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Methicillin-resistant Staphylococcus aureus (MRSA) is a common pathogen
contributing to healthcare-associated infections, which can result in multiple
sites infections. The epidemiological characteristics of MRSA exhibit variability
among distinct regions and healthcare facilities. The aim of this study was to
investigate the molecular epidemiology and nosocomial outbreak characteristics
of MRSA in a county-level hospital in China. A total of 130 non-repetitive MRSA
strains were collected from December 2020 to November 2021. Whole-
genome sequencing (WGS) was performed to identify antimicrobial resistance
and virulence factors. Phylogenetic analysis was conducted to ascertain
genetic diversity and phylogenetic relationships. Independent transmission
scenarios were determined by the phylogeny derived from single nucleotide
polymorphisms (SNPs) within the core genome. All the MRSA isolates were
collected from the intensive care unit (30.00%, 39/130), the department of
otorhinolaryngology (10.00%, 13/130) and the department of burn unit (9.23%,
12/130). The clinical samples mainly included phlegm (53.85%, 70/130), purulent
fluid (24.62%, 32/130), and secretions (8.46%, 11/130). The resistance rates to
erythromycin, clindamycin and ciprofloxacin were 75.38, 40.00, and 39.23%,
respectively. All the isolates belonged to 11 clonal complexes (CCs), with the
major prevalent types were CC5, CC59, and CC398, accounting for 30.00%
(39/130), 29.23% (38/130), and 16.92% (22/130), respectively. Twenty sequence
types (STs) were identified, and ST59 (25.38%, 33/130) was the dominant lineage,
followed by ST5 (23.84%, 31/130) and ST398 (16.92%, 22/130). Three different
SCCmec types were investigated, most of isolates were type IV (33.85%, 44/130),
followed by type Il (27.69%, 36/130) and type Il (0.77%, 1/130). The common
clonal structures included CC5-ST5-t2460-SCCmec lla, CC59-ST59-t1437-
SCCmec IV and CC398-ST398-t034-SCCmec (—), with rates of 16.92% (22/130),
14.62% (19/130), and 13.84% (18/130), respectively. Only 12 panton-valentine
leucocidin (PVL) positive strains were identified. Two independent clonal
outbreaks were detected, one consisting of 22 PVL-negative strains belongs to
CC5-ST5-t2460-SCCmec lla and the other consisting of 8 PVL-negative strains
belongs to CC5-ST5-t311-SCCmec lla. Overall, our study indicated that the CC5
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lineage emerged as the predominant epidemic clone of MRSA, responsible for
nosocomial outbreaks and transmission within a county-level hospital in China,
highlighting the necessity to strengthen infection control measures for MRSA in
such healthcare facilities.

KEYWORDS

MRSA, whole-genome sequencing, molecular epidemiology, transmission, nosocomial
outbreak, country-level hospitals

1 Introduction

Methicillin-resistant  Staphylococcus aureus (MRSA) is the
predominant pathogen responsible for hospital-acquired infections. It
can lead to various diseases, including wound infections, food
poisoning, pneumonia, infective endocarditis, sepsis, and other
systemic infections (Patel and Rawat, 2023). MRSA infections are
characterized by prolonged hospital stays and a high mortality rate. In
the United States, the mortality rate attributed to hospital-acquired
MRSA infections is 14.2%, and the associated economic costs amount
to US$3-4 billion annually (Kim et al., 2018; Nelson et al., 2022). The
prevalence and epidemiology of MRSA are continuously evolving,
with newly adapted MRSA clones emerging as predominant strains in
various geographical regions. Therefore, the prevention and control of
MRSA become a major global public health challenge.

Analyzing the genetic characteristics of MRSA is an effective
approach to understand its evolution and transmission mechanisms
(Giulieri et al., 2020), thereby accordingly preventing and controlling
the MRSA infection (Lee et al.,, 2018). Currently, genetic typing
methods for MRSA, including multilocus-sequence typing (MLST)
(Jin et al., 2022), identification staphylococcal cassette chromosome
mec (SCCmec), sequencing of the highly polymorphic repeat region
of Staphylococcus aureus protein A (spa) gene (Tsergouli et al., 2022),
and toxin genes such as panton-valentine leucocidin (PVL)
(Zhu Y. et al., 2022).

The genetic characteristics and virulence gene profiles of MRSA
have been associated with the antimicrobial susceptibility,
transmission capability, length of hospitalization, mortality rate and
prognosis (Li et al, 2019). For example, compared to other
staphylococci, CC5 and CC8 lineages exhibit a higher antibiotic
resistance rate (Jin et al., 2022). In recent years, ST5 strains have
shown a higher level of resistance to fosfomycin, with the resistance
rate increasing from 19.5 to 67.3% (Chen et al., 2022). According to
pathological examination results, ST59-t437 strains primarily target
the host’s lungs, leading to severe inflammatory reactions, tissue
damage, and the substantial exudation of inflammatory mediators and
cells (Liao et al, 2021). In addition, studies have suggested that
SCCmec III strains tend to carry the highest number of resistance
genes and exhibit the highest rates of multidrug resistance. SCCmec
IV and V strains display increased sensitivity to ceftobiprole (BPR)
(Zhu E et al,, 2022). Furthermore, compared to spa t037, spa t002
exhibits lower sensitivity to daptomycin and rifampicin (Wang et al.,
2022). Moreover, PVL can lead to tissue necrosis and leukocyte lysis,
and it is considered a significant contributor to skin and soft tissue
infections. MRSA is considered to be a major nosocomial infection
pathogen, PVL-positive CC5 strains have reported to be associated
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with nosocomial outbreaks, demonstrating a trend of global
dissemination (Lindner et al., 2022; Aloba et al., 2023).

The genetic characteristics of MRSA is diverse in different regions,
hospitals and time periods. In European countries, CC5 and CC22 are
the predominant clonal complexes associated with bloodstream
infections; in Latin America, CC8 is the major epidemic clone; and in
Asia CC8 is the prevalent clone, while in East Asia CC5 is the primary
epidemic clone (Aires-de-Sousa, 2017). A survey, conducted across 22
tertiary hospitals in China, revealed that the predominant epidemic
clones was CC59 (33%, 154/471), CC239 (25%, 116/471), and CC5
(21%, 96/471), indicating a high prevalence of CC59 in China (Chen
et al.,, 2022). Furthermore, it could be a result of clonal replacement.
For instance, a study from a tertiary hospital in China found that
S$T239-t030-SCCmeclII rapidly replaced ST239-t037-SCCmeclII as
the predominant epidemic clone in this hospital since 2000 (Chen
et al,, 2010). Meanwhile, the latest multi-center survey report from
China indicates a significant increase in the isolation of MRSA ST59
clones from bloodstream infections (Jin et al., 2021), CC59-ST59-
t437-SCCmeclV has become the predominant epidemic strain (Wang
etal., 2022).

