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ABSTRACT
Previous studies have shown that the increased prevalent ST764 clone in China, Japan, and other Asian areas. However,
the knowledge of the genetic features and virulence characteristics of methicillin-resistant Staphylococcus aureus (MRSA)
ST764 in China is still limited. In this study, we identified 52 ST764-SCCmec type II isolates collected from five cities in
China between 2014 and 2021. Whole genome sequencing showed that the most common staphylococcal protein A
(spa) types of ST764 in China were t002 (55.78%) and t1084 (40.38%). Virulence assays showed that ST764-t1084
isolates had high haemolytic activity and α-toxin levels. Of the critical regulatory factors affecting α-toxin production,
only the SaeRS was highly expressed in ST764-t1084 isolates. Mouse abscess model indicated that the virulence of
ST764-t1084 isolates was comparable to that of S. aureus USA300-LAC famous for its hypervirulence. Interestingly,
ST764-t002 isolates exhibited stronger biofilm formation and cell adhesion capacities than ST764-t1084 isolates. This
seems to explain why ST764-t002 subclone has become more prevalent in China in recent years. Phylogenetic
analysis suggested that all ST764 isolates from China in Clade III were closely related to KUN1163 (an isolate from
Japan). Notably, genomic analysis revealed that the 52 ST764 isolates did not carry arginine catabolic mobile element
(ACME), which differed from ST764 isolates in Japan. Additionally, most ST764 isolates (69.23%) harboured an obvious
deletion of approximately 5 kb in the SCCmec II cassette region compared to KUN1163. Our findings shed light on
the potential global transmission and genotypic as well as phenotypic characteristics of ST764 lineage.
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Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is
a major pathogen associated with high rates of mor-
bidity and mortality since these pathogenic bacteria
are resistant to multiple classes of antibiotics [1].
During the last few decades, MRSA strains spread all
over the world being one of the most important noso-
comial pathogens [2]. Among these epidemic MRSA
strains, ST5 and ST239 are the typical hospital-associ-
ated MRSA (HA-MRSA) clones prevalent in Asia
countries [3–6]. ST5-MRSA-II is one of the global
HA-MRSA clones (New York/Japan clone) [3].

As a single-locus variant of the ST5 HA-MRSA
lineage with the features of community-associated
MRSA, ST764 isolate was first identified in 2006 in
Japan [7]. Later, it was found that the ST764-SCCmec
II genotype is increasingly prevalent in various

environments in Japan, including long-term care insti-
tutions [8], outpatient clinics, and hospitals [9–13].
These epidemiological findings showed that ST764-
SCCmec II is highly prevalent during nosocomial
MRSA infections. Despite the HA-MRSA clones,
ST764 isolates had been reported frequently carried
Arginine catabolic mobile element (ACME) type II′

adjacent to its type II SCCmec element in Japan
[8,11,14–16]. ACME, a genomic island of the staphylo-
coccus, was previously thought to enhance bacterial
survival and growth in the host [8]. The truncated
form ACME II, namely ACME II′, which is also
assumed to improve the existence of MRSA within
the host, has been detected in different lineages of
MRSA [17–19]. However, whether the ST764-SCCmec
II isolates in China carry ACME II′ remains to be
elucidated.
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The potential for infiltration of ST764 into the noso-
comial settings and resistance to topical antibiotic
mupirocin havemade it an alarming public health con-
cern [20,21]. Our previously published multicentre
longitudinal study indicates that ST5 and its variant
ST764 displayed a jagged growth trend in China over
the preceding seven years [22]. A recent study reported
that ST5/ST764-SCCmec II was themost prevalent type
of HA-MRSA isolate in southern China [23]. Further-
more, there are studies that reported S. aureus isolated
from the environmental surface in hospitals were pre-
dominantly ST764-t002-II isolates [24]. ST764-MRSA
has established pandemic inChina, especially prevalent
in coastal cities such as Shanghai and Guangzhou [22–
25]. Therefore, the ST764 clone may form a dominant
clone in coastal cities in the future, and this emerging
clone may pose a serious threat to hospitals. Addition-
ally, several staphylococcal enterotoxin genes, such as
seb, seg, seh, sem, sen, seo, and sei, have been frequently
found in ST764 isolates [25,26]. Although ST764 iso-
lates are Panton-Valentine leukocidin (PVL)-negative,
they can cause bloodstream infection and invasive
infections (e.g. necrotizing fasciitis and keratitis)
[11,14,27]. However, the virulence of ST764-MRSA
has not been fully investigated to date, and there is lim-
ited information on their epidemiological trends. It is
crucial to promptly detect MRSA new clones and effec-
tively stop clone spread. This prompted us to study
ST764-MRSA isolates to better understand the cause
and prospect of the rise of ST764-MRSA in China.

In the present study, we sequenced 52 ST764-
MRSA isolates from five provinces in China utilizing
the Illumina NovaSeq platform. The virulence poten-
tial of ST764 isolates was analysed in vivo and in
vitro. Phylogenetic analysis was carried out to investi-
gate the evolutionary dynamics of Chinese ST764 clo-
notype. We aimed to reveal the genetic features and
virulence characteristics of ST764 clonotype and
thus will be useful for the development of infection
prevention and control measure.

