A time scale of 1 year was chosen to model rapid
and short-term events that correlated with ST228 clone dynamic. To classify isolates
as having either high or low epidemic success, a regression model was used to fit
THD values using a polynomial equation. The high/low epidemic success threshold was
determined by identifying the inflection point in the model, representing the point
where THD exhibited a decrease towards the end of the outbreak. All isolates with
THD values eceeding this threshold were categorized as high epidemic success (HES),
whereas those below the threshold were classified as low epidemic success (LES). Based
on this classification and the outbreak pylogenetic tree, three LES clusters were defined.
Correlation between the acquired resistance traits and epidemic success was tested
using Fisher’s exact test. The acquired virulence traits data sets showed no variation
among these isolates and were not tested.

All subsequent analyses were performed using default parameters if not specified.
Assembled genomes were annotated using Bakta v1.6.0. Bakta annotation files were
used to conduct a pan-genome analysis using Roary v3.13.0, gathering all putative
proteins into orthologous groups. A genome-wide association study (GWAS) was
conducted using Scoary v1.6.1 with the Roary presence/absence table as input (28).
Genes inherited together were concatenated (--collapse), and 1,000 permutations were
used to check if significance was not reached by chance. The phylogenetic tree of the
Lausanne outbreak was provided to Scoary, rather than using the internally calculated
tree, to account for the population structure effect. Four different comparisons were
made: each LES cluster against all HES isolates, and all LES isolates against all HES
isolates. Genes with an adjusted P < 0.05 (Benjamini-Hochberg), and an empirical P
< 0.05 were considered significantly associated with epidemic success. COG categories
were manually attributed to all these genes if not present in the annotations, when
possible.

A Principal Coordinates Analysis (PCoA) based on the accessory genome profiles was
performed using Jaccard distance matrix generated with vegdist (vegan package v2.6-4)
and the pcoa command (ape package v5.6-2) in R. Differences between HES and LES
isolates were tested with a PERMANOVA test using the adonis function of the vegan
package v2.6-4. Three outbreak periods were defined based on the strain incidence:
early outbreak (2008-2010), late outbreak (2011-2012), and post-outbreak (2013-2018).
Pairwise PERMANOVA tests were also performed for these different periods using the
pairwise.adonis2 function of the pairwiseAdonis v0.4.1 package.

To highlight and rank genomic features driving the epidemic success of the ST228
MRSA clone, Random Forest (RF) models were built using the randomForest package
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v4.7-1.1 in R. Different models were generated from the following data sets as predic-
tors: total genome, virulence loci, resistance loci, resistance mutations, or pathogenicity
island data sets. Epidemic success categories were used as response variable in these
models. Prior model training and features presenting no variation among the different
strains were removed, and categorical values were transformed using one-hot encoding.
The best RF model parameters were obtained for each data set by removing the less
predictive features to reduce noise and optimize model prediction power, when possible.
Out-of-bag (OOB) errors, precision, recall, and F1 score metrics were calculated for model
performances evaluation.

RESULTS

Since the end of the 2008-2012 outbreak, the incidence of the ST228 clone declined,
and it became rare in our hospital with only a few cases yearly since 2018 (Fig. 1).
Interestingly, the proportion of this ST among other STs also declined, and this clone
was gradually replaced over time. From 2013 to 2018, 211 ST228 MRSA isolates were
documented in our hospital. Among them, 56 were selected for further analyses. The
evolutionary position of the 56 post-outbreak ST228 isolates obtained from 2013 to
2018 was determined by constructing a maximum likelihood tree with 365 sequences
previously obtained from Swiss and European isolates (17) (Fig. S1). All Swiss isolates
clustered within the same clade, with older isolates (1999-2003) at the root and two later
sub-clusters, one including Geneva isolates (2006-2012, yellow) and the other with the
Lausanne 2008-2012 outbreak (orange). The Lausanne outbreak sub-clade comprise 218
isolates recovered from 2008 to 2018.

To obtain a metric of epidemicity, THD was calculated for determining the drivers
of epidemic success in S. aureus population using isolates genomes from the Lausanne
outbreak sub-clade as defined above (Fig. 2a). THD represents sample density for a
defined timescale as represented in a phylogenetic tree. A high THD value means high
density, which is related to high transmissibility and spread and therefore high epidemic
success. Here, THD values showed a decline over time, with a rapid decrease between
2010 and 2012, followed by stabilization from 2012 to 2018. A linear regression model
using a fourth-degree polynomial equation was the best fitting model (R* = 0.69). The
first inflection point was chosen as the threshold for separating HES isolates from LES
isolates, splitting the data sets into 123 HES isolates and 95 LES isolates.
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FIG 1 Annual incidence of major MRSA clones at the University Hospital of Lausanne from 1994 to 2022.
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FIG 2 Time-scaled haplotypic density (THD) values calculated from core SNP distances using ST228 isolates from the Lausanne outbreak sub-clade (a). The data

were fitted by a linear regression using a fourth-degree polynomial function, and the first inflection point was chosen as threshold for determining high (red) and

low (blue) epidemic success isolates. PCoA of the accessory genome profiles (Jaccard distances) of the ST228 isolates from the Lausanne outbreak highlighting

either the epidemicity level (b) or the sampling date (c). All clusters were proved to be significantly different (PERMANOVA, P < 0.004).

The core genome of the 218 isolates of the Lausanne outbreak sub-clade was
composed of 2200 genes, while the accessory genome consisted of 1174 genes (Fig.
S2). Among the latter, 684 (58.26 %) corresponded to genes present in a minority of
isolates (0%-15%). The accessory genomes of all isolates were compared by calculating
the Jaccard distances and plotted in a PCoA ordination. The two first axes represented
38% and 12% of the variance among the samples, respectively. HES and LES isolates
formed two clusters that partially overlapped but were significantly different (PERMA-
NOVA, P < 0.001, Fig. 2b; Table S3). The overlapping HES and LES isolates belonged to
the 2011-2012 period, which corresponds to the shift between high and low THD values
(Fig. 2c). Early outbreak samples (2008-2010) and post-outbreak samples (2013-2018)
were clearly distinct on the ordination plot, and all clusters were significantly different
(PERMANOVA, P < 0.001).