Although several studies have delved into the molecular
epidemiological characteristics of MRSA strains in China, the
aforementioned research predominantly centers on tertiary and
teaching hospitals, leaving a gap in understanding the genetic traits of
MRSA in county-level hospitals. China is one of the most populous
countries in the world, in which a half of the population resided in
rural areas, and sought medical care in nearly 11,000 county-level
hospitals nationwide (Dong et al., 2019). Therefore, it is particularly
important to conduct relevant research for developing tailored
strategies of MRSA prevention and control in county-level hospitals.
To address this concern, the genomic characterizations and
epidemiological surveillance of 130 MRSA isolates recovered from a
county-level hospital in this study were investigated.

2 Materials and methods
2.1 Sample collection

A total of 130 non-duplicate MRSA strains were isolated from
Affiliated Wenling Hospital of Wenzhou Medical University from
December 2020 to November 2021. These samples were obtained
from various sources including blood, pus, and sputum, etc. All
samples were delivered to the microbiology laboratory with optimal
transport and incubated at 37°C on Columbia blood agar plates for
16-18h. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight
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Mass Spectrometry (MALDI-TOF-MS, ANTU, China) was used to
identify target strains. For strains identified as Staphylococcus aureus,
antimicrobial susceptibility testing was performed to identify
MRSA. Following CLSI 2021 standards, strains with oxacillin
minimum inhibitory concentration (MIC) values > 4 pg/mL were
selected as MRSA and stored at —80°C. The protocol in this study was
approved by the Ethics Committee of Affiliated Wenling Hospital of
Wenzhou Medical University (KY-2021-1018-01).

2.2 Antibiotic susceptibility testing

Antimicrobial susceptibility testing was conducted using the DxM
MicroScan WalkAway ID/AST system. The antibiotics tested included:
FOX (cefoxitin), OXA (oxacillin), ERY (erythromycin), CLI
(clindamycin), CIP (ciprofloxacin), TET (tetracycline), GEN
SXT
trimethoprim), QD (quinupristin-dalfopristin), DAP (daptomycin),
LNZ (linezolid), and VAN (vancomycin). Antibiotic MIC results were
tested using MicroScan Panels (Beckman Coulter, Inc., Calif.,

(gentamicin), RIF  (rifampicin), (sulfamethoxazole/

United States). The resistance criteria were based on the Clinical and
Laboratory Standards Institute (CLSI) 2021 guidelines (CLSI, 2021).
Staphylococcus aureus ATCC 29213 was used as standard
bacterial strain.

2.3 Whole-genome sequencing

Genomic DNA was extracted using the QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany). Sequencing was conducted using the
long-read Oxford Nanopore MinION (Nanopore, Oxford, UK) and
Mlumina NovaSeq 6000 platforms (Illumina, Inc., San Diego, CA,
United States). The resulting reads were assembled using Unicycler
v.0.4.8 software (Wu et al., 2023). The BacWGSTdDb 2.0 server was
employed for multi-locus sequence typing (MLST) and identification
of antimicrobial resistance genes (Feng et al., 2021). For Spa and
SCCmec typing analysis, spaTyper 1.0 and SCCmecFinder 1.2 were
utilized, respectively. Virulence gene detection was conducted using
ABRicate v1.0.0. PHYLOViZ v2.0, employing the geoBURST Full
MST algorithm, was utilized to assign all isolates to different clonal
complexes (CCs) based on sharing six out of the seven alleles with the
founder sequence type (Jin et al., 2021).

2.4 Phylogenetic analysis

The phylogenetic tree generated by cgSNP analysis was performed
using Snippy v4.6.0. The SNPs between each pair of isolates in different
groups were calculated by snp-dists v0.8.2, and the recombination
events were calculated by Gubbins v3.3.2 based on the alignments.
Fasttree v2.1.11 infers an approximately-maximum-likelihood
phylogenetic tree from these non-recombinant SNPs. The visualization
and annotation of phylogenetic trees, along with the identification of
antimicrobial resistance genes, sequence type, clonal complex, Spa
type, Sccmec type, PVL type and strain metadata, were carried out
using the Interactive Tree of Life (iTOL) V6 web server (Wu
etal., 2023).
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2.5 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.5
(GraphPad Software, United States). Timelines of the infectious
patients were created by Flowchart Maker & Online Diagram Software
(Draw.io, Switzerland).

3 Results
3.1 Clinical characteristics of MRSA strains

From December 2020 to November 2021, a total of 130
non-repetitive MRSA strains were collected. The average age of the
inpatients was 51.53+27.23years. Among the patients, 57.69%
(75/130) were male, while 42.31% (55/130) were female. The
distribution among departments included the intensive care unit
(30.00%, 39/130), the department of otorhinolaryngology (10.00%,
13/130), the burn unit (9.23%, 12/130), the pediatrics department
(8.46%, 11/130), the neurosurgery department (8.46%, 11/130), and
other departments (14.62%, 19/130) (Figure 1A). The specimen
sources were phlegm (53.85%, 70/130), purulent fluid (24.62%,
32/130), secretions (8.46%, 11/130), blood (5.38%, 7/130), drainage
fluid (3.08%, 4/130), and others (4.62%, 6/130) (Figure 1B). The
patients were diagnosed as pulmonary infection (59.23%, 77/130),
skin infection (16.92%, 22/130), otitis externa (6.15%, 8/130), otitis
media (3.85%, 5/130), soft tissue infection (3.08%, 4/130), neonatal
sepsis (1.54%, 2/130), diabetic foot ulcers (1.54%, 2/130), mastitis
(1.54%, 2/130), catheter-related bloodstream infection (1.54%, 2/130),
urinary tract infection (1.54%, 2/130), peritonitis (0.77%, 1/130),
gastrointestinal infection (0.77%, 1/130), tonsillitis (0.77%, 1/130) and
sinusitis (0.77%, 1/130).

3.2 Antimicrobial susceptibility testing data

All MRSA isolates were resistant to cefoxitin. The resistance rates
to erythromycin, clindamycin, ciprofloxacin, tetracycline, gentamicin,
were 75.38, 40.00, 39.23, 35.38, and 26.15%, respectively. The
resistance rates for rifampicin, quinupristin-dalfopristin,
sulfamethoxazole/trimethoprim, and daptomycin were relatively low,
ranging from 3.85 to 6.92%. None of the isolates were resistant to
linezolid and vancomycin (Figure 2A). Overall, the highest resistance
rate was observed in CC5, and the next were CC59 and CC398. Their
resistance rates to erythromycin were 97.50, 71.05, and 56.52%, to
ciproﬂoxacin were 92.50, 21.05, and 8.70%, to gentamicin were 65.00,
2.63, and 4.35%, to clindamycin was 37.50, 71.05, and 30.43%, to
tetracycline was 60.00, 31.58, and 26.09%, respectively. CC5 showed
highest resistance rates to all antimicrobial agents, except for
clindamycin, to which CC59 showed the highest resistance rate

(Figure 2B).