Materials and methods

Ethics approval

This study was approved by the Ethics Committee of
Shanghai Pulmonary Hospital, School of Medicine,
Tongji University, Shanghai, China. All animal exper-
iments were carried out under the guidelines approved
by the Ethics Committee of the Shanghai Pulmonary
Hospital of Tongji University School, Tongji Univer-
sity, Shanghai (Project number: K22-183Y).

Bacterial isolates and growth conditions

We collected and analysed a total of 643 non-dupli-
cated clinical MRSA isolates from 7 provinces/

municipalities in China between 2014 and 2021,
from which the epidemiological data of 565 clinical
MRSA isolates (including 46 ST764 isolates) between
2014 and 2020 have been published in our previous
study [22]. Among 643 MRSA isolates, 52 ST764
MRSA isolates were identified by WGS. The Illumina
sequences of the 52 ST764 isolates are available in
NCBI (Accession number: PRJNA902152). The full
details of 52 ST764 isolates were shown in Table S1.
In this study, S. aureus isolates were cultivated in tryp-
tic soy broth (TSB) (Oxoid) and incubated with shak-
ing at 220 rpm in a 37°C incubator.

Whole genome sequencing and analysis

Whole genome sequencing (WGS) of 52 ST764-
MRSA isolates was performed on the Illumina Nova-
Seq platform. Raw reads were quality filtered with
fastp v0.20.1 [28]. De novo genome assembly of
WGS data was performed using Unicycler v0.4.8
[29]. The programme mlst in GitHub (https://github.
com/tseemann/mlst) was utilized to perform multi-
locus sequence typing of the S. aureus assemblies. Sta-
phylococcal cassette chromosome mec (SCCmec) and
staphylococcal protein A (spa) typing of strains was
performed using SCCmecFinder and SpaFinder,
respectively [30,31]. The virulence genes and anti-
biotic resistance genes were identified by ABRicate
v1.0.0 (https://github.com/tseemann/abricate) based
on VFDB [32] and CARD [33] databases. To explore
the phylogenetic relationships among Chinese ST764
and ST764 isolates from other countries, S. aureus
genome assemblies were downloaded from NCBI
RefSeq (data cutoff was October 2022). The resulting
97 ST764 assemblies were then extracted. The
phylogenetic relationship of 149 ST764 isolates was
constructed by ParSNP using S. aureus SARJ15 (Gen-
Bank accession number: NZ_JAOBNV010000010.1)
as the reference [34], followed by visualization and
annotation using the interactive tree of life (iTOL)
[35]. To infer transmission, the pairwise SNP dis-
tances between all isolates were assessed. Furthermore,
the SCCmec in ST764 was compared with a reference
SCCmec II sequence (S. aureus N315, GenBank acces-
sion number: D86934.2) using Blastn. An alignment of
the USA300 (GenBank accession number:
CP000255.1) acquired-ACME related genes (acrA
and opp3) was carried out using Blastn. BRIG software
(http://brig.sourceforge.net/) was used to generate
comparisons [36].

Antimicrobial susceptibility testing

The antimicrobial susceptibility of a total of 10 antimi-
crobial agents was evaluated. For erythromycin (ERY),
clindamycin (CLI), ciprofloxacin (CIP), and tetra-
cycline (TET), susceptibility testing was performed
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using the disc diffusion method on Mueller-Hinton
agar plates (Oxoid, UK). The microdilution broth
method was used to evaluate the MICs of cefoxitin
(FOX), gentamicin (GEN), oxacillin (OXA), linezolid
(LNZ), mupirocin (MUP), and vancomycin (VAN).
All antimicrobial susceptibility testing and interpret-
ative criteria were according to break points men-
tioned in the Clinical Laboratory Standards Institute
guidelines (CLSI, 2020). S. aureus ATCC 25923 and
ATCC 29213 served as controls for disk diffusion
method and MIC testing, respectively.

Haemolytic activity assay

Bacterial cultures were incubated in TSB medium for
24 h and supernatants were collected by centrifugation
at 8000 rpm for 2 min. Then 100 µl of bacterial super-
natant was collected and mixed with 900 μL PBS con-
taining 3% defibrinated rabbit blood cells, and the
mixtures were incubated at 37°C for 1 h. Triton
X-100 served as the positive control, and 0.9% (w/v)
NaCl was set as the negative control. After centrifu-
gation, the supernatant was collected, and its absor-
bance was measured at 600 nm. Experiments were
repeated three times.