A maximum likelihood tree was built with all ST228 isolates from the Lausanne
outbreak sub-clade (2008-2018) exclusively and rooted on the first reported case (Fig. 3).
Three LES clusters were visible and represented 70 of the 95 LES isolates. The remaining
25 isolates were spread across the tree. LES cluster 1 was closely related to isolates
from the early outbreak (2008-2010) and composed of isolates from 2008 to 2017. LES
clusters 2 and 3 were located at the tips of the tree, representing more recently diverged
lineages and composed of late outbreak isolates (2011-2012) and post-outbreak isolates
(2013-2018).

Using the resistance trait data set from Bionumerics, the association between the
presence of each antimicrobial resistance trait presenting variations among isolates with
the epidemic success was tested (Fig. 4). The absence of resistance to aminoglycosides
was significantly correlated with LES. Similarly, the absence of fusidic acid resistance was
significantly associated with HES, although this trait was only present in five isolates.

The GWAS showed that 264 genes were significantly associated with LES of the
ST228 clone during the Lausanne outbreak. Among them, 125 appeared to be lost by
LES isolates, and 139 were acquired. Most of the genes were related to the mobilome,
transcription mechanisms, defense mechanisms, and amino acid transport (Fig. 5). Most
mobilome genes corresponded to phage proteins, and slightly more gene acquisitions
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FIG 3 Maximum likelihood tree of the 218 ST228 isolates from the Lausanne outbreak. Low epidemic success isolates are marked with a black square. Three

distinct low epidemic success clusters are highlighted in red, yellow, and green.

were observed compared with gene losses (Table S2). A similar number of transcrip-
tion genes were acquired and lost, and they encoded for diverse transcription factors.
Interestingly, most of the genes belonging to the defense mechanism category were
lost (80%). This category includes mechanisms allowing the bacteria to survive to host
defenses and in various environments, but it also includes virulence factors including
pathogenicity island proteins, metal resistance proteins, and antiseptic resistance protein
(SepA). In contrast, most genes (72.4%) relating to amino-acid synthesis were acquired in
LES isolates.

These numbers of gene loss and gene gain greatly differed among the different
clusters (Fig. S3). Overall, 170, 3, and 156 genes were acquired, and 92, 0, and 136
genes were lost by LES clusters 1, 2, and 3, respectively. LES cluster 2 showed barely
any significant differences with HES isolates. LES clusters 1 and 3 showed a pattern
of lost and acquired genes similar to that obtained when comparing all LES and HES
isolates. However, only 122 genes were common to both clusters, whereas 140 and
168 genes were exclusive to LES clusters 1 and 3, respectively. Among the common
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(Fisher’s exact test) was significant (P < 0.05).

genes, 21 genes related to the mobilome (mainly phage proteins) were acquired in both
clusters. The ABC-type antimicrobial peptide transport systemC permease component
was acquired by both LES clusters as well as toxin/antitoxin genes (mazEF), whereas
others were lost (SSL genes, staphylococcal enterotoxin type O). Interestingly, LES cluster
1 lost toxin-associated genes lukED coding for a bi-component leukocidin and acquired
the similar lukGH genes, also coding for a leukocidin. The toxin export system PMT
(pmtABC genes) was also lost, as well as the staphylococcal enterotoxin type G. Finally,
adherence genes related to virulence were sometimes lost (eap) and sometimes acquired
(ebp) by LES cluster 1 isolates. In LES cluster 3, cadmium resistance genes, multidrug
efflux pump QacA, and penicillin-hydrolyzing class A beta-lactamase BlaZ were lost, as
well as genes related to cysteine protease staphopain A, endoribonuclease MazF, and
several pathogenicity island proteins.

Several RF models were built using total genome, virulence loci, resistance loci,
resistance mutations, or pathogenicity island data sets as predictors and epidemic
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success categories as response variables, yielding a wide range of quality metrics
reported in Fig. S4; Table S4. The model using the total genome data set showed the
best performance among all models with the lowest OOB error (12.39%) and the best
F1 score (0.89, Fig. S4). Models using other data sets performed poorly with low recall
values and high OOB error values. To highlight the most influential genes, the best
predictors of the most performant model were extracted. Most of the best predictors
were poorly identified or labeled with an unknown function (Table 1, complete list
in Table S5). The best predictor was identified as a carboxypeptidase regulatory-like
domain-containing protein. This domain is present in sequences that are variously
annotated, such as hypothetical/conserved/membrane/cell surface protein or side tail
fibre protein homolog from lambdoid prophage Rac. Moreover, almost half of the
members belonging to this orthologous group were identified as fibrinogen-binding
proteins, suggesting that this gene could potentially enhance isolate adhesions. This
gene was characteristic of LES isolates and significantly acquired by LES clusters 1 and
3 (Table S2). The Ser-Asp rich fibrinogen-binding bone sialoprotein-binding protein
sdrE was also a very good predictor but did not appear to be significantly associated
with LES isolates. This gene is involved in bacterial cell surviving against the human
immune system by binding complement factor H as an immune-evasion tactic (29).
The hyperosmolarity resistance protein Ebh was also a good predictor and related
to increased pathogenicity in staphylococcal infections (30). Although this gene was
significantly lost by LES cluster 1, it was significantly acquired by LES cluster 3. Finally, the
AraC family transcriptional regulator Rsp was a good predictor in the classification model
and significantly lost by LES clusters 1 and 3. This gene encodes for a transcriptional
regulator of virulence factors in S. aureus (31).