3.3 Phylogenetic analysis
Thirty-five spa types were identified, in which t437, 12460, and

t034 were the most prevalent gene types, with the rates of 19.23%
(25/130), 16.92% (22/130), and 13.85% (18/130), respectively. Twenty
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A B33 30.00% Intensive Care Unit B
O3 10.00% Otorhinolaryngology
B3 9.23% Burn Unit
3 8.46% Pediatrics O 53.85% Phlegm
3 8.46% Neurosurgery B 24.62% Purulent Fluid
B 6.92% Orthopedics 3 8.46% Secretion
B 6.15% Respiratory Medicine B 5.38% Blood
@@ 6.15% Emergency Medicine B3 3.08% Drainage Fluid
B2 3.08% Nephrology B3 1.54% Bronchoalveolar Lavage Fluid
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@@ 1.54% Infectious Diseases 3 0.77% Urine
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B 0.77% Rehabilitation Medicine
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@@ 0.77% Cardiology
B 0.77% Rheumatology and Immunology

FIGURE 1

Different colors represent different departments or sample types.

The clinical characteristics of 130 MRSA strains in this study. (A) The departmental distribution of all strains. (B) The specimen sources of all strains.

Percent (%)

FIGURE 2

ERY CLI CIP TET GEN RIF QD DAP  SXT LNZ VAN
B Resistance rate (100%)
10.00 | 2.50 | 7.50 | 5.00 0 0 80
60
2.63 526 | 263 | 526 0 0
40
8.70 | 26.09 | 435 | 13.04 0 4.35 0 0 0 20
T T T T T T T T T T 0
ERY CLI CIP TET GEN RIF SXT QD DAP LNZ VAN

Antimicrobial susceptibility of MRSA strains in this study. (A) Antimicrobial susceptibility of 130 MRSA strains. R, resistance; |, intermediate; S, susceptible.
(B) Antimicrobial resistance profiles among different CCs (CC5, CC59, CC398). The cell in different colors represents the rates of drug resistance. As
the color deepens, the drug resistance rate increases correspondingly. ERY, erythromycin; CLI, clindamycin; CIP, ciprofloxacin; TET, tetracycline; GEN,
gentamicin; RIF, rifampicin; SXT, sulfamethoxazole/trimetho; QD, quinupristin-dalfopristin; DAP, daptomycin; LNZ, linezolid; VAN, vancomycin.

sequence types (STs) were observed, with the dominant lineages: ST59
at 25.38% (33/130), ST5 at 23.84% (31/130), and ST398 at 16.92%
(22/130). The isolates were categorized into 11 clonal complexes
(CCs). Among them, CC5 (30.00%, 39/130), CC59 (29.23%, 38/130),
and CC398 (16.92%, 22/130) were the major prevalent types. In terms
of SCCmec types, three distinct variations were examined--type IV
33.85% (44/130), type IT 27.69% (36/130), and type II1 0.77% (1/130).
In this study, SCCmec type IV includes subtype IVa 25.38% (33/130),
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IVc 5.38% (7/130), and IVg 3.08% (4/130), SCCmec type II is
composed of two main subtypes, ITa 26.92% (35/130) and IIb 0.77%
(1/130). Non-typeable SCCmec types occurred in 49 isolates. Only
9.23% (12/130) Panton-Valentine leucocidin (PVL) positive strains
were identified. The common clonal structures included CC5-ST5-
12460-SCCmec ITa, CC59-ST59-t437-SCCmec IV, and CC398-ST398-
t034-SCCmec(—), with rates of 16.92% (22/130), 14.62% (19/130), and
13.84% (18/130), respectively (Figure 3).
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Tree scale: 0.1 F—————

FIGURE 3

Phylogenetic tree of all 130 MRSA. Spa types, ST types, clonal complex types, SCCmec type, and PVL presence are color-coded in the inner rings.
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3.4 Nosocomial outbreaks

Taking advantage of whole-genome sequencing, two clusters of
nosocomial outbreaks were identified. One consisting of 22
PVL-negative strains belongs to CC5-ST5-t2460-IIa, another
consisting of 8 PVL-negative strains belongs to CC5-ST5-t311-IIa.

In the first outbreak cluster, 22 patients were identified. Except for
M026, M083 and M103, all of the rest 19 patients had a history of ICU
admission. Specifically, M080 and M095 had ICU stays for more than
6 months, with infection histories more than 2 months since the first
strain infections. Samples were collected from M005, M007, M009,
MO010, and MO11 within 1 week. In the first outbreak cluster, the period
spanned 215days from the sampling day of the first strain to the
sampling day of last strain (Figure 4A). In the second outbreak cluster,
there were a total of 8 patients. The samples of M020, and M108 were
taken in the ICU. The samples of M082, M102, and M135 were taken
from the neurosurgery department. M020 and M082 had overlapping
ICU stays, suggesting a transmission of drug-resistant bacteria from
M020 to M082, and subsequently to M102 and M135 (Figure 4B).

SNP analysis revealed nucleotide sequence differences ranging
from 0 to 20 in the first cluster and 0 to 25 in the second cluster. Five
pairings (M010 and M026; M005, M011, M015, and M017; M007 and
M103; M102 and M135; M001, M009, and M025) had no SNP
differences, suggesting that these pairs of isolates were strictly clonal
(Figure 5).

In Clade 1 and Clade 2, all strains exhibited 100.00% resistance
rates to FOX, OXA, ERY, and CIP. Strains from Clade 1 were all
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susceptible to RIE, QD, DAP, LNZ, and VAN, while Strains from Clade
2 were all susceptible to SXT, LNZ, and VAN. Compared to Clade 2,
Clade 1 exhibited higher resistance rates to TET (90.91% vs. 12.50%),
GEN (77.27% vs. 37.50%), and SXT (4.55% vs. 0%). Conversely, Clade
1 demonstrated lower resistance rates than Clade 2 to CLI (22.73% vs.
25.00%), RIF (0 vs. 25.00%), QD (0 vs. 25.00%), and DAP (0 vs.
12.50%). The sampling time for the first case in two outbreak clusters
exceeded 12 days and 9 days from the time of admission, indicating
hospital-acquired infections. The first clade had 14 more patients than
Clade 2. The duration time was 57 days shorter in Clade 1. Isolates in
Clade 1 were constituted strains persistently colonized in the ICU, but
no further detection was observed in the last 3 months of monitoring,
indicating complete clearance. On the other hand, isolates in Clade 2
spread among different departments within the hospital and were not
detected again in the last month of monitoring (Figure 4).