Western blot analysis

Western blots were performed as previously described
[37]. Briefly, ST764 isolates (six randomly selected iso-
lates each in t002 isolates and t1084 isolates, and these
isolates same apply to the experiment that follows)
were grown in TSB with shaking for 24 h and bacterial
culture supernatants were collected. The protein con-
centration of each sample was determined by Bradford
assays to keep the total amount of protein loaded for
SDS-PAGE consistent in the twelve isolates. Proteins
were mixed with Omni-EasyTM Protein Sample
Loading Buffer (EpiZyme Biotechnology Co., Ltd.,
Shanghai, China) and heated for 10 min at 95°C.
Samples were separated by 12.5% SDS-PAGE and
were transferred to the PVDF membrane. After block-
ing with 5% bovine serum albumin (BSA) at 4°C for
overnight, the membrane was incubated with a rabbit
anti-Hla IgG antibody (Sigma) at a 1/2500 dilution.
The membrane was then incubated with Goat Anti-
Rabbit IgG HRP (Biosharp) at a 1/5000 dilution.
Omni-ECLTM Pico Light Chemiluminescence Kit
(EpiZyme Biotechnology Co., Ltd., Shanghai, China)
was used to develop image.

Growth curve

To compare the growth curve between ST764-t002
and ST764-t1084 isolates, ST764 isolates (randomly
selected isolates as illustrated above) were grown over-
night. Overnight cultures of S. aureus were diluted

1:200 in fresh TSB medium and incubated at 37°C
with shaking (220 rpm) for 24 h. OD600 was measured
with Microplate Reader at 1–12 and 24 h. All exper-
iments were repeated in triplicate.

Biofilm semi-quantitative assay

The 52 ST764 isolates were grown in TSB at 37°C for
16 h with shaking (220 rpm), diluted with TSBG (con-
taining 0.5% glucose) 100 times, and then added to
sterile 96-well plates. The plates were incubated for
24 h at 37°C. Subsequently, the supernatant was aspi-
rated and discarded, then gently washed three times
with sterile PBS. The biofilms were fixed with 99%
methanol and then stained with 2% crystal violet for
10 min, then gently washed with flowing water, and
dried at 37°C. Optical density value measured at
600 nm. S. epidermidis ATCC 35984 was used as a
positive control. Sterile TSBG and S. epidermidis
ATCC 12228 served as the negative control. Exper-
iments were conducted in triplicates and repeated
three times.

Cell adhesion assay

The A549 lung epithelial cells were grown in DMEM
medium after supplementing with 10% foetal bovine
serum at 37°C and 5% CO2. About 5 × 105 cells
were seeded into 12-well plates. Before use, the plates
were washed twice with PBS. ST764 isolates (ten ran-
domly selected isolates each in t002 isolates and t1084
isolates) were incubated for 6 h at 37°C to the logarith-
mic growth phase and resuspended in DMEM med-
ium without serum. Then the cells were infected
with bacteria (MOI = 10:1) and co-incubated at 37°C
for 2 h. Subsequently, the supernatant was aspirated
and discarded, and the plates were washed three
times with sterile PBS to remove loosely adherent bac-
teria. Then cells were dissociated with 200 µl trypsin-
EDTA for 3 min at 37°C. A549 cells were lysed with
0.05% Triton X-100. Bacterial CFU was determined
by plating serial dilutions of epithelial cell lysates
onto trypticase soy agar (TSA) plates.

Real-time fluorescence quantitative PCR

The ST764 isolates were grown for 24 h in TSB with
shaking (220 rpm) at 37°C. Total RNA was isolated
using a Total RNA purification Kit (Sangon Biotech,
Shanghai, China) following to the manufacturer’s pro-
tocol. Total RNA was reverse transcribed into cDNA
using the PrimeScript RT reagent kit with gDNA Era-
ser (Takara Bio, Inc.). S. aureus N315 was used as a
control (relative expression = 1), and gyrB was used
as the internal reference gene. Real-time quantitative
PCR (RT-qPCR) was performed using TB Green™
Premix Ex Taq™ II (Takara) on QuantStudio™ 5
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Real-Time PCR System (Applied Biosystems). RNA
expression levels of hla, saeR, saeS, agrA, RNAIII, sbi
and nuc genes were calculated by the formula 2−ΔΔCt

[37]. The primer pairs were shown in Table S2. Each
reaction was performed trice.

Mouse skin abscess model

BALB/C mice (six weeks old, female) were randomly
allocated into eight groups (n = 5 per group). ST764 iso-
lates, HA-MRSA clone N315, and CA-MRSA clone
USA300-LAC were grown overnight in TSB. A 200-
fold dilution of the overnight cultures was reinoculated
into TSB media for 9 h (the post-exponential phase)
and washed three times with normal saline solution.
Then, mice were injected subcutaneously in the shaved
flank with 100 μL PBS containing 1 × 107 bacterial cells
suspended. Lesion and abscess sizes were monitored
daily with calliper using the formula: (A = π × (L ×W )).
After measuring and recording the skin abscess for five
days, the mice were euthanized and the skin was dis-
sected. Bacterial load was determined in abscess hom-
ogenates by serial dilution and culture on TSA plates.