DISCUSSION

In this study, we investigated the genomic changes of an epidemic clone up to 10 years
after a significant outbreak. This is the first study to use whole-genome sequencing to
explore the genomic evolution of post-outbreak MRSA isolates of an epidemic clone. Our
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TABLE 1 Best 20 predictors of the Random Forest classification models using all genome data as predictors, sorted by mean decrease accuracy”

Group name Description Mean decrease accuracy
Carboxypeptidase regulatory-like domain-  Carboxypeptidase regulatory like domain containing protein / fibrinogen-  17.56
containing protein binding proteins
Group_2986 Hypothetical protein 9.35
Hyperosmolarity resistance protein Ebh Hyperosmolarity resistance protein Ebh 832
Group_1351 DUF1433 domain-containing protein 7.93
Group_1350 DUF1433 domain-containing protein 7.58
RXLR effector protein RXLR effector protein 6.40
ykfC Retron St85 family RNA-directed DNA polymerase 6.31
Cell wall-associated fibronectin-binding Cell wall associated fibronectin-binding protein 6.05
protein
Group_1091 Transposase 6.02
rsp AraC family transcriptional regulator Rsp 5.79
sdrE Ser-Asp rich fibrinogen-binding bone sialoprotein-binding protein 5.66
Group_539 Hypothetical protein 5.62
Group_521 Uncharacterized membrane protein Ykvl/branched-chain amino acid 5.44
transport system Il carrier protein

Group_700 YebC/PmpR family DNA-binding transcriptional regulator 542
yzzA General stress protein 26 (function unknown) 5.17
pdxS Pyridoxal 5'-phosphate synthase subunit PdxS 5.16
Uncharacterized protein SAV2481 Uncharacterized protein SAV2481 5.15
Group_1466 Nucleoside permease NupC 4,94
Group_285 Ribosomal protein S18 acetylase Riml and related acetyltransferases 4.84
dppD ABC-type dipeptide/oligopeptide/nickel transport system C ATPase 4.82

component

“The names of the orthologous groups were attributed by Roary. Multiple descriptions are reported when a high proportion of members of the group had a different
annotation.

results showed that all post-outbreak isolates were descendants of the recent lineage
formed by the Lausanne and Geneva epidemic clones recovered from 2006 to 2012.
Interestingly, the ST228 clone was less present in the second structured European survey
of MRSA (32) than in the first survey (33), indicating a general decline of this clone
in all countries where it was present. Although the expansion of the different MRSA
lineages observed worldwide is strongly associated with key genetic acquisitions (34,
35), the reasons why MRSA declined in many countries remains poorly understood (36).
The analysis of the post-outbreak isolates in the Lausanne cluster confirmed that these
isolates were all descendants of the original lineage and not new introductions via
patient transfers. Using THD as a metric of the clone epidemicity, we observed that
the THD values decreased over the years to stabilize at a plateau around 2014-2015.
Between 2010 and 2012, a higher number of LES isolates were progressively observed,
showing a transition in the clone epidemicity. This correlated with the decrease of the
clone incidence and the introduction of stronger infection control measures, which likely
contributed mainly to the decline of the clone in our hospital. Most of the LES isolates
formed three divergent sub-lineages, indicating that subpopulations emerged following
the decrease of the epidemicity.

The plasticity of the bacterial genome is a key feature of bacteria adaptative
capacities (37). Their genomes are in constant mutation, modeled by acquisition and
loss of genetic elements that influence their fitness. The accessory genome is thought
to be the main driver of S. aureus pathogenicity, with MGEs playing an important role
in MRSA genomic evolution and adaptation (38), as confirmed for the ST228 clone
(16, 17). The diversity of the accessory genome of the clone evolved over time, with
clear transition from an early outbreak period to a late outbreak period and finally to
a post-outbreak period. These transition periods corresponded to the transition from
HES to LES isolates. The post-outbreak isolates significantly differed from the early and
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late outbreak isolates. Moreover, this cluster presented a higher diversification probably
linked to the emergence of divergent sub-lineages as well as the extended period over
which the LES isolates spread.

LES isolates were characterized by the loss of predicted resistance to antibiotics
belonging to the aminoglycoside class and to fusidic acid. In their study of different
clonal complexes from various countries across Europe, Baede et al. also showed that
gentamicin was negatively correlated with THD (21). However, their attempt to correlate
the epidemic success of the different clonal complexes with specific mutations did not
reveal any marker of success. In this study, many genes were significantly associated
with the epidemicity of the ST228 clone, underlining the evolution of its genome during
the years following the end of the outbreak. In our case, phages appeared to be the
main vector of evolutionary changes since LES isolates acquired and lost a high number
of mobilome (and phage) related genes. Phages are known to be the primary factor
driving the evolution of S. aureus genome, contributing to the emergence of successful
virulent lineages. Indeed, S. aureus is not considered to be naturally competent, but
many virulence factors leading to strains success are carried by phages (39). Although
the decrease of epidemicity was probably due to the implementation of new infection
control measures, it was also correlated with the loss of several genes related to virulence
(toxins, adherence) or resistance, suggesting a decreased virulence of the clone. The
different clusters formed by the emergent sub-lineages of LES isolates showed a similar
genomic profile, but some of the genes acquired or lost were exclusive to each cluster.
This correlates with the fact that they emerged at different times and suggests that
these sub-lineages interacted with different phages. Acquisition and loss events in the
bacterial genome can be influenced by various factors. In this case, the selection pressure
encountered by the isolate in a novel environment, such as changes in hospital settings
and reinforced infection control measures, may have driven these events.