4 Discussion

MRSA infection remains a global health concern, proliferating
and posing significant challenges (Aloba et al., 2023). While current
investigations primarily targeted tertiary and teaching hospitals (Chen
et al, 2022), scant data exist regarding the genetic traits and
nosocomial outbreaks of MRSA in county-level hospitals. To grasp the
present landscape of MRSA prevalence, nosocomial infection
outbreaks,

and the molecular mechanisms involved within
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FIGURE 4
The timelines of nosocomial infection outbreaks in a county-level hospital. (A) The timelines of the infectious patients in Clade 1. (B) The timelines of
the infectious patients in Clade 2. The rectangle on the timeline represents the duration of patients’ admissions. Different wards are depicted in various
colors, while red arrows indicate sampling dates.

county-level hospitals, this study delves into the molecular
characteristics of MRSA within a county-level hospital in China.

In this study, MRSA CC5, CC59, and CC398 were identified as the
main prevalent lineages, with proportions of 30.00% (39/130), 29.23%
(38/130), and 16.92% (22/130), respectively. Consistent with the
previous studies, CC5 and CC59 are the two most predominant clones
(Chen etal., 2022; Zhao et al., 2022). A recent study focused on seven
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representative tertiary hospitals in seven provinces and municipalities
in China, including Shanghai, Zhejiang, Guangdong, Sichuan, Hubei,
Jiangxi, and Inner Mongolia, from 2014 to 2020, and found that CC5
and CC59 accounted for 23.4 and 31.2%, respectively (Wang et al.,
2022). An earlier study reported that CC5 and CC8 were the most
common global epidemic clones, and identified CC5 as the major
clone associated with hospital infections, while CC8 as the primary
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FIGURE 5
The single nucleotide polymorphisms (SNPs) numbers between each isolate. (A) The SNPs numbers in Clade 1. (B) The SNPs numbers in Clade 2. The
cell in different colors represents the number of SNPs.

Frontiers in Microbiology 07 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1387855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Huang et al.

clone associated with community infections (Lakhundi and Zhang,
2018). Compared with CC8 MRSA, CC5 MRSA exhibited greater
resistance to selective pressures, adapting and spreading in hospital
environments and readily acquiring antibiotic resistance traits (Bispo
et al., 2020). After 2015, CC59 gradually increased over the world,
more than in China but also in countries such as the United States,
Singapore, and Latin America. Most CC59 isolates showed relatively
lower resistance to common antibiotics and had fewer resistance-
associated fitness costs, thus demonstrating stronger competitiveness.
This trend may contribute to the replacement of CC8-ST239 to CC59-
ST59 (Wang et al., 2022).

Meanwhile, we identified CC398 as one of the top three clones in
primary healthcare facilities in China, with a prevalence of 17.16%.
Recent reports have identified CC398 as the predominant LA-MRSA
clone found in livestock worldwide, including Europe, North America,
Asia, and Africa (Wang et al, 2023). LA-MRSA-CC398, lacking
specific host specificity, can cross various species barriers, colonize or
infect animals and humans through close contact with contaminated
livestock or food, leading to human infections (Tang et al., 2021;
Kruger-Haker et al., 2023). Due to the stable presence of Tn916 and
SCCmec in CC398, these mobile genetic elements (or other antibiotic
resistance genes) are often retained when CC398 was transmitted to
humans (Matuszewska et al., 2022). We speculated that the relatively
high prevalence of CC398 may be associated with the well-established
livestock and aquaculture industry in Wenling City, a county-level city
located on the southeastern coast of Zhejiang, China.

In addition, this study found that ST59, as the most prevalent
clone, accounted for 25.38% (33/130) infections, followed by ST5 and
ST398, which accounted for 23.84% (31/130) and 16.92% (22/130),
respectively. This indicated that in county-level hospitals in China,
ST59 has become the predominant epidemic clone of MRSA at the
grassroots level. These findings are in line with reports from national
multicenter studies and higher-level teaching hospitals (Chen et al.,
2019; Wang et al., 2022). Reports suggest that since 2010, MRSA ST59
has been on the rise in China and gradually replaced ST239 as the
dominant clone in most Chinese hospitals (Jin et al., 2021). Previous
studies have indicated that ST59 possesses high pathogenicity and
virulence, which was considered as important reasons for its
widespread dissemination of ST59 (Pimentel de Araujo et al., 2021).

Previous studies suggest that different MRSA clonal lineages were
associated with their biofilm formation capabilities, the ability of the
ST59 -t437-SCCmec IV clone to form robust biofilms may be the
reason for its dominance and multidrug resistance in China (Zhao
et al, 2022). In our study, ST59-t437-SCCmec IV accounted for
14.62% (19/130) of all MRSA, and it represented 57.58% (19/33) of all
ST59 MRSA strains. Our results aligned closely with the results of a
multicenter study in China (Wang et al., 2022). This indicates that
ST59-t437-1V has become an important epidemic clone in China, not
only in tertiary hospitals but also in county-level hospitals. In this
study, ST5-t2460-SCCmec II accounts for 16.92% (22/130).
Researchers have reported that in Shanghai, China, from 2008 to 2017,
the prevalence of ST5-t2460 clones increased from 0 to 17.3% (Dai
et al, 2019), and ST5-t2460-SCCmec II gradually became the
predominant clone in multiple regions of China (Zhao et al., 2022).
However, further research is required to understand how the
ST5-12460 clone gained a competitive advantage in the hospital
environment. ST398-t034 accounts for 13.85% (18/130) in this study.
ST398-t034 was considered to be associated with livestock transport,
but has also become a major type in hospital personnel (Xu et al.,

Frontiers in Microbiology

10.3389/fmicb.2024.1387855

2020). This suggests the need for further monitoring the prevalence of
ST398-t034 in primary healthcare facilities.

In this study, only 1 strain of ST239 was found, accounting for
0.77% (1/130). ST239 clones have traditionally been considered the
major infecting strains in subacute hospital infections, persisting in
the hospital environment and undergoing adaptive evolution for
several decades. However, their prevalence in China sharply declined
from 2008 to 2017, being replaced by the ST5-t2460 clone (Dai et al.,
2019). It is noted that ST239 is no longer the prevalent clone at the
county-level hospital according to our study.

The prevalence of PVL carriage varies in different regions or
among different bacterial clones (Li et al., 2013). In this study, 12
PVL-positive strains were identified 9.23% (12/130), primarily
consisting of C22-ST22-t309 and CC59-ST59-t437, with ratios of
41.67% (5/12) and 33.33% (4/12), respectively. A previous study in
China indicated that from 2009 to 2012, the prevalence of
PVL-positive MRSA strains was 28.6% (Hu et al., 2015). This
difference may attribute to the fact that the patients selected for the
above study were all soft tissue infections. Four hospitals in eastern
China reported a PVL-positive rate of MRSA at 10.1% (Kong et al.,
2018), which aligns with our results. A recent study showed that the
detection rate of PVL in MRSA associated with skin and soft tissue
infections (SSTIs) in China has increased from 9.09% in 2009-2011
0 22.55% in 2019-2021 (Su et al., 2023). It is imperative to intensify
the surveillance of PVL-positive strains within county-level hospitals.