Galleria mellonella larvae model

Prepare for isolates was described as above. Groups of
15 larvae of G. mellonella weighing 250–300 mg (Tian-
jin huiyude Biotech, Tianjin, China) were used in all
assays. G. mellonella was injected with 10 μL of bac-
terial suspension in saline (3.0 × 106 CFU/larvae) in
the last left posterior leg using Hamilton syringe. Lar-
vae with injected with 10 μL sterile 0.9% (w/v) NaCl
and un-injected larvae as control. Then the treated lar-
vae were placed in sterile petri plates and kept at 37°C
for observation. The survival rate was assessed every
12 h for three days. The experiment was repeated at
least three times.

Statistical analysis

All analyses were performed using GraphPad Prism 8
(GraphPad Software Inc. SanDiego, CA, USA). Results
derived from samples between two groups were treated
with unpaired two-tailed Student’s t-test and Chi-
square test.P < .05was statistically considered to be sig-
nificant. Error bars in the figures represented the stan-
dard deviation of a data set (mean ± standard). *P < .05,
**P < .01, ***P < .001, ****P < .0001.

Results

Demographic characteristics of the selected
ST764 clonotype isolates

Of the 643 MRSA isolates collected from seven cities
in China between 2014 and 2021, 52 ST764-MRSA

SCCmec type II isolates were identified. The most
common staphylococcal protein A (spa) types of
ST764 in China were t002 (55.77%, 29/52) and t1084
(40.38%, 21/52). The remaining two spa types were
t045 (1.92%, 1/52) and t042 (1.92%, 1/52). Relative
information of t002 and t1084 isolates is listed in
Table 1. There were no significant differences in age
or gender between t002 and t1084 isolates. The
ST764-t002 isolates were significantly (P = .003)
recovered as the predominant type from sputum
(65.52%, 19/29) and blood (20.69%, 6/29), while the
ST764-t1084 isolates were mostly sputum (57.14%,
12/21) and pus (33.3%, 7/21). The clinical relevance
of infectious disease types caused by t002 and t1084
isolates may be left determined. The full details of 52
ST764 isolates were shown in Table S1. These isolates
were mostly isolated from Shanghai (n = 28), followed
by Guangdong (n = 19), Zhejiang (n = 2), Hubei (n =
2), and one isolate from Jiangxi. Isolates were primar-
ily recovered from sputum (n = 32), followed by blood
(n = 9) and pus (n = 7) samples.

Resistance gene analysis and antibiotic
susceptibility test

The antimicrobial resistance gene and antibiotic sus-
ceptibility testing of 52 ST764 isolates are shown in
Figure 1. Aminoglycoside resistance genes including
ant(4′)-Ib, aac(6′)-aph(2′′), and aadD exhibited differ-
ing profiles in ST764-t1084 and ST764-t002 isolates
(71.43% versus 10.35%, P < .001; 100% versus
72.41%, P = .015; 71.43% versus 10.35%, P < .001).
Mupirocin resistance gene mupA was detected in
more ST764-t002 isolates than ST764-t1084 isolates
(44.83% versus 4.76%, P < .001). Notably, antiseptic
resistance gene qacB and fosfomycin resistance gene
fosD were only found to be present in most ST764-
t1084 isolates (80.95% and 85.71%, respectively) but
not in ST764-t002 isolates. Subsequently, antibiotic
susceptibility testing was performed on 52 ST764 iso-
lates. As shown in Figure 1, 52 ST764 isolates were
resistant to oxacillin, cefoxitin, erythromycin, clinda-
mycin and tetracycline, while were all susceptible to
vancomycin and linezolid.

Virulence gene analysis

Genes encoding virulence factors in the 52 ST764 iso-
lates are described in Figure 2. The Panton-Valentine
leucocidin genes (lukS-PV and lukF-PV) were lacking
in all ST764 isolates. The enterotoxin B gene (seb) was
found to be present in most isolates (90.38%, 47/52).
In addition, the bicomponent toxin leucocidin genes
(lukD and lukE) and enterotoxin genes (seg, sei, sem,
sen, seo, and set6-15) existed in all isolates. Almost
all ST764 isolates (98.08%, 51/52) did not have sec,
selk, selq and tsst-1.
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ST764-t1084 isolates exhibited higher
haemolytic activity but lower adhesion abilities
in comparison to ST764-t002 isolates

Although virulence gene analysis showed that ST764-
t1084 and ST764-t002 isolates showed similar pat-
terns, the different spa types have diverse degrees of

virulence [38]. To analyse the virulence characteristic
of ST764 isolates collected in this study, we separated
them according to spa types and compared the haemo-
lytic activity, hlamRNA and α-toxin expression levels,
biofilm formation ability, cell adhesion capacity
between ST764-t002 and ST764-t1084 genotype

Table 1. Constitution in gender, age group, and specimen sources of the ST764-t002 and ST764-t1084 genotype S. aureus isolates.
Number (percentage (%))

Item Group ST764-t002 ST764-t1084 P

Gender Male 21 (72.41%) 17 (80.95%) .485
Female 8 (27.59%) 4 (19.05%)

Age group ≤20 0 (0%) 2 (9.52%) .183
21–64 8 (27.59%) 9 (42.86%)
≥65 21 (72.41%) 10 (47.62%)

Specimen sources Sputum 19 (65.52%) 12 (57.14%) .003
Blood 6 (20.69%) 2 (9.52%)
Bronchoalveolar lavage fluid 3 (10.34%) 0 (0%)
Pus 0 (0%) 7 (33.3%)
Pleural fluid 1 (3.45%) 0 (0%)

No. of total Total 29 21

Note: Bold indicates statistically significant p value.