As a multivariate analysis, RF models allowed us to address the relationship between
epidemicity and the genetic characteristics of the clone. RF models have been used
extensively and successfully with genomic profiles of various bacterial species, including
S. aureus, to link the presence of genes with different factors, such as the susceptibility to
antibiotics, hypervirulence isolate prediction, or identified promoter sequences (40-42).
The epidemicity of the clone could not be attributed to a single factor, such as viru-
lence, resistance, mutations, or pathogenicity islands. This was demonstrated by the low
performance of the models using focused data sets based on these individual factors.
Instead, the good performance of the models using the total genome as predictors
confirmed that the epidemicity of the clone was more likely due to a combination of
multiple factors. The most important predictor of the epidemicity was represented by
a gene potentially related to fibrinogen-binding. This gene was essentially present in
LES isolates and thus represents a marker of some post-outbreak isolates. GWAS showed
that this gene was acquired by LES cluster 2 and 3 isolates. Two other proteins, a cell
wall-associated fibronectin-binding protein and a Ser-Asp-rich fibrinogen-binding bone
sialoprotein-binding protein, appeared among the best predictors of LES. Fibrinogen-
binding and fibronectin-binding proteins are essential for the attachment of S. aureus to
the host cells (43, 44). It is thought to highly contribute to S. aureus virulence by allowing
the bacteria to form clumps in the fibrin layer and to hide from the host immune
system and from antibiotics. By contrast, the loss of many genes related to defense
mechanisms, encompassing strategies for evading host defenses and toxin production,
implies a reduced virulence potential of the LES isolates. In S. aureus, genes associated
with virulence, particularly those found within pathogenicity islands and those encoding
toxins, are typically harbored by phages (38). Furthermore, numerous transcriptional
genes have been either gained or lost in LES isolates, some of them known for playing
a role in the virulence of S. aureus. Notably, the AraC family transcriptional regulator Rsp
and various AraC-type DNA-binding domains were depleted, whereas DNA-binding Lacl/
PurR family transcriptional regulators were acquired (45, 46). Possible alterations in the
regulation of virulence within the LES isolates may contribute to the loss of epidemicity
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alongside the modifications of virulence factors. The acquisition of attachment factors
and the reduced virulence of the LES isolates imply that these isolates may possess
characteristics enabling them to persist inconspicuously within the host. Of note, Senn
et al. characterized the ST228-I clone as a stealthy superbug, prevalent among numer-
ous long-term asymptomatic carriers (16). Furthermore, the ST228-I clone has been
described as adapted to enteric carriage, which might have also influenced its evolution-
ary course. In addition to the factors previously mentioned, many other genes emerged
as good predictors. These findings underscore the multifactorial nature of the drivers
behind the evolution of this clone.

It is challenging to determine the precise reasons of the ST228 clone decline, and
multiple factors may have contributed (7, 47, 48). The progressive replacement of clones
was unlikely here, as the total incidence of MRSA declined, and the ST228 clone was not
replaced by another predominant clone. Another explanation could be the accumulation
of SNVs and the genetic drift of the clone, decreasing its fitness (49). The success of
the new infection control policy and antibiotic stewardship remains the most likely
possibility and is reflected by the overall decrease of all STs. However, it hardly explains
the decrease in the proportion of ST228 amongst the other STs.

Studies, such as this one, are subject to several limitations that may impact the
outcomes and conclusions. First, when investigating the biological factors underlying
the decline of a clone, it is difficult to observe the true unsuccessful isolates/line-
ages that lacked these determinants, as they may have become extinct. Additionally,
investigations of outbreak dynamics inherently result in unbalanced data sets, with most
isolates representing the outbreak period and relatively few isolates collected during the
post-outbreak period. Finally, S. aureus annotation challenging due to inconsistencies
in annotated genomes present in the databases (50). To date, no curated database
of S. aureus genome exists, comparable to the Pseudomonas Genome Database for
Pseudomonas species (51).

Numerous studies have investigated the genetic factors underlying the emergence
of MRSA lineages. Understanding the characteristics of successful lineages is crucial
for improving transmission control. However, only a limited number of studies have
examined the genomic basis for the decline of epidemic clones. As far as we are aware,
this is the first study comparing the genomic content of isolates from the outbreak
period with those collected up to 10 years later for the same clone. We showed
the emergence of sub-lineages after the outbreak period, all of which continued to
circulate within the hospital until the clone nearly vanished. Through both univariate
and multivariate analyses, we illustrated that the diminishing epidemiological success
of the clone was linked to the acquisition and loss of numerous genes, presumably as
a result of interactions with phages. These alterations may have potentially driven the
clone towards greater adaptability for long-term carriage while simultaneously reducing
its virulence, but they did not allow the clone to persist in the population since it almost
completely disappeared.

ACKNOWLEDGMENTS

This study was partially supported by the # 407240_177504 fund from the Swiss National
Science Foundation “Development of a Swiss surveillance database for molecular
epidemiology of multi-drug resistant pathogens.”

AUTHOR AFFILIATIONS

'Infection Prevention and Control Unit, Infectious Diseases Service, Lausanne University
Hospital and University of Lausanne, Lausanne, Switzerland

ZInstitute of Microbiology, Lausanne University Hospital and University of Lausanne,
Lausanne, Switzerland

Month XXXX Volume 0 Issue 0

Journal of Clinical Microbiology

10.1128/jcm.00203-2411

Downloaded from https://journals.asm.org/journa/jcm on 27 June 2024 by 155.105.69.252.


https://doi.org/10.1128/jcm.00203-24

Full-Length Text

AUTHOR ORCIDs

Florian Mauffrey (2 http://orcid.org/0000-0003-4834-7786
Claire Bertelli (2 http://orcid.org/0000-0003-0550-8981
Gilbert Greub 2 http://orcid.org/0000-0001-9529-3317
Dominique S. Blanc 2 http://orcid.org/0000-0002-0324-8437

FUNDING

Journal of Clinical Microbiology

Funder

Grant(s)

Author(s)

Swiss National Science Foundation

407240_177504

Laurence Senn

AUTHOR CONTRIBUTIONS

Florian Mauffrey, Conceptualization, Formal analysis, Investigation, Methodology, Writing
— original draft | Claire Bertelli, Writing — review and editing | Gilbert Greub, Writing -
review and editing | Laurence Senn, Conceptualization, Funding acquisition, Writing —
review and editing.