The antimicrobial susceptibility profile of MRSA varies in different
countries and regions. In the United Kingdom, MRSA exhibited
higher resistance proportions to fluoroquinolones, erythromycin,
gentamicin, moxifloxacin, tobramycin and methicillin. However, the
resistance rate to tetracycline was relatively low (Baede et al., 2023).
The finding of this study confirmed that MRSA in Chinese county-
level hospitals had a higher resistance rate to ERY, but were more
sensitive to LNZ and VAN. Our results were consistent with earlier
research results, MRSA in China has a higher resistance rate to
oxacillin, erythromycin, and clindamycin, but lower resistance rates
to linezolid and vancomycin (Fu et al., 2021; Hu et al., 2022; Wang
etal,, 2022). Further analysis revealed that the drug resistance profile
of MRSA was associated with different clonal complexes (CCs). In our
study, CC5 MRSA exhibited a resistance rate of over 90% to ERY and
CIP, and over 60% to TET and GEN. CC59 MRSA was mainly
resistant to OXA, ERY, and CLI, with resistance rates exceeding 70%.
CC398 MRSA is primarily resistant to OXA. The results were
consistent with previous studies, CC5 MRSA has the highest drug
resistance rate, followed by CC59 and CC398 (Gergova et al., 2022;
Zhao et al., 2022). During CC5 MRSA’ evolutionary process, it can
carry more antibiotic resistance genes due to mobile genetic elements
and the selective pressure of antibiotics (Challagundla et al., 2018),
thereby boosting its predominance. Whole-genome sequencing not
only can provide information about the genetic basis of phenotypic
characteristics, including antimicrobial resistance and virulence traits,
but also able to determine the single-nucleotide differences. This
allows for the accurate prediction of transmission events and
outbreaks (Price et al., 2013). In our study, two significant hospital-
acquired outbreak events were identified, one consisting of 22
PVL-negative CC5-ST5-t2460-SCCmec Ila strains and the other
comprising 8 PVL-negative CC5-ST5-t311-SCCmec Ila strains.
Among the 22 strains in the first cluster, 20 patients had a history of
ICU contact, except for M026 and M103. In the second cluster, among
the 8 strains, except for 4 patients (M003, M018, M089, and M135),
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the other 4 patients had a history of ICU contact. ICUs are among the
departments most vulnerable to MRSA infections and colonization.
MRSA-contaminated patients and the hospital environment,
particularly high-touch surfaces in patient rooms, serve as potential
reservoirs for MRSA transmission (Ziegler et al., 2022). ICUs are
major sources for the creation, transmission, and spread of multidrug-
resistant bacteria. On one hand, increased antibiotic use when patients
develop infections in the ICU leads to greater selective pressure for
pathogens to develop resistance. On the other hand, ICU patients have
compromised immune function, undergo mechanical ventilation,
central venous catheterization and urinary catheterization procedures,
and are applied invasive devices, all of which significantly increase the
risk of infections in ICU patients (Pachori et al., 2019). Furthermore,
factors such as inadequate equipment disinfection and sterilization,
partial aerosol transmission of pathogenic bacteria, insufficient
disinfection of the environment, neglect of hand hygiene, and drug-
related issues further promote the spread of MRSA in hospitals (Yang
et al,, 2023). These results highlight the need for enhanced infection
prevention and control measures in county-level hospitals in China.

This study has some limitations that needs to be acknowledged.
Firstly, it is a single-center study and lacks thorough comparisons for
different years. Secondly, this study lacks of correlation analysis of
antibiotic resistance, virulence genes, and clinical phenotype, due to
the lacks of detailed clinical information. Third, due to the lack of
animal experiments, the virulence levels of some PVL-positive strains
still await validation. Future research should involve multicenter
longitudinal studies in county-level hospitals in China.

5 Conclusion

In summary, our study aimed to investigate the molecular
epidemiology and nosocomial outbreak characteristics of MRSA in
county-level hospitals in China. The isolates exhibited high rates of
resistance to erythromycin, clindamycin, and ciprofloxacin. Molecular
typing unveiled a diverse population of MRSA strains, predominantly
associated with clonal complexes CC5, CC59, and CC398, among which
ST59 emerged as the most prevalent sequence type. Various SCCmec
types were identified, with type IV being the most prevalent. Additionally,
this study detected two independent clonal outbreaks within the county-
level hospital. These outbreaks were primarily composed of CC5 clone.

In conclusion, this study sheds light on the genomic features and
transmission patterns of MRSA CC5 and CC59 epidemic strains
within a Chinese county-level hospital, highlighting a nosocomial
outbreak associated with the CC5 lineage. These findings underscore
the imperative for enhanced detection and control measures for
MRSA infections within county-level hospitals in China. Otherwise,
the study of MRSA clonal distributions is related not only to control
measures in hospitals but with also to right faster choice of therapy in
cases of severe infections.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found at:
PRJNA1077681.

https://www.ncbi.nlm.nih.gov/,

Frontiers in Microbiology

10.3389/fmicb.2024.1387855

Ethics statement

The studies involving humans were approved by Ethics Committee
of Affiliated Wenling Hospital of Wenzhou Medical University
(KY-2021-1018-01). The studies were conducted in accordance with
the local legislation and institutional requirements. Written informed
consent for participation was not required from the participants or the
participants’ legal guardians/next of kin in accordance with the
national legislation and institutional requirements.

Author contributions

LHu: Formal analysis, Investigation, Methodology, Writing —
original draft. LZ: Formal analysis, Investigation, Methodology,
Visualization, Writing - review & editing. JY: Conceptualization, Data
curation, Methodology, Writing - review & editing. YaL: Methodology,
Project administration, Writing — review & editing. DD: Formal
analysis, Methodology, Project administration, Writing — review &
editing. LHe: Visualization, Writing - review & editing. YeL: Data
curation, Project administration, Validation, Writing - review &
editing. YY: Formal analysis, Validation, Writing - review & editing.
LS: Investigation, Methodology, Writing - review & editing. Y]J:
Methodology, Project administration, Writing - review & editing. HC:
Methodology,
administration, Resources, Supervision, Visualization, Writing -

Funding acquisition, Investigation, Project
review & editing. TJ: Funding acquisition, Investigation, Methodology,
Project administration, Resources, Supervision, Validation, Writing

- original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by Zhejiang Provincial Medical and Health Science and
Technology Project (2022RC299, 2023XY088), Scientific Research
Fund of Wenling Science and Technology Bureau (2021500229),
Scientific Research Fund of Taizhou Science and Technology Bureau
(22ywb125), Zhejiang Provincial Program for the Cultivation of New
Health Talents (2020-3-187), and Taizhou City Program for the High-
level Talent Special Support Plan (2022-3-18).