Figure 1. Antibiotic resistance genes (left) and antibiotics susceptibility profiles (right) of 52 ST764 S. aureus isolates collected in
this study.
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isolates. Haemolytic activity assay was performed on
the 52 ST764 isolates. As shown in Figure 3(A),
ST764-t1084 isolates displayed a high level of lysis
capacity against erythrocytes in comparison with
ST764-t002 isolates (OD600: 0.1245 ± 0.0617 versus
0.0836 ± 0.0379, P < .001). We next tested whether
ST764-t1084 isolates exhibited high haemolysis
activity due to high hla expression by RT-qPCR and
western blot. Six randomly selected isolates belonging
to each t002 and t1084 to test the level of hla
expression. A significant difference in the expression
level of hla between ST764-t002 and ST764-t1084 iso-
lates was observed (P < .05) (Figure 3(B)). The western
blot assay results of ST764-t1084 and ST764-t002 iso-
lates showed that there were significant differences in
α-toxin production (P < .001) (Figure 3(C,D)). To
investigate whether the observed phenotypical differ-
ences were due to growth ability, growth curves of
these isolates (six isolates each in t002 and t1084 as
above) were assessed. However, there was no differ-
ence between ST764-t1084 and ST764-t002 isolates
(Figure S1).

MRSA infections continue to be a challenge in
hospitals environment. Previous studies showed
that the majority of S. aureus isolated from environ-
mental surfaces in several hospitals were ST764-t002-

II isolates [24]. This led us to examine the adhesion
capabilities of ST764 isolates. We therefore per-
formed a semi-quantitative biofilm test on 52
ST764 isolates. The biofilm-forming capabilities of
each isolate are shown in Figure 3(E). Although
ST764-t002 isolates exhibited lower virulence than
ST764-t1084 isolates, ST764-t002 isolates had stron-
ger biofilm formation capability than ST764-t1084
isolates (OD600: 0.5956 ± 0.2617 versus 0.3432 ±
0.2400, P = .0011). To further explore that the
adhesion capabilities of ST764 isolates, we performed
the cell adhesion assay using 10 randomly selected
isolates each in t002 and t1084. As shown in Figure
3(F), the A549 epithelial cell adhesion ability of
ST764-t002 isolates was stronger than that of
ST764-t1084 isolates (CFU/106·mL−1: 6.572 ± 3.240
versus 3.249 ± 2.987, P = .0068).

The SaeRS two-component system contributes
to the haemolytic activity of ST764-t1084
isolates

The expression of α-toxin in S. aureus is affected by
several key regulators, including agr, RNAIII, saeR,
and saeS [39]. To further understand the differences
in haemolytic activity, hla mRNA and α-toxin levels

Figure 2. Virulence gene profiles of the 52 ST764 S. aureus isolates. Coloured blocks represent the presence of genes and white
blocks represent absence. The horizontal colour bar (from left to right) represents genes associated with haemolysins, capsule,
adhesion, PVL, secretion systems, exoenzymes, enterotoxins, and other virulence genes.
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between the included ST764 isolates, we further exam-
ined the transcription levels of the four regulators. As
shown in Figure 4(A), both saeS and saeR displayed
high transcript levels in the ST764-t1084 isolates.
This trend, however, was not observed in agr and
RNAIII. To confirm the impact of saeR and saeS on
SaeRS Two-Component System (TCS) activity, we
examined the transcript levels of well-studied saeR/S
target genes: IgG binding protein (sbi) and nuclease
(nuc) [40,41]. Similar to saeRS, ST764-t1084 isolates
displayed higher transcript levels for both sbi and
nuc when compared to ST764-t002 isolates (Figure 4

(B)). In combination, these results suggest that
ST764-t1084 isolates have a higher Sae activity.

To explore whether the higher SaeRS activity
among ST764-t1084 isolates linked to the genome
mutations, we analysed the genome sequence of
ST764 isolates using N10CSA27 as the reference
(ST764-t002, GenBank accession number:
CP094443). After excluding intergenic and synon-
ymous mutations, we observed 28 general SNPs in
ST764-t1084 isolates (Table S3). However, no general
mutations exist in SaePQRS region of ST764-t1084
isolates. Our data therefore suggest that genomic

Figure 3. Phenotypic tests of the ST764 S. aureus isolates. (A) Erythrocyte lysis capacity (separated by spa types) of the 52 ST764
S. aureus isolates. (B) The transcriptional level of hla (six randomly selected isolates each in t002 isolates and t1084 isolates). Tran-
script levels were normalized to gyrB transcript level. S. aureus N315 was used as a control (relative expression = 1). (C) Western
blot assay was used to assess the secretion of α-toxin in the twelve ST764 S. aureus isolates (randomly selected isolates as illus-
trated above). (D) Evaluation of grey values of the secretion α-toxin using Image J software. (E) Semi-quantitative biofilm for-
mation ability (separated by spa types) of the 52 ST764 S. aureus isolates. (F) Cell adhesion assays in A549 lung epithelial cells
of randomly selected ST764 S. aureus isolates (10 randomly selected isolates each in t002 isolates and t1084 isolates).
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mutations are unlikely to be the result of the higher
Sae-activity in ST764-t1084 isolates.