DATA AVAILABILITY

All reads generated for this study were deposited in the EMBL Nucleotide Sequence Data
Base (ENA) with the project number PRJEB49254.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig. S1 (JCM00203-24-s0001.eps). Maximum likelihood tree of the 421 ST228 strains
from Lausanne, Geneva, and other European hospitals.
Fig. S2 (JCM00203-24-s0002.eps). Pan-genome composition of the Lausanne outbreak
isolates.
Fig. S3 (JCM00203-24-s0003.eps). Number of acquired or lost genes by the isolates from
the 3 low-epidemic-success clusters to isolates with high epidemic success.

Fig. S4 (JCM00203-24-s0004.eps). Quality metrics of the Random Forest models using
the different genomics datasets as predictors and epidemic success categories as
response variable.
Supplemental legends (JCM00203-24-s0005.docx). Legends for Fig. S1 to S4.
Supplemental tables (JCM00203-24-s0006.xlIsx). Tables S1 to S5.

REFERENCES

1.

Foster TJ. 2002. Staphylococcus aureus, p 839-888. In Molecular medical
Microbiology. Vol. 2. Elsevier.

Foster TJ. 2017. Antibiotic resistance in Staphylococcus aureus. Current
status and future prospects. FEMS Microbiol Rev 41:430-449. https://doi.
org/10.1093/femsre/fux007

Chambers HF, Deleo FR. 2009. Waves of resistance: Staphylococcus
aureus in the antibiotic era. Nat Rev Microbiol 7:629-641. https://doi.org/
10.1038/nrmicro2200

Deurenberg RH, Stobberingh EE. 2008. The evolution of Staphylococcus
aureus. Infect Genet Evol 8:747-763. https://doi.org/10.1016/j.meegid.
2008.07.007

Abdelbary MMH, Basset P, Blanc DS, Feil EJ. 2017. The evolution and
dynamics of methicillin-resistant Staphylococcus aureus, p 553-572. In
Genetics and evolution of infectious diseases. Elsevier.

Dai Y, Liu J, Guo W, Meng H, Huang Q, He L, Gao Q, Lv H, Liu Y, Wang Y,
Wang H, Liu Q, Li M. 2019. Decreasing methicillin-resistant Staphylococ-
cus aureus (MRSA) infections is attributable to the disappearance of
predominant MRSA ST239 clones, Shanghai, 2008-2017. Emerg

Month XXXX Volume 0 Issue 0

Microbes Infect 8:471-478. https://doi.org/10.1080/22221751.2019.
1595161

Hsu L-Y, Harris SR, Chlebowicz MA, Lindsay JA, Koh T-H, Krishnan P, Tan
T-Y, Hon P-Y, Grubb WB, Bentley SD, Parkhill J, Peacock SJ, Holden MTG.
2015. Evolutionary dynamics of methicillin-resistant Staphylococcus
aureus within a healthcare system. Genome Biol 16:81. https://doi.org/
10.1186/513059-015-0643-z

Jamrozy D, Coll F, Mather AE, Harris SR, Harrison EM, MacGowan A, Karas
A, Elston T, Estée Torok M, Parkhill J, Peacock SJ. 2017. Evolution of
mobile genetic element composition in an epidemic methicillin-
resistant Staphylococcus aureus: temporal changes correlated with
frequent loss and gain events. BMC Genomics 18:684. https://doi.org/10.
1186/512864-017-4065-z

McAdam PR, Templeton KE, Edwards GF, Holden MTG, Feil EJ, Aanensen
DM, Bargawi HJA, Spratt BG, Bentley SD, Parkhill J, Enright MC, Holmes A,
Girvan EK, Godfrey PA, Feldgarden M, Kearns AM, Rambaut A, Robinson
DA, Fitzgerald JR. 2012. Molecular tracing of the emergence, adaptation,
and transmission of  hospital-associated  methicillin-resistant

10.1128/jcm.00203-2412

Downloaded from https://journals.asm.org/journa/jcm on 27 June 2024 by 155.105.69.252.


https://www.ebi.ac.uk/ena/browser/view/PRJEB49254
https://doi.org/10.1128/jcm.00203-24
https://doi.org/10.1093/femsre/fux007
https://doi.org/10.1038/nrmicro2200
https://doi.org/10.1016/j.meegid.2008.07.007
https://doi.org/10.1080/22221751.2019.1595161
https://doi.org/10.1186/s13059-015-0643-z
https://doi.org/10.1186/s12864-017-4065-z
https://doi.org/10.1128/jcm.00203-24

Full-Length Text

20.

21.

Month XXXX Volume 0

Staphylococcus aureus. Proc Natl Acad Sci U S A 109:9107-9112. https://
doi.org/10.1073/pnas.1202869109

Benson MA, Ohneck EA, Ryan C, Alonzo F, Smith H, Narechania A,
Kolokotronis S-O, Satola SW, Uhlemann A-C, Sebra R, Deikus G, Shopsin
B, Planet PJ, Torres VJ. 2014. Evolution of hypervirulence by a MRSA
clone through acquisition of a transposable element: rot dysregulation
in MRSA-USA500 leads to hypervirulence. Mol Microbiol 93:664-681.
https://doi.org/10.1111/mmi.12682

Planet PJ, LaRussa SJ, Dana A, Smith H, Xu A, Ryan C, Uhlemann A-C,
Boundy S, Goldberg J, Narechania A, Kulkarni R, Ratner AJ, Geoghegan
JA, Kolokotronis S-O, Prince A. 2013. Emergence of the epidemic
methicillin-resistant Staphylococcus aureus strain USA300 coincides with
horizontal transfer of the arginine catabolic mobile element and SpeG
-mediated adaptations for survival on skin. mBio 4:e00889-13. https://
doi.org/10.1128/mBi0.00889-13

Basset P, Senn L, Prod’hom G, Bille J, Francioli P, Zanetti G, Blanc DS.
2010. Usefulness of double locus sequence typing (DLST) for regional
and international epidemiological surveillance of methicilin-resistant
Staphylococcus aureus. Clin Microbiol Infect 16:1289-1296. https://doi.
0rg/10.1111/j.1469-0691.2009.03070.x