Acknowledgments

We thank Zhi Ruan, Renfang Zhou, and Yanbing Wang, who
helped with the design and bacterial experiments of this study.

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.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1387855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/

Huang et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Aires-de-Sousa, M. (2017). Methicillin-resistant Staphylococcus aureus among
animals: current overview. Clin. Microbiol. Infect. 23, 373-380. doi: 10.1016/j.
cmi.2016.11.002

Aloba, B. K., Kinnevey, P. M., Monecke, S., Brennan, G. I., O'Connell, B., Blomfeldt, A.,
et al. (2023). An emerging Panton-valentine leukocidin-positive CC5-meticillin-
resistant Staphylococcus aureus-IVc clone recovered from hospital and community
settings over a 17-year period from 12 countries investigated by whole-genome
sequencing. J. Hosp. Infect. 132, 8-19. doi: 10.1016/j.jhin.2022.11.015

Baede, V. O., Gupta, A., Knight, G. M., Schouls, L. M., Laing, K., Tavakol, M., et al.
(2023). Markers of epidemiological success of methicillin-resistant Staphylococcus
aureus isolates in European populations. Clin. Microbiol. Infect. 29, 1166-1173. doi:
10.1016/j.cmi.2023.05.015

Bispo, P. J. M., Ung, L., Chodosh, J., and Gilmore, M. S. (2020). Hospital-associated
multidrug-resistant MRSA lineages are trophic to the ocular surface and cause severe
microbial keratitis. Front. Public Health 8:204. doi: 10.3389/fpubh.2020.00204

Challagundla, L., Reyes, J., Rafiqullah, I., Sordelli, D. O., Echaniz-Aviles, G.,
Velazquez-Meza, M. E,, et al. (2018). Phylogenomic classification and the evolution of
clonal complex 5 methicillin-resistant Staphylococcus aureus in the Western hemisphere.
Front. Microbiol. 9:1901. doi: 10.3389/fmicb.2018.01901

Chen, H,, Liu, Y., Jiang, X., Chen, M., and Wang, H. (2010). Rapid change of
methicillin-resistant Staphylococcus aureus clones in a Chinese tertiary care hospital over
a 15-year period. Antimicrob. Agents Chemother. 54, 1842-1847. doi: 10.1128/
AAC.01563-09

Chen, Y, Sun, L., Ba, X,, Jiang, S., Zhuang, H., Zhu, E, et al. (2022). Epidemiology,
evolution and cryptic susceptibility of methicillin-resistant Staphylococcus aureus in
China: a whole-genome-based survey. Clin. Microbiol. Infect. 28, 85-92. doi: 10.1016/j.
c¢mi.2021.05.024

Chen, X., Sun, K., Luo, Q., Duan, Y., and Chen, F. (2019). Emergence and spread of
pvl-positive genotypic CA-MRSA ST59 with increased adhesion capacity from wounds
in hospitals. J. Infect. 79, 612-625. doi: 10.1016/j.jinf.2019.10.005

Chen, T., Zhao, L., Liu, Y., Wang, Y,, Jian, Y., Zhao, N, et al. (2022). Mechanisms of
high-level fosfomycin resistance in Staphylococcus aureus epidemic lineage ST5. J.
Antimicrob. Chemother. 77, 2816-2826. doi: 10.1093/jac/dkac236

CLSI. Performance standards for antimicrobial susceptibility testing. 31 Wayne,
Pennsylvania: Clinical and Laboratory Standards Institute; (2021).

Dai, Y., Liu, J., Guo, W,, Meng, H., Huang, Q., He, L., et al. (2019). Decreasing
methicillin-resistant Staphylococcus aureus (MRSA) infections is attributable to the
disappearance of predominant MRSA ST239 clones, Shanghai, 2008-2017. Emerg.
Microbes Infect. 8, 471-478. doi: 10.1080/22221751.2019.1595161

Dong, Y., Yang, X., Fang, P, Pan, Z., and Luo, Z. (2019). Have the pilot county
Hospitals' Service capability been improved since the healthcare reform? An analysis of
370 hospitals in China. Iran. J. Public Health 48, 474-483. doi: 10.18502/ijph.v48i3.891

Feng, Y., Zou, S., Chen, H., Yu, Y,, and Ruan, Z. (2021). Bac WGSTdb 2.0: a one-stop
repository for bacterial whole-genome sequence typing and source tracking. Nucleic
Acids Res. 49, D644-D650. doi: 10.1093/nar/gkaa821

Fu, P, Xu, H,, Jing, C., Deng, J., Wang, H., Hua, C,, et al. (2021). Bacterial epidemiology
and antimicrobial resistance profiles in children reported by the ISPED program in
China, 2016 to 2020. Microbiol. Spectr. 9:e0028321. doi: 10.1128/Spectrum.00283-21

Gergova, R., Tsitou, V. M., Dimov, S. G., Boyanova, L., Mihova, K., Strateva, T., et al.
(2022). Molecular epidemiology, virulence and antimicrobial resistance of Bulgarian
methicillin resistant Staphylococcus aureus isolates. Acta Microbiol. Immunol. Hung. 69,
193-200. doi: 10.1556/030.2022.01766

Giulieri, S. G., Tong, S. Y. C., and Williamson, D. A. (2020). Using genomics to
understand meticillin-and vancomycin-resistant Staphylococcus aureus infections.
Microb. Genom. 6:¢000324. doi: 10.1099/mgen.0.000324

Hu, Q., Cheng, H., Yuan, W,, Zeng, E, Shang, W.,, Tang, D., et al. (2015). Panton-
valentine leukocidin (PVL)-positive health care-associated methicillin-resistant
Staphylococcus aureus isolates are associated with skin and soft tissue infections and
colonized mainly by infective PVL-encoding bacteriophages. J. Clin. Microbiol. 53,
67-72. doi: 10.1128/JCM.01722-14

Hu, F, Yuan, L., Yang, Y., Xu, Y., Huang, Y., Hu, Y,, et al. (2022). A multicenter
investigation of 2, 773 cases of bloodstream infections based on China antimicrobial
surveillance network (CHINET). Front. Cell. Infect. Microbiol. 12:1075185. doi: 10.3389/
fcimb.2022.1075185

Jin, Y., Zhou, W,, Zhan, Q., Chen, Y., Luo, Q., Shen, P, et al. (2022). Genomic
epidemiology and characterisation of penicillin-sensitive Staphylococcus aureus isolates
from invasive bloodstream infections in China: an increasing prevalence and higher