Virulence of ST764 isolates in vivo

After observing the differences of ST764-t002 and
ST764-t1084 isolates on the activity of haemolytic,
and the expression levels of hla and α-toxin, we sought
to examine its virulence in vivo using mouse skin
abscess model and G. mellonella larvae model. The
closely related to ST764 HA-MRSA clone N315, and
CA-MRSA clone USA300-LAC famous for its hyper-
virulence, were selected and compared with ST764
to evaluate differences in virulence. After subcu-
taneously inoculated with 100 μL PBS containing
1 × 107 bacterial cells for 48 h, the abscess area was
shown in Figure 5(A). The abscess size of ST764-
t1084 isolates was significantly larger than ST764-
t002 isolates (2.89 ± 1.38 in ST764-t1084 isolates ver-
sus 0.37 ± 0.38 in ST764-t002 isolates, P < .0001), but
at levels comparable to USA300 (Figure 5(B)). As
shown in Figure 5(C), the mice infected with ST764-
t1084 isolates had significantly higher CFU counts
compared to ST764-t002 isolates (P < .0001). In
G. mellonella larvae models, G. mellonella infected
with USA300 all died within 60 h (n = 15), while
mostly infected with ST764-t002 and ST764-t1084

isolates were still alive after 72 h (Figure 5(D)). How-
ever, the percentage of surviving larvae was signifi-
cantly lower after infection with ST764-t1084 isolates
compared to ST764-t002 isolates and N315 isolate
(G. mellonella survival ≤60% at 72 h). Taken together,
our data indicated that the Chinese MRSA ST764-
t1084 isolates were highly virulent.

Phylogenetic construction of ST764 clonotype
S. aureus

To explore the evolution of ST764 isolates, we con-
structed a phylogenetic tree with our 52 ST764 isolates
and the 97 ST764 isolates from NCBI RefSeq during
the time of the study (October 2022). As shown in
Figure 6(A–C), three clades could be distinguished.
In the largest clade, Clade III, phylogenetic analysis
showed that 110 ST764 isolates derived from China
clustered together with the former one ACME-nega-
tive isolate (KUN1163, AP020324) from Kyoto,
Japan, making it the main clade out of Chinese
ST764 clones (Figure 6(B)). This indicated that the
Chinese ST764 may have evolved from Japan, followed
by spread in the Chinese population. Clade II can be
divided into two subclades (IIa and IIb). Noteworthy,
all ST764-t1084 isolates (n = 27) were found solely
from China and formed one distinct monophyletic

Figure 4. RT-qPCR detection of the expression levels of virulence factors in ST764-t002 and ST764-t1084 isolates. (A) The levels of
mRNA expression for the α-toxin regulators. (B) The levels of mRNA expression for the Sae target genes. Transcript levels were
normalized to gyrB transcript level.
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group (Clade IIb) within the Clade II. Mapping of the
isolates revealed the independent evolution of t1084
and other spa types in ST764 clonotype, demonstrat-
ing that the ST764-t1084 was a novel spa type different
from other ST764 isolates. Accordingly, based on the
above analysis, we can speculate that the ST764-
t1084 subclone might be a variant of ST764 formed
in China. However, the Chinese ST764-t002 subclone
may have evolved from the Japan ST764 linage, then
formed pandemic in China.

Paired distance between isolates was critical in
determining the genetic relatedness of paired isolates.
Therefore, we calculated all-against-all pairwise dis-
tances of 149 isolates and interpreted them with epide-
miological information to identify possible
transmission pairs. As shown in Figure S2, paired dis-
tances for 149 ST764 isolates were from 0 to 315. Iso-
lates with paired distances of less than or equal to four
SNPs were considered to be from the same trans-
mission [42]. Six independent small-scale trans-
missions were identified among the 52 ST764
isolates collected in this study were shown in Figure
6(A). Notably, the isolates in each pair were solely

collected from the same hospital, and the dates of col-
lection were relatively close together, indicating that
these ST764 isolates in each pair were either recently
infected from the hospital environment or were trans-
mitted from patient to patient. Hence, this is sugges-
tive of frequent within-hospital transmission of
ST764 clones.

The genetic structure of ST764 isolates

Phylogenetic analysis showed that 27 ST764-t1084 iso-
lates from China in Clade IIb and three ST764 ACME-
positive isolates from Japan in Clade IIa belonged to
the same subclade. To further investigate the vari-
ations between the ST764 isolates from China and
Japan, we identified the previously described ACME-
SCCmec genetic elements. The ACME-related arcA
and opp3 genes were not detected in the 52 ST764 iso-
lates collected in this study, which differed from the
ACME-positive ST764 isolates in Japan [8,11,14,15].