Blanc D.S., Petignat C, Moreillon P, Entenza JM, Eisenring M-C, Kleiber H,
Wenger A, Troillet N, Blanc C-H, Francioli P. 1999. Unusual spread of a
penicillin-susceptible methicillin-resistant Staphylococcus aureus clone in
a geographic area of low incidence. Clin Infect Dis 29:1512-1518. https://
doi.org/10.1086/313522

Blanc D S, Petignat C, Wenger A, Kuhn G, Vallet Y, Fracheboud D, Trachsel
S, Reymond M, Troillet N, Siegrist HH, Oeuvray S, Bes M, Etienne J, Bille J,
Francioli P, Zanetti G. 2007. Changing molecular epidemiology of
methicillin-resistant Staphylococcus aureus in a small geographic area
over an eight-year period. J Clin Microbiol 45:3729-3736. https://doi.org/
10.1128/JCM.00511-07

Blanc DS, Grandbastien B, Bally F, Lienhard R, Tritten M-L, Clerc O,
Fracheboud D, Pfister S, Chuard C, Burr M, Schmiedel Y, Liassine N, Jost
G, Togni G, Di Lorenzo V, Jayol A, Prod’hom G, Greub G, Senn L. 2022.
Staphylococcus aureus résistant a la méticilline: 15 ans de surveillance
moléculaire en Suisse romande. Revue Médicale Suisse 18:724-728.
https://doi.org/10.53738/REVMED.2022.18.777.724

Senn L, Clerc O, Zanetti G, Basset P, Prod’hom G, Gordon NC, Sheppard
AE, Crook DW, James R, Thorpe HA, Feil EJ, Blanc DS. 2016. The stealthy
superbug: the role of asymptomatic enteric carriage in maintaining a
long-term hospital outbreak of ST228 methicillin-resistant Staphylococ-
cus aureus. mBio 7:€02039-15. https://doi.org/10.1128/mBi0.02039-15
Abdelbary MMH, Feil EJ, Senn L, Petignat C, Prod’hom G, Schrenzel J,
Francois P, Werner G, Layer F, Strommenger B, Pantosti A, Monaco M,
Denis O, Deplano A, Grundmann H, Blanc DS. 2020. Phylogeographical
analysis reveals the historic origin, emergence, and evolutionary
dynamics of methicillin-resistant Staphylococcus aureus ST228. Front
Microbiol 11:2063. https://doi.org/10.3389/fmicb.2020.02063

Rasigade J-P, Barbier M, Dumitrescu O, Pichat C, Carret G, Ronnaux-
Baron A-S, Blasquez G, Godin-Benhaim C, Boisset S, Carricajo A, Jacomo
V, Fredenucci |, Pérouse de Montclos M, Flandrois J-P, Ader F, Supply P,
Lina G, Wirth T. 2017. Strain-specific estimation of epidemic success
provides insights into the transmission dynamics of tuberculosis. Sci Rep
7:45326. https://doi.org/10.1038/srep45326

Barbier M, Dumitrescu O, Pichat C, Carret G, Ronnaux-Baron A-S,
Blasquez G, Godin-Benhaim C, Boisset S, Carricajo A, Jacomo V,
Fredenucci |, Pérouse de Montclos M, Genestet C, Flandrois J-P, Ader F,
Supply P, Lina G, Wirth T, Rasigade J-P. 2018. Changing patterns of
human migrations shaped the global population structure of
Mycobacterium tuberculosis in France. Sci Rep 8:5855. https://doi.org/10.
1038/541598-018-24034-6

Wirth T, Bergot M, Rasigade J-P, Pichon B, Barbier M, Martins-Simoes P,
Jacob L, Pike R, Tissieres P, Picaud J-C, Kearns A, Supply P, Butin M,
Laurent F, International Consortium for Staphylococcus capitis neonatal
sepsis, ESGS Study Group of ESCMID. 2020. Niche specialization and
spread of Staphylococcus capitis involved in neonatal sepsis. Nat
Microbiol 5:735-745. https://doi.org/10.1038/541564-020-0676-2

Baede VO, Gupta A, Knight GM, Schouls LM, Laing K, Tavakol M, Barray A,
de Vlas SJ, de Vos AS, Hendrickx APA, Khan M, Kretzschmar ME, van
Wamel WJB, Lina G, Vandenesch F, Vos MC, Witney AA, Rasigade J-P,
Lindsay JA. 2023. Markers of epidemiological success of methicillin-
resistant Staphylococcus aureus isolates in European populations. Clin

Issue 0

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

Journal of Clinical Microbiology

Microbiol Infect 29:1166-1173. https://doi.org/10.1016/j.cmi.2023.05.
015

Merker M, Rasigade J-P, Barbier M, Cox H, Feuerriegel S, Kohl TA, Shitikov
E, Klaos K, Gaudin C, Antoine R, Diel R, Borrell S, Gagneux S, Nikolayev-
skyy V, Andres S, Crudu V, Supply P, Niemann S, Wirth T. 2022.
Transcontinental spread and evolution of Mycobacterium tuberculosis
W148 European/Russian clade toward extensively drug resistant
tuberculosis. Nat Commun 13:5105. https://doi.org/10.1038/s41467-022-
32455-1

Sanabria GE, Sequera G, Aguirre S, Méndez J, Dos Santos PCP, Gustafson
NW, Godoy M, Ortiz A, Cespedes C, Martinez G, Garcia-Basteiro AL,
Andrews JR, Croda J, Walter KS. 2023. Phylogeography and transmission
of Mycobacterium tuberculosis spanning prisons and surrounding
communities in Paraguay. Nat Commun 14:303. https://doi.org/10.1038/
s41467-023-35813-9