Frontiers in Microbiology

10.3389/fmicb.2024.1387855

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.

diversity in genetic typing be revealed. Emerg. Microbes Infect. 11, 326-336. doi:
10.1080/22221751.2022.2027218

Jin, Y., Zhou, W., Zhan, Q., Zheng, B., Chen, Y., Luo, Q,, et al. (2021). Genomic
epidemiology and characterization of methicillin-Resistantstaphylococcus aureusfrom
bloodstream infections in China. mSystems 6:¢0083721. doi: 10.1128/mSystems.00837-21

Kim, W, Hendricks, G. L., Tori, K., Fuchs, B. B., and Mylonakis, E. (2018). Strategies
against methicillin-resistant Staphylococcus aureus persisters. Future Med. Chem. 10,
779-794. doi: 10.4155/fmc-2017-0199

Kong, H., Fang, L., Jiang, R., and Tong, J. (2018). Distribution of sas X, pvl, and qacA/B
genes in epidemic methicillin-resistant Staphylococcus aureus strains isolated from East
China. Infect. Drug Resist. 11, 55-59. doi: 10.2147/IDR.S153399

Kruger-Haker, H., Ji, X., Hanke, D,, Fiedler, S., Fessler, A. T., Jiang, N., et al. (2023).
Genomic diversity of methicillin-resistant Staphylococcus aureus CC398 isolates collected
from diseased swine in the German National Resistance Monitoring Program GERM-vet
from 2007 to 2019. Microbiol. Spectr. 11:e0077023. doi: 10.1128/spectrum.00770-23

Lakhundi, S., and Zhang, K. (2018). Methicillin-resistant Staphylococcus aureus:
molecular characterization, evolution, and epidemiology. Clin. Microbiol. Rev.
31:¢00020-18. doi: 10.1128/CMR.00020-18

Lee, A. S., de Lencastre, H., Garau, J., Kluytmans, J., Malhotra-Kumar, S., Peschel, A.,
etal. (2018). Methicillin-resistant Staphylococcus aureus. Nat. Rev. Dis. Primers 4:18033.
doi: 10.1038/nrdp.2018.33

Li, X, Huang, T, Xu, K,, Li, C,, and Li, Y. (2019). Molecular characteristics and
virulence gene profiles of Staphylococcus aureus isolates in Hainan, China. BMC Infect.
Dis. 19:873. doi: 10.1186/s12879-019-4547-5

Li, J., Wang, L., Ip, M., Sun, M., Sun, J., Huang, G., et al. (2013). Molecular and clinical
characteristics of clonal complex 59 methicillin-resistant Staphylococcus aureus
infections in mainland China. PLoS One 8:¢70602. doi: 10.1371/journal.pone.0070602

Liao, E, Gu, W,, Fu, X,, Yuan, B, and Zhang, Y. (2021). Comparison of virulence-related
determinants between the ST59-t437 and ST239-t030 genotypes of methicillin-resistant
Staphylococcus aureus. BMC Microbiol. 21:264. doi: 10.1186/s12866-021-02329-5

Lindner, A. K., Hommes, E, Nikolai, O., Equihua Martinez, G., Gurer, B., Kruger, R.,
et al. (2022). Imported Panton-valentine leucocidin (PVL)-positive Staphylococcus
aureus skin infections: patients' perspective on quality of life and quality of medical care.
J. Travel Med. 29:taac047. doi: 10.1093/jtm/taac047

Matuszewska, M., Murray, G. G. R, Ba, X,, Wood, R., Holmes, M. A., and
Weinert, L. A. (2022). Stable antibiotic resistance and rapid human adaptation in
livestock-associated MRSA. eLife 11:€74819. doi: 10.7554/eLife.74819

Nelson, R. E., Hyun, D., Jezek, A., and Samore, M. H. (2022). Mortality, length of stay,
and healthcare costs associated with multidrug-resistant bacterial infections among
elderly hospitalized patients in the United States. Clin. Infect. Dis. 74, 1070-1080. doi:
10.1093/cid/ciab696

Pachori, P, Gothalwal, R., and Gandhi, P. (2019). Emergence of antibiotic resistance
Pseudomonas aeruginosa in intensive care unit; a critical review. Genes Dis. 6, 109-119.
doi: 10.1016/j.gendis.2019.04.001

Patel, H., and Rawat, S. (2023). A genetic regulatory see-saw of biofilm and virulence
in MRSA pathogenesis. Front. Microbiol. 14:1204428. doi: 10.3389/fmicb.2023.1204428

Pimentel de Araujo, E, Monaco, M., Del Grosso, M., Pirolo, M., Visca, P, and
Pantosti, A. (2021). Staphylococcus aureus clones causing osteomyelitis: a literature
review (2000-2020). J. Glob. Antimicrob. Resist. 26, 29-36. doi: 10.1016/j.jgar.2021.03.030

Price, J. R., Didelot, X., Crook, D. W,, Llewelyn, M. J., and Paul, J. (2013). Whole
genome sequencing in the prevention and control of Staphylococcus aureus infection. J.
Hosp. Infect. 83, 14-21. doi: 10.1016/j.jhin.2012.10.003

Su, W, Liu, Y., Wang, Q., Yuan, L., Gao, W,, Yao, K. H., et al. (2023). Antibiotic
susceptibility and clonal distribution of Staphylococcus aureus from pediatric skin and
soft tissue infections: 10-year trends in multicenter investigation in China. Front. Cell.
Infect. Microbiol. 13:1179509. doi: 10.3389/fcimb.2023.1179509

Tang, Y., Qiao, Z., Wang, Z., Li, Y., Ren, J., Wen, L., et al. (2021). The prevalence of
Staphylococcus aureus and the occurrence of MRSA CC398 in monkey feces in a Zoo
Park in eastern China. Animals (Basel) 11:732. doi: 10.3390/ani11030732

Tsergouli, K., Karampatakis, T., Kontopoulou, K., Pappa, S., Kampouridou, P,
Kallasidou, G., et al. (2022). Spa diversity and genetic characterization of t127
methicillin-resistant Staphylococcus aureus in a tertiary Greek hospital. Acta Microbiol.
Immunol. Hung. 69, 185-192. doi: 10.1556/030.2022.01825

Wang, W. Y., Hsueh, P. R., and Tsao, S. M.Group TS (2022). Genotyping of methicillin-
resistant Staphylococcus aureus isolates causing invasive infections using spa typing and