According to the results of phylogenetic analysis in
this study, 110 ST764 isolates from China in Clade III
showed the closest relationship to KUN1163

Figure 5. Comparison of the virulence of the ST764 S. aureus isolates in vivo. (A) Representative mouse back skin abscess after
48 h inoculation of isolates. Randomly selected three isolates in each spa type were used for infections in mouse back skin. N315
and USA300 were selected and compared with ST764. (B) Skin abscess areas of 40 mice (five mice for each group) using the for-
mula π × (L ×W ) after 48 h infection. (C) Bacterial load in abscess homogenates was determined by serial dilution and culture on
TSA plates. (D) The survival rates of Galleria mellonella larvae infected with ST764 S. aureus isolates.
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(AP020324) isolate from Japan. Therefore, we chose
KUN1163 for further investigation. Notably, in the
SCCmec II cassette region, we observed an obvious
deletion of approximately 5 kb in nearly all ST764-
t002 isolates (28/29, 96.55%) compared to KUN1163
(Figure 7), except for one isolate in Clade I. Among

the 21 ST764-t1084 isolates collected in this study,
six isolates (MR454, MR474, MR473, MR429,
MR422, and MR475) also harbour this deletion in
SCCmec II region, and the six isolates were gathered
in the same subclade in Clade IIb. The deletion region
contains the plasmid recombinase enzyme gene pre,

Figure 6. Phylogenetic analysis of ST764 S. aureus isolates. (A) ParSNP phylogenetic tree based on the 2301 core-SNPs of the 149
ST764 S. aureus isolates. Six groups of independent epidemics (paired SNPs of isolates ≤4 were defined as the same transmission)
were identified. (B) Classification of Country, SCCmec type, spa type, and isolated year of the 149 isolates. The colours are the same
as shown above. (C) Unrooted tree of ST764 S. aureus isolates. Branches in this tree could be classified into three clades, including
Clade I, Clade II and Clade III. EICU: Emergency Intensive Care Unit; Burn Unit: The Department of burn unit; RICU: The Respiratory
Intensive Care Unit; MICU: The Medical Intensive Care Unit; Cardiology: The Department of Cardiology; Pancreatic surgery: The
Department of Pancreatic surgery.
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the bleomycin resistance gene ble, and an ant(4′) ami-
noglycoside resistance gene that has been described to
provide high-level resistance to amikacin, tobramycin,
and kanamycin. The ST764-t002 isolates with this del-
etion formed a large group in Clade III and have been
spreading in China over the last five years, which indi-
cated that the shorter SCCmec II variant could be a
factor accounting for the fitness of MRSA ST764 iso-
lates in healthcare settings.

Discussion

Previous studies have reported that ST764 isolates
have become the common hospital-associated
S. aureus clone in Shanghai, China [22–25]. However,
reports on the characteristics of ST764 isolates and
their evolutionary histories are still insufficient. To
this end, we described here the genomic context, viru-
lence characteristic, and phylogenetic analysis of 52
ST764 isolates collected in China from 2017 to 2021,

combined with the globally available ST764 genomes,
with which we were able to shed light on the emer-
gence of ST764 clonotype in China. To the best of
our knowledge, this is the first study focusing on the
genetic feature and virulence potential of epidemiolo-
gically emerging clone ST764 in China.

ST764-t002 isolates have been reported from human
infections in China, Japan and Thailand, but reports of
ST764-t1084 isolates are rare. Therefore, we compared
the genotype and phenotypic characteristics between
ST764-t002 and ST764-t1084 isolates. Indeed, there
are clear differences in genotype and phenotype in
ST764-t1084 compared with ST764-t002 isolates. The
antimicrobial resistance genes of ant (4′) – IIb, aadD,
qacB and fosD were mainly present in ST764-t1084 iso-
lates, while tetK and mupA were mainly present in
ST764-t002 isolates. This indicated that ST764-1084
isolates might have potential resistance to chlorhexidine
and fosfomycin. Chlorhexidine is a chemical disinfec-
tant that is commonly used in hospital settings [43].

Figure 7. Structural comparison of SCCmec. Comparative structural analyses of SCCmec from eight isolates. The SCCmec in ST764
was compared with a reference SCCmec II sequence (S. aureus strain N315, GenBank accession number: D86934.2). Each circle
represents an isolate. Isolates MR222, MR341, MR326 and MR475 were included in our data set, while genomic information for
the remaining four isolates was retrieved from the NCBI database (GenBank accession number: AP020324, AP020320,
CP094443 and CP091525). AP020320, CP094443 and CP091525 were used as reference strains. Isolates are grouped in different
colours, and the blank places indicate differences.
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The potential resistance to chlorhexidine may reflect
the establishment and spread of ST764-1084 isolates
in hospitals. Moreover, we compared the virulence of
ST764-t1084 isolates relative to ST764-t002 isolates
both in vitro and in vivo. Of note, phenotypic tests
and animal experiments showed that ST764-t1084 iso-
lates had higher haemolytic activity, hla mRNA and α-
toxin expression levels in comparison to ST764-t002
isolates. Mouse abscess model indicated that ST764-
t1084 isolates with virulence similar to that of
S. aureus USA300-LAC famous for its hypervirulence.
All these findings indicated that ST764-t1084 isolates
with higher virulence, both in vitro and in vivo. There-
fore, we next explored what factors contribute to the
enhanced virulence of the ST764-t1084 isolates.