Dreyer V, Mandal A, Dev P, Merker M, Barilar I, Utpatel C, Nilgiriwala K,
Rodrigues C, Crook DW, CRyPTIC Consortium, Rasigade J-P, Wirth T,
Mistry N, Niemann S. 2022. High fluoroquinolone resistance proportions
among multidrug-resistant tuberculosis driven by dominant L2
Mycobacterium tuberculosis clones in the Mumbai metropolitan region.
Genome Med 14:95. https://doi.org/10.1186/513073-022-01076-0

Zhou Z, Yi H, Zhou Q, Wang L, Zhu Y, Wang W, Liu Z, Xiong H. 2023.
Evolution and epidemic success of Mycobacterium tuberculosis in Eastern
China: evidence from a prospective study. BMC Genomics 24:241. https:/
/doi.org/10.1186/512864-023-09312-6

Kuhn G, Francioli P, Blanc DS. 2007. Double-locus sequence typing using
clfB and spa, a fast and simple method for epidemiological typing of
methicillin-resistant Staphylococcus aureus. J Clin Microbiol 45:54-62.
https://doi.org/10.1128/JCM.01457-06

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS.
2017. ModelFinder: fast model selection for accurate phylogenetic
estimates. Nat Methods 14:587-589. https://doi.org/10.1038/nmeth.
4285

Brynildsrud O, Bohlin J, Scheffer L, Eldholm V. 2016. Rapid scoring of
genes in microbial pan-genome-wide association studies with scoary.
Genome Biol 17:238. https://doi.org/10.1186/s13059-016-1108-8

Zhang Y, Wu M, Hang T, Wang C, Yang Y, Pan W, Zang J, Zhang M, Zhang
X. 2017. Staphylococcus aureus SArE captures complement factor H's c-
terminus via a novel ‘close, dock, lock and latch” mechanism for
complement evasion. Biochem J 474:1619-1631. https://doi.org/10.
1042/BCJ20170085

Cheng AG, Missiakas D, Schneewind O. 2014. The giant protein Ebh is a
determinant of Staphylococcus aureus cell size and complement
resistance. J Bacteriol 196:971-981. https://doi.org/10.1128/JB.01366-13
Liu B, Sun B. 2020. Rsp promotes the transcription of virulence factors in
an agr-independent manner in Staphylococcus aureus. Emerg Microbes
Infect 9:796-812. https://doi.org/10.1080/22221751.2020.1752116
Grundmann H, Schouls LM, Aanensen DM, Pluister GN, Tami A,
Chlebowicz M, Glasner C, Sabat AJ, Weist K, Heuer O, Friedrich AW,
ESCMID Study Group on Molecular Epidemiological Markers, European
Staphylococcal Reference Laboratory Working Group. 2014. The
dynamic changes of dominant clones of Staphylococcus aureus causing
bloodstream infections in the European region: results of a second
structured survey. Euro Surveill. 19:20987. https://doi.org/10.2807/1560-
7917.es2014.19.49.20987

Grundmann H, Aanensen DM, van den Wijngaard CC, Spratt BG,
Harmsen D, Friedrich AW, European Staphylococcal Reference
Laboratory Working Group. 2010. Geographic distribution of Staphylo-
coccus aureus causing invasive infections in Europe: a molecular-
epidemiological analysis. PLoS Med 7:¢1000215.
https://doi.org/10.1371/journal.pmed.1000215

Baig S, Rhod Larsen A, Martins Simdes P, Laurent F, Johannesen TB, Lilje
B, Tristan A, Schaumburg F, Egyir B, Cirkovic I, Nimmo GR, Spiliopoulou I,
Blanc DS, Mernelius S, Moen AEF, David MZ, Andersen PS, Stegger M.
2020. Evolution and population dynamics of clonal complex 152
community-associated methicillin-resistant ~ Staphylococcus — aureus.
mSphere 5:200226-20. https://doi.org/10.1128/mSphere.00226-20

Diep BA, Otto M. 2008. The role of virulence determinants in commun-
ity-associated MRSA pathogenesis. Trends Microbiol. 16:361-369. https:/
/doi.org/10.1016/j.tim.2008.05.002

10.1128/jcm.00203-2413

Downloaded from https://journals.asm.org/journa/jcm on 27 June 2024 by 155.105.69.252.


https://doi.org/10.1073/pnas.1202869109
https://doi.org/10.1111/mmi.12682
https://doi.org/10.1128/mBio.00889-13
https://doi.org/10.1111/j.1469-0691.2009.03070.x
https://doi.org/10.1086/313522
https://doi.org/10.1128/JCM.00511-07
https://doi.org/10.53738/REVMED.2022.18.777.724
https://doi.org/10.1128/mBio.02039-15
https://doi.org/10.3389/fmicb.2020.02063
https://doi.org/10.1038/srep45326
https://doi.org/10.1038/s41598-018-24034-6
https://doi.org/10.1038/s41564-020-0676-2
https://doi.org/10.1016/j.cmi.2023.05.015
https://doi.org/10.1038/s41467-022-32455-1
https://doi.org/10.1038/s41467-023-35813-9
https://doi.org/10.1186/s13073-022-01076-0
https://doi.org/10.1186/s12864-023-09312-6
https://doi.org/10.1128/JCM.01457-06
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1186/s13059-016-1108-8
https://doi.org/10.1042/BCJ20170085
https://doi.org/10.1128/JB.01366-13
https://doi.org/10.1080/22221751.2020.1752116
https://doi.org/10.2807/1560-7917.es2014.19.49.20987
https://doi.org/10.1371/journal.pmed.1000215
https://doi.org/10.1128/mSphere.00226-20
https://doi.org/10.1016/j.tim.2008.05.002
https://doi.org/10.1128/jcm.00203-24

Full-Length Text

36.

37.

38.

39.

40.

41.

42.

43.