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1387855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.cmi.2016.11.002
https://doi.org/10.1016/j.cmi.2016.11.002
https://doi.org/10.1016/j.jhin.2022.11.015
https://doi.org/10.1016/j.cmi.2023.05.015
https://doi.org/10.3389/fpubh.2020.00204
https://doi.org/10.3389/fmicb.2018.01901
https://doi.org/10.1128/AAC.01563-09
https://doi.org/10.1128/AAC.01563-09
https://doi.org/10.1016/j.cmi.2021.05.024
https://doi.org/10.1016/j.cmi.2021.05.024
https://doi.org/10.1016/j.jinf.2019.10.005
https://doi.org/10.1093/jac/dkac236
https://doi.org/10.1080/22221751.2019.1595161
https://doi.org/10.18502/ijph.v48i3.891
https://doi.org/10.1093/nar/gkaa821
https://doi.org/10.1128/Spectrum.00283-21
https://doi.org/10.1556/030.2022.01766
https://doi.org/10.1099/mgen.0.000324
https://doi.org/10.1128/JCM.01722-14
https://doi.org/10.3389/fcimb.2022.1075185
https://doi.org/10.3389/fcimb.2022.1075185
https://doi.org/10.1080/22221751.2022.2027218
https://doi.org/10.1128/mSystems.00837-21
https://doi.org/10.4155/fmc-2017-0199
https://doi.org/10.2147/IDR.S153399
https://doi.org/10.1128/spectrum.00770-23
https://doi.org/10.1128/CMR.00020-18
https://doi.org/10.1038/nrdp.2018.33
https://doi.org/10.1186/s12879-019-4547-5
https://doi.org/10.1371/journal.pone.0070602
https://doi.org/10.1186/s12866-021-02329-5
https://doi.org/10.1093/jtm/taac047
https://doi.org/10.7554/eLife.74819
https://doi.org/10.1093/cid/ciab696
https://doi.org/10.1016/j.gendis.2019.04.001
https://doi.org/10.3389/fmicb.2023.1204428
https://doi.org/10.1016/j.jgar.2021.03.030
https://doi.org/10.1016/j.jhin.2012.10.003
https://doi.org/10.3389/fcimb.2023.1179509
https://doi.org/10.3390/ani11030732
https://doi.org/10.1556/030.2022.01825

Huang et al.

their correlation with antimicrobial susceptibility. Int. J. Antimicrob. Agents 59:106525.
doi: 10.1016/j.ijantimicag.2022.106525

Wang, B., Xu, Y., Zhao, H., Wang, X, Rao, L., Guo, Y,, et al. (2022). Methicillin-resistant
Staphylococcus aureus in China: a multicentre longitudinal study and whole-genome
sequencing. Emerg. Microbes Infect. 11, 532-542. doi: 10.1080/22221751.2022.2032373

Wang, Y., Zhang, P., Wu, ], Chen, S,, Jin, Y., Long, J., et al. (2023). Transmission of
livestock-associated methicillin-resistant Staphylococcus aureus between animals,
environment, and humans in the farm. Environ. Sci. Pollut. Res. Int. 30, 86521-86539.
doi: 10.1007/s11356-023-28532-7

Wu, Y, Jiang, T, Bao, D., Yue, M., Jia, H., Wu, ], et al. (2023). Global population

structure and genomic surveillance framework of carbapenem-resistant Salmonella
enterica. Drug Resist. Updat. 68:100953. doi: 10.1016/j.drup.2023.100953

Wu, Y, Jiang, T., He, X., Shao, J., Wu, C., Mao, W,, et al. (2023). Global Phylogeography
and genomic epidemiology of Carbapenem-resistant Bla (OXA-232)-carrying Klebsiella
pneumoniae sequence type 15 lineage. Emerg. Infect. Dis. 29, 2246-2256. doi: 10.3201/
€id2911.230463

Xu, Z., Li, X,, Tian, D., Sun, Z., Guo, L., Dong, C., et al. (2020). Molecular

characterization of methicillin-resistant and-susceptible Staphylococcus aureus recovered
from hospital personnel. J. Med. Microbiol. 69, 1332-1338. doi: 10.1099/jmm.0.001272

Frontiers in Microbiology

11

10.3389/fmicb.2024.1387855

Yang, ], Li, L., Zhu, X,, He, C,, Li, T,, Qin, J., et al. (2023). Microbial community
characterization and molecular resistance monitoring in geriatric intensive care units in
China using mNGS. Infect. Drug Resist. 16, 5121-5134. doi: 10.2147/IDR.S421702

Zhao, R., Wang, X., Wang, X,, Du, B,, Xu, K,, Zhang, E, et al. (2022). Molecular
characterization and virulence gene profiling of methicillin-resistant Staphylococcus
aureus associated with bloodstream infections in southern China. Front. Microbiol.
13:1008052. doi: 10.3389/fmicb.2022.1008052

Zhu, Y., Tang, Z., Huo, S., Wu, H., Wang, L., and Ding, S. (2022). Regulatory
relationship between macrophage autophagy and PVL-positive methicillin-resistant
Staphylococcus aureus. Immunobiology 227:152223. doi: 10.1016/j.imbi0.2022.152223

Zhu, F, Zhuang, H., Di, L., Wang, Z., Chen, Y,, Jiang, S., et al. (2022). Staphylococcal
cassette chromosome mec amplification as a mechanism for ceftobiprole resistance in
clinical methicillin-resistant Staphylococcus aureus isolates. Clin. Microbiol. Infect. 28,
1151.e1-1151.e7. doi: 10.1016/j.cmi.2022.03.009

Ziegler, M. J., Babcock, H. H., Welbel, S. E, Warren, D. K., Trick, W. E., Tolomeo, P,
et al. (2022). Stopping hospital infections with environmental services (SHINE): a
cluster-randomized trial of intensive monitoring methods for terminal room cleaning
on rates of multidrug-resistant organisms in the intensive care unit. Clin. Infect. Dis. 75,
1217-1223. doi: 10.1093/cid/ciac070

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1387855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ijantimicag.2022.106525
https://doi.org/10.1080/22221751.2022.2032373
https://doi.org/10.1007/s11356-023-28532-7
https://doi.org/10.1016/j.drup.2023.100953
https://doi.org/10.3201/eid2911.230463
https://doi.org/10.3201/eid2911.230463
https://doi.org/10.1099/jmm.0.001272
https://doi.org/10.2147/IDR.S421702
https://doi.org/10.3389/fmicb.2022.1008052
https://doi.org/10.1016/j.imbio.2022.152223
https://doi.org/10.1016/j.cmi.2022.03.009
https://doi.org/10.1093/cid/ciac070

	Genomic characterization and outbreak investigations of methicillin-resistant Staphylococcus aureus in a county-level hospital in China
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Antibiotic susceptibility testing
	2.3 Whole-genome sequencing
	2.4 Phylogenetic analysis
	2.5 Statistical analysis

	3 Results
	3.1 Clinical characteristics of MRSA strains
	3.2 Antimicrobial susceptibility testing data
	3.3 Phylogenetic analysis
	3.4 Nosocomial outbreaks

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