α-toxin is one of the critical virulence determinants
implicated in the pathogenesis of S. aureus, associated
with pneumonia[44], skin and soft tissue infections
(SSTI) [45], and sepsis [46]. The production of α-
toxin is mainly controlled by the SaeRS two-component
system and the global toxin accessory gene regulator
(agr) [47,48]. In S. aureus, SaeR and SaeS are a part
of the two-component system that control the
expression of numerous important virulence factors
such as coagulase, nuclease, IgG binding protein,
toxic shock syndrome toxin, and α-toxin via response
regulators and histidine kinases [49]. Agr is a well-
defined quorum sensing system in S. aureus, controlled
by the regulatory effector molecule RNAIII, which plays
an important role in the transcription regulation of
virulence genes [50]. Genetic annotation showed that
both ST764-t002 and ST764-t1084 isolates were hla-
positive and PVL-negative. On the basis of our data,
we postulated that the increased expression levels of
hla and α-toxin may be attributed to the high activity
of sae and/or agr. The upregulated expression of sae
activity on ST764-t1084 isolates might explain the
highly haemolytic activity of the strain. The upregulated
expression of target genes (i.e. ncu and sbi) regulated by
saeRS TCS further supports our above speculation
(Figure 4(B)). Future molecular studies are needed to
elucidate the mechanisms underlying the hyper-viru-
lence in ST764-t1084 isolates.

In this study, higher biofilm-forming and cell
adhesion capabilities were found for ST764-t002 iso-
lates. This could in part explain the prevalence of
ST764-t002 in hospital settings. These isolates could
persist in the hospital environment and were difficult
to eradicate due to their strong adherence to the sur-
faces of medical equipment and human lung epithelial
cells. Additionally, the low pathogenicity of ST764-
t002 isolates may allowed it to coexist with the host
for a long time, contributing the dissemination of
this clone [51]. The further spread of ST764 isolates
in China should be closely monitored.

Unlike those of other countries, the Chinese ST764
isolates mainly formed two large clades (Clade IIb

and Clade III). Although ST764 MRSA was pre-
viously mostly assigned to spa type t002, other
types t242 and t045, which are closely related to
t002, were detected in the present study. Meanwhile,
in Clade IIb, a novel spa type (ST764-t1084) we
identified were found solely from China, suggesting
a restricted epidemic of ST764-t1084 clone in
China. These findings suggested the expansion of
genetic diversity in ST764-MRSA, probably due to
the increased frequency of transmission among the
population in China. Notably, in the SCCmec II cas-
sette region, we observed a larger deletion of approxi-
mately 5 kb had occurred in nearly all ST764-t002
isolates and a part of ST764-t1084 isolates. The
large size of SCCmec type II probably limits their
horizontal transfer [52]. We speculate that this may
be explained by the concept of fitness cost. Shorter
variants (a deletion in SCCmec II in China ST764-
t002 isolates) are increased in number in the last
five years, which may indicate that these variants
have a lower biological cost and better fitness [53].
In addition, we cannot rule out the importance of
genetic background. The genotype ST764 spa-t002
was the most prevalent (29/52, 55.77%) in our col-
lected isolates. This may indicate that this deletion
in SCCmec II in Chinese ST764 isolates is more func-
tional and beneficial to host MRSA. Future studies
are warranted to examine whether this deletion in
SCCmec II correlates with the decreased fitness cost
in ST764 isolates.

In conclusion, this study provided the first detailed
characterization of ST764 isolates. Our experimental
data indicated that ST764-t1084 isolates had high
levels of haemolytic activity, α-toxin production and
abscesses formation. Mouse abscess model indicated
that the virulence of ST764-t1084 isolates was compar-
able to that of S. aureus USA300-LAC famous for its
hypervirulence. The mapping of ST764 isolates
showed that the independent evolution of ST764-
t1084 and other spa types, demonstrating that the
ST764-t1084 was a novel spa type that differed from
other ST764 subclones. Additionally, the ST764-t002
isolates exhibited higher biofilm formation and
adhesion ability than ST764-t1084 isolates. Approxi-
mately 5 kb deletion was found in SCCmec II in
mostly ST764 isolates (69.23%) collected in this
study. These variants may carry a compensated bio-
logical cost, resulting in further spread of already suc-
cessful ST764-SCCmec II isolates. This also seems to
explain why ST764-t002 subclone has formed pan-
demic in China, in recent years. Thus, dynamic moni-
toring of the spread of the ST764-SCCmec II clone in
China should be implemented.
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