44,

Month XXXX Volume 0

Chatterjee SS, Otto M. 2013. Improved understanding of factors driving
methicillin-resistant ~ Staphylococcus aureus epidemic waves. Clin
Epidemiol 5:205-217. https://doi.org/10.2147/CLEP.S37071

Patel S. 2016. Drivers of bacterial genomes plasticity and roles they play
in pathogen virulence, persistence and drug resistance. Infect Genet
Evol 45:151-164. https://doi.org/10.1016/j.meegid.2016.08.030
Malachowa N, DeLeo FR. 2010. Mobile genetic elements of Staphylococ-
cus aureus. Cell Mol Life Sci 67:3057-3071. https://doi.org/10.1007/
s00018-010-0389-4

Xia G, Wolz C. 2014. Phages of Staphylococcus aureus and their impact on
host evolution. Infect Genet Evol 21:593-601. https://doi.org/10.1016/j.
meegid.2013.04.022

Zhuang H, Zhu F, Lan P, Ji S, Sun L, Chen Y, Wang Z, Jiang S, Zhang L,
ZhuY, Jiang Y, Chen Y, Yu Y. 2021. A random forest model based on core
genome allelic profiles of MRSA for penicillin plus potassium clavulanate
susceptibility prediction. Microb Genom 7:000610. https://doi.org/10.
1099/mgen.0.000610

Lan P, Shi Q, Zhang P, Chen Y, Yan R, Hua X, Jiang Y, Zhou J, Yu Y. 2020.
Core genome allelic profiles of clinical Klebsiella pneumoniae strains
using a random forest algorithm based on multilocus sequence typing
scheme for hypervirulence analysis. J Infect Dis 221:5263-5271. https://
doi.org/10.1093/infdis/jiz562

Lloréns-Rico V, Lluch-Senar M, Serrano L. 2015. Distinguishing between
productive and abortive promoters using a random forest classifier in
Mycoplasma pneumoniae. Nucleic Acids Res. 43:3442-3453. https://doi.
org/10.1093/nar/gkv170

Foster TJ. 2016. The remarkably multifunctional fibronectin binding
proteins of Staphylococcus aureus. Eur J Clin Microbiol Infect Dis
35:1923-1931. https://doi.org/10.1007/510096-016-2763-0

Kwiecinski JM, Horswill AR. 2020. Staphylococcus aureus bloodstream
infections: pathogenesis and regulatory mechanisms. Curr Opin
Microbiol 53:51-60. https://doi.org/10.1016/j.mib.2020.02.005

Issue 0

45.

46.

47.

48.

49.

50.

51.

Journal of Clinical Microbiology

Li T, He L, Song Y, Villaruz AE, Joo H-S, Liu Q, Zhu Y, Wang Y, Qin J, Otto
M, Li M. 2016. AraC-type regulator Rsp adapts Staphylococcus aureus
gene expression to acute infection. Infect Immun 84:723-734. https:/
doi.org/10.1128/1A1.01088-15

Sause WE, Balasubramanian D, Irnov |, Copin R, Sullivan MJ, Sommerfield
A, Chan R, Dhabaria A, Askenazi M, Ueberheide B, Shopsin B, van Bakel
H, Torres VJ. 2019. The purine biosynthesis regulator PurR moonlights as
a virulence regulator in Staphylococcus aureus. Proc Natl Acad Sci U S A
116:13563-13572. https://doi.org/10.1073/pnas.1904280116

Baldan R, Testa F, Loré NI, Bragonzi A, Cichero P, Ossi C, Biancardi A,
Nizzero P, Moro M, Cirillo DM. 2012. Factors contributing to epidemic
MRSA clones replacement in a hospital setting. PLoS ONE 7:€43153.
https://doi.org/10.1371/journal.pone.0043153

Schaumburg F, Kéck R, Mellmann A, Richter L, Hasenberg F, Kriegeskorte
A, Friedrich AW, Gatermann S, Peters G, von Eiff C, Becker K, study group.
2012. Population dynamics among methicillin-resistant Staphylococcus
aureus isolates in Germany during a 6-year period. J Clin Microbiol
50:3186-3192. https://doi.org/10.1128/JCM.01174-12

Ksiazek K. 2010. Bacterial aging: from mechanistic basis to evolutionary
perspective. Cell Mol Life Sci 67:3131-3137. https://doi.org/10.1007/
s00018-010-0417-4

Copin R, Shopsin B, Torres VJ. 2018. After the deluge: mining Staphylo-
coccus aureus genomic data for clinical associations and host-pathogen
interactions. Curr Opin Microbiol 41:43-50. https://doi.org/10.1016/j.
mib.2017.11.014

Winsor GL, Griffiths EJ, Lo R, Dhillon BK, Shay JA, Brinkman FSL. 2016.
Enhanced annotations and features for comparing thousands of
Pseudomonas genomes in the Pseudomonas genome database. Nucleic
Acids Res 44:D646-D653. https://doi.org/10.1093/nar/gkv1227

10.1128/jcm.00203-2414

Downloaded from https://journals.asm.org/journa/jcm on 27 June 2024 by 155.105.69.252.


https://doi.org/10.2147/CLEP.S37071
https://doi.org/10.1016/j.meegid.2016.08.030
https://doi.org/10.1007/s00018-010-0389-4
https://doi.org/10.1016/j.meegid.2013.04.022
https://doi.org/10.1099/mgen.0.000610
https://doi.org/10.1093/infdis/jiz562
https://doi.org/10.1093/nar/gkv170
https://doi.org/10.1007/s10096-016-2763-0
https://doi.org/10.1016/j.mib.2020.02.005
https://doi.org/10.1128/IAI.01088-15
https://doi.org/10.1073/pnas.1904280116
https://doi.org/10.1371/journal.pone.0043153
https://doi.org/10.1128/JCM.01174-12
https://doi.org/10.1007/s00018-010-0417-4
https://doi.org/10.1016/j.mib.2017.11.014
https://doi.org/10.1093/nar/gkv1227
https://doi.org/10.1128/jcm.00203-24

	Genomic evolution of ST228 SCCmec-I MRSA 10 years after a major nosocomial outbreak
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION


