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ABSTRACT Staphylococcus haemolyticus is an opportunistic pathogen associated with
hospital-acquired infections. However, the genetic diversity of S. haemolyticus among the
patients and the hospital environment is largely unknown. Here, we isolated 311 S. hae-
molyticus strains from different sampling sites of patients and hospital environment.
Genomic analysis showed that ST42 is an emerging clone widely disseminated in the
hospital. S. haemolyticus ST42 strains exhibited decreased susceptibilities for multiple anti-
biotics compared with other STs and carried significantly more antibiotic resistance genes
(ARGs). Furthermore, ST42 strains harbored more virulence genes per isolate than in
other STs, and the capsular biosynthesis genes capDEFG were more prevalent in ST42
strains. Using the Galleria mellonella infection model, we demonstrated that ST42 strains
are highly virulent compared with non-ST42 strains. Taken together, our data identified
an emerging ST42 clone of S. haemolyticus with aggregated ARGs and virulence determi-
nants in the hospital, representing a significant health threat in terms of both disease
and treatment.

IMPORTANCE S. haemolyticus is an emerging opportunistic pathogen with a high bur-
den of antimicrobial resistance. We performed molecular epidemiological analysis of
S. haemolyticus that was isolated from a hospital, and found that the phylogenetic
lineages are diverse accompanied by a dominant epidemic clonal lineage ST42. We
demonstrated that S. haemolyticus ST42 strains have been disseminated among
patients and the hospital environment. The data provide mechanistic insight and
indicate that S. haemolyticus ST42 strains are multidrug-resistance and virulent clones
via accumulating more ARGs and virulence genes.

KEYWORDS Staphylococcus haemolyticus, ST42, antimicrobial resistance, molecular
epidemiology, virulence

S taphylococcus haemolyticus is considered the second most common species of coagu-
lase-negative staphylococci (CoNS) and has been regarded as an important hospital-

acquired pathogen (1). S. haemolyticus may cause septicemia, peritonitis, otitis, urinary tract
infections, and respiratory infections (1, 2). However, the biological significances and
genomic diversity of S. haemolyticus remain largely unknown. A previous study showed
that clonal complex (CC) 29 was the main epidemiological lineage among the given data
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set (3). Limited evidence emphasized that S. haemolyticus is becoming more concerning
due to its multidrug resistance (MDR, resistance to more than three classes of antibiotics.)
(4–6). It is necessary to trace the emergence of MDR clones in hospitals. Furthermore, the
extraordinary genome flexibility of S. haemolyticus has been identified to facilitate survival
in the hospital environment and the acquisition of antibiotic resistance genes (ARGs), con-
tributing to the dissemination of resistance genes to other nosocomial staphylococci (1, 7,
8). However, the phylogenetic relationship of S. haemolyticus between patients and the hos-
pital environment has not been investigated.

Another concern of staphylococci infections is that some bacteria can produce bio-
film for immune evasion to the hosts and defend the treatment, playing an important
role in the pathogenicity of Staphylococcus spp. (9, 10). A previous study investigated
S. haemolyticus strains that were isolated from bloodstream infections, and demon-
strated that 34% of strains can form biofilm in vitro (11). The S. haemolyticus isolates
from the infected eyes and healthy conjunctiva can also produce biofilm on polysty-
rene microtiter plates (12). Although S. haemolyticus is one of the most common CoNS
species causing hospital-acquired infections, little is known about the complications
between strain diversity and virulence determinants.

In this study, we prospectively collected samples from the patients and the hospital
environment in a hospital cohort. We further isolated S. haemolyticus strains and con-
ducted a large-scale genomic analysis of S. haemolyticus to clarify the phylogenetic
relationship among multiple niches. We identified the ST42 lineage is the prevalent
clone with a high burden of ARGs and virulence determinants that has been dissemi-
nated in multiple sources of the patients and the hospital environment, representing
an emerging pathogenic clone of both disease and treatment.

RESULTS
Identification of S. haemolyticus from the patients and the ward environment.

In order to better clarify the distribution of S. haemolyticus in the hospital, samples
were collected from multiple human resources and the hospital environment. A total
of 311 S. haemolyticus isolates were recovered from the patient samples and the ward
environment. Specifically, 176 isolates were from the ward environment, 83 from feces,
43 from nares, 7 from bronchoalveolar lavage (BAL) fluid, and 2 isolates from throats.
Furthermore, the environmental sampling sites including the surface of the pillow, the
surface of the quilt, the surface of safe guard, and the bedside. These data indicate
that S. haemolyticus can colonize in the hospital environment, which can be a reservoir
of S. haemolyticus.

High genetic diversity of S. haemolyticus and an emerging ST42 clone
disseminated in the hospital. To clarify the molecular epidemiological characteristics
of S. haemolyticus, we randomly selected 97 strains as a representative of multiple
resources from the human and the hospital environment for whole-genome sequenc-
ing (WGS). A total of nine known STs were identified among 56.7% (55/97) sequenced
isolates. The dominant clonal lineage is ST42 (n = 17), followed by ST3 (n = 14), ST1
(n = 8), ST30 (n = 6), and ST52 (n = 5). Furthermore, the remaining 42 strains belong to
unidentified ST types with new alleles, which include 22 from feces, 6 from nares, 12
from the ward environment, 1 from BAL, and 1 from throat swab (Table S1 in the sup-
plemental material), representing a high genetic diversity of our data set. By uploading
new alleles, we identified 30 new multilocus sequence types (MLSTs), ST 96–122, and
the remaining four strains have not been identified (Table S2). ST42 strains were identi-
fied from multiple resources, including nares, feces, BAL fluid, and the ward environ-
ment. By constructing a minimum spanning tree (MST) of the isolates, the dominant
STs were separated from each other and recovered from diverse sources (Fig. 1a). We
performed cluster analysis of clonal complexes based on the housekeeping genes of
MLST that have been identified in 433 strains of public databases, and ST42 strains
were classified into clonal complex 29 (Fig. S1). To investigate the phylogenetic rela-
tionship of S. haemolyticus at a higher resolution we constructed a phylogenetic tree
by maximum likelihood approach based on the core genome single nucleotide
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polymorphisms (cgSNPs). Additionally, all the publicly available S. haemolyticus were
enrolled as a comparison as of 1 June 2021, leading to a large-scale collection of 433 S.
haemolyticus genomes for analysis (Table S3). The results revealed a deep branching
and scattered population structure that was broadly classified into distinct phyloge-
netic lineages, representing a high genetic diversity of the S. haemolyticus species
(Fig. 1b). Furthermore, the population structure of the newly sequenced isolates was
highly mixed with the reference genomes. Among the prevalent STs, strains belonging
to ST4 were all clustered together while a scattered phylogeny was observed for ST1,
ST3, and ST42, indicating high genomic plasticity within those clones. Besides, the
ST42 strains were continuously isolated from January to November 2019.

S. haemolyticus ST42 strains exhibited extensive MDR profiles. Antibiotic sus-
ceptibility testing of the 97 S. haemolyticus isolates showed that 75.3% (73/97) were
MDR strains. There were 16 strains that were resistant to three classes of antibiotics, 21
were resistant to four classes of antibiotics, 17 were resistant to five classes of antibiot-
ics, 16 were resistant to six classes, and 3 were resistant to seven classes of antibiotics.
All of the isolates displayed a common antimicrobial susceptibility profile, showing re-
sistance to various classes of antibiotics. The highest resistance rate was observed for
ciprofloxacin (86.6%, 84/97), followed by oxacillin and cefotaxime (83.5%, 81/97),
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erythromycin (79.4%, 77/97), gentamicin (56.7%, 55/97), tetracycline (40.2%, 39/97),
the resistance rate of clindamycin and rifampicin were ,30%. On the contrary, all
strains were sensitive to vancomycin and linezolid. This indicated that S. haemolyticus
is a species with extensive MDR profiles.

Furthermore, it showed that ST42 strains exhibited greater MDR profiles, and all the
strains developed resistance to ciprofloxacin, gentamicin, cefotaxime, erythromycin,
and oxacillin (Table 1). Since ST42 was the dominant known ST (17/57), we made a
comparison between ST42 and other ST types (STs). The susceptibility testing among
all the ST42 isolates revealed significantly high MICs for multiple antimicrobial agents,
namely, ciprofloxacin, gentamicin, cefotaxime, erythromycin, oxacillin, tetracycline,
clindamycin, and vancomycin (P, 0.05) (Fig. 2a). These results indicated that ST42 was
an emerging lineage with a high burden of antimicrobial resistance. Among the differ-
ent sources of S. haemolyticus isolation, we observed differences in MICs for several
antibiotics between strains of nares and the ward environment. Specifically, the MICs
values of nasal strains to ciprofloxacin and clindamycin were significantly higher than
those of environmental strains (Fig. S2a).

S. haemolyticus ST42 strains harbored more ARGs than in other STs. Through
WGS data, a total of 23 ARGs were identified among the 97 S. haemolyticus isolates (Fig. S2b),
conferring resistance to nine different antibiotics (Fig. 1b). Some prevalent genes include
mecA (56/97, 57.7%, encoded penicillin-binding protein 2), blaZ (77/97, 79.4%, encoded
classA b-lactamase),msr(A) (56/97, 57.7%, encoded ABC-F type ribosomal protection protein),
mph(C) (50/97, 51.5%, encodes Mph(C) family macrolide 29-phosphotransferase), aac(69)-aph
(29') (40/97, 41.2%, encoded aminoglycoside N-acetyltransferase and O-phosphotransferase),
aph(39)-III (32/97, 33%, encoded aminoglycoside O-phosphotransferase APH(39)-III), erm(C)
(28/97, 28.9%, encoded 23S rRNA [adenine(2058)-N(6))-methyltransferase Erm(C)]), tet(K) (23/
97, 23.7%, encoded tetracycline efflux MFS transporter Tet(K)).

We further explored the differences in the prevalence of ARGs between ST42 and
non-ST42 isolates. The average number of ARGs per isolate carried by ST42 strains was
significantly higher than in other ST strains (Fig. 2b). It showed that there were signifi-
cant differences among aph(39)-III, msr(A), mph(C), tet(K), and fus(B) (encoded fusidic
acid resistance EF-G-binding protein) genes, and the prevalence of the genes in ST42
strains were significantly higher than that of other ST strains (Fig. 2c). However, the car-
rying rate of the lnu(A) (encoded lincosamide nucleotidyltransferase) gene in non-ST42
strains was significantly higher than in ST42 strains.

The high burden of virulence determinants was prevalent in S. haemolyticus
ST42 strains. A total of 19 virulence genes were identified among the 97 isolates. atl
(autolysin), ebp (cell surface elastin binding protein EbpS), nuc (nuclease), lip (lipase
correlation), and capM (capsule synthesis correlation) were prevalent among almost of
all strains, except for one lip negative isolate and one capM negative isolate (Fig. 3a). A
previous study has reported that nuc DNA load was significantly elevated in patients
with sepsis (13). Another recent report has found that the Lipase1 enhanced virus repli-
cation (14), suggesting an association of lip with virulence. Moreover, the average num-
ber of virulence genes carried by ST42 strains was significantly higher than that carried
by other STs (Fig. 3b). In addition, comparing the carrying rate of all virulence factors
showed that capD, capE, capF, and capG genes were more prevalent in ST42 (14/17,
82.4%) than in STs strains (9/38, 23.7%) (Fig. 3c). The cap genes are involved in capsular
polysaccharide biosynthesis and contribute to antibiotic resistance and infection (15,
16). We further analyzed the genetic environment of the capDEFG genes, and we
found that they were presented as a gene cluster and located together. Furthermore,
we observed that the sequences without the cap genes also lacked a genomic frag-
ment containing the cap cluster. The fragment was 17,722 bp and contained 17 open
reading frames. These included genes cap8A upstream of cap gene cluster, which
encoded capsular polysaccharide type 8 biosynthesis protein Cap8A, and wecC with
manA downstream of the cap gene cluster, both of which encoded products associ-
ated with the biosynthesis of teichoic acid in bacterial cell walls (Fig. 3d) (17).
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S. haemolyticus ST42 strains tend to be a highly pathogenic clone. Previous
study has reported that S. haemolyticus was the most virulent species among CoNS
(18). To confirm this, we investigated the pathogenicity of S. haemolyticus strains using
a G. mellonella infection model. There were 17 ST42 strains, 8 isolates from nares
source, 5 from feces, 3 environmental strains, and 1 strain from BAL. And there were 32
non-ST42 strains, 14 isolates from feces, 12 from nares, 3 from BAL, 2 environmental
strains, and 1 strain from throats. It showed that the survival rate of animals infected
by ST42 strains was significantly lower than in other ST strains within 24 h, with a peak
of 12 h (Fig. 3e). Furthermore, the percentage of surviving larvae was lower following
infection with S. haemolyticus strains compared to the virulent S. aureus ATCC29213 at
12 and 24 h (Fig. S3b). Besides, it showed that the larval mortality of ST42 strains has
reached about 65% at 12 h, and 85% lethality at 24 h, which were higher than other ST
groups (Fig. 3e). These results indicated that S. haemolyticus was a virulent species and
ST42 might be a highly pathogenic clone.

Biofilm formation characteristics of S. haemolyticus strains. We tested three dif-
ferent media to measure biofilm formation, including tryptic soy broth (TSB), TSB with
1% glucose (TSBglu), and 3% NaCl (TSBNaCl). We found that the biofilm formation ability
of the strains was enhanced in the TSBglu, whereas the biofilm formation ability of the

ST42 non-ST42
-4

-2

0

2

4

6

8
CIP

M
IC

(lo
g2

)

****

ST42 non-ST42
0

2

4

6

8

10
GEN
****

ST42 non-ST42
0

2

4

6

8

10
CTX

M
IC

(lo
g2

)

****

ST42 non-ST42

-3

0

3

6

9

ERY

M
IC

(lo
g2

)

**

ST42 non-ST42

-4

0

4

8

RIF

M
IC

(lo
g2

)

ns

ST42 non-ST42
0

2

4

6

8
TET

M
IC

(lo
g2

)

****

ST42 non-ST42
-4

-2

0

2

4

6
OXA
****

ST42 non-ST42

-4

0

4

8

CLIN
*

ST42 non-ST42

0

2

4

6
VAN

M
IC

(lo
g2

)

***

ST42 non-ST42
-2

0

2

4

LIN

M
IC

(lo
g2

)

ns

a

b c

M
IC

(lo
g2

)

0 50 100

lnu(A)

fusB

tet(K)

mph(C)

msr(A)

aph(3')-III ****

***

***

*

*

**

M
IC

(lo
g2

)

M
IC

(lo
g2

)

ST42 non-ST42
0

5

10

15

N
um

be
r 

of
 A

R
G

s ________*

Percentage (%)

FIG 2 Antimicrobial susceptibility testing and antibiotic resistance genes (ARGs) between ST42 and non-ST42 strains. (a) The MICs
were log-transformed for statistical analysis. Dashed lines represent resistance breakpoints (t test, *, P , 0.05; ****, P , 0.0001; ns,
P . 0.05; the error bars were SEM). (b) The average number of ARGs per strain. The average gene number of ST42 strains is
significantly higher than that of non-ST42 strains (t test, *, P , 0.05 error bar was SEM). (c) Prevalence of different ARGs between
ST42 and non-ST42. The carrying rate of aph(39)-III, msr(A), mph(C), tet(K), and fus(B) genes in ST42 strains (blue) is higher than
that in non-ST42 strains (orange) (Chi-square test, *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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strains was weakened in the TSBNaCl. Furthermore, we observed that the 18 strains that did
not produce biofilm in TSB alone changed to produce biofilm after glucose was added
(Table S4). Furthermore, 35.3% (6/17) ST42 strains can form a biofilm under TSB medium,
58.8% ST42 strains can form a biofilm under TSBglu medium, and the same as 29.4% strains
can form a biofilm TSBNaCl culture medium. Besides, there was no significant difference in
biofilm-forming ability between ST42 and non-ST42 strains under TSB (Fig. S3a).

DISCUSSION

Previous studies have reported that S. haemolyticus caused pneumonia (2), and in this
study, we found that S. haemolyticus was enriched in the patients with lower respiratory
infection. This prompted us to investigate the molecular characteristics of S. haemolyticus
across the hospital niches at the strain level. Indeed, we found that the prevalent ST42
clones were disseminated across different sites of the patients and the ward environment.
We next performed a large-scale genomic analysis by sequencing 97 strains and enrolled
all the publicly available genomes. Excluding our strains, there were 336 strains from the
public data: 233 were isolated from humans, 44 from animals, and 33 from the environ-
ment and others, and the remaining strains lacked sources (Table S3). Our result demon-
strated the S. haemolyticus has a high genetic diversity, which is consistent with previous
studies, suggesting that the catheter- or wound- or environment-derived S. haemolyticus
genome has a high plasticity (19, 20). Furthermore, we found that ST42 was classified as
CC 29, just like ST1, ST2, ST3, ST8, ST9, ST22, ST26, ST29, ST30, ST31, ST32, and ST33 indi-
cated in a previous study (3). Besides, in the analysis of all available public data, we found
that the most dominant clone was ST3, followed by ST1, and these strains were also found
in our strain collection. A recent study indicated the outbreak of ST42 clones that collected

FIG 3 Virulence determinants of S. haemolyticus isolates. (a) A maximum likelihood phylogeny tree was constructed by the 97 sequenced isolates and a reference
strain. The distribution of 19 identified virulence genes is shown by a heat map. Orange color shows strains with ST42 type. Green color exhibits biofilm
formation ability of the strains, the light color is weakly biofilm adherent, and the strong color is strong biofilm adhesion. Colors between the two preceding
colors indicate moderate biofilm adhesion. (b) The total number of virulence genes was carried by each strain. The statistical analysis of comparison was
conducted by t test (*, P , 0.05). (c) Comparative analysis of virulence factors. ST42 (blue) and non-ST42 (orange) by Chi-square, ****, P , 0.0001. (d) The genetic
environment of the capDEFG gene cluster (blue), cap8A (pink), wecC (red), and manA (green). Arrows show the direction of transcription of open reading frames.
Dark gray shadows indicate 100% homology similarity. (e) The statistical analysis of the survival of G. mellonella infected with ST42 and non-ST42 strains, which
was monitored for 48 h postinjection with observations. Each point presents the average of the results obtained with survival rate of the 17 strains of the ST42
(Mann-Whitney test, *, P , 0.05; **, P , 0.01). The points were average and the error bars were SEM.
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from burn and other patients from a hospital in Taiwan and suggested ST42 may be
related to ST3 (21). Our data provide novel information that S. haemolyticus ST42 is an
emerging clone that has been disseminated in the hospital.

Antibiotic resistance is a global public health concern, and the antibiotic-resistant bac-
teria are emerging from different ecological niches (20). We found that 75.3% (73/97) of S.
haemolyticus were MDR strains. This result is consistent with previous studies, which
reported that about 70% of clinical and commensal S. haemolyticus strains were MDR (19,
22). Furthermore, ST42 strains were resistant to multiple antibiotics, particularly high resist-
ance phenotypes to oxacillin and clindamycin, which are especially used to treat staphylo-
coccal infections. And our study showed that S. haemolyticus had higher drug resistance
rates to ciprofloxacin, oxacillin, and erythromycin, which was similar to the results of previ-
ous studies (4, 19, 20). The high MIC value of the ST42 strains is indeed directly related to
some ARGs, for example, aph(39)-III directly gives the strains resistance to aminoglycoside
antibiotics, msr(A) and mph(C) are related to resistance to macrolides, and tet(K) and tetra-
cycline are related. However, there are still resistance phenotypes independent of ARGs.
Besides, we found that ST42 strains harbored more genes than in other ST strains. These
data confirmed that S. haemolyticus is a MDR species and the emerging ST42 strains pres-
ent a higher burden of antimicrobial resistance.

The previous studies have reported that clinical S. haemolyticus is the most virulent
CoNS species (18). In this study, we demonstrated that all the tested S. haemolyticus
strains were virulent. For ST42 strains, they harbored more virulence genes than other
ST strains. The examples include the high prevalence of capDEFG in ST42 strains, and
125 of 336 public strains have the cap gene cluster. Using the G. mellonella infection
model, we found that the survival rate of the ST42 group was significantly lower than
that of STs in the first 24 h. Besides this, the survival percentage of ST42 at 12 and 24 h
was also lower than that of virulent S. aureus ATCC29213. Furthermore, biofilm forma-
tion was previously found to enhance the colonization of human pathogens (23), and
56.7% of strains in this study can form biofilm under TSB medium. In the TSBglu, there
were six strains that did not produce biofilm under TSB were capable of producing bio-
films. This result suggests that the biofilm-forming ability of ST42 strains can be pro-
moted in the presence of a certain amount of glucose. We concluded that S. haemolyti-
cus ST42 is a highly pathogenic clone with a high burden of virulent determinants.

According to our data, biofilm formation by S. haemolyticus was enhanced when
the organism is cultivated in TSBglu (Table S4). This result is consistent with previous
studies, which demonstrated glucose can promote the biofilm formation of S. haemoly-
ticus (12). The information about S. haemolyticus virulence factors is scarce. Studies
have shown that the biofilm formation of S. haemolyticus is independent of the ica
gene, which was also confirmed by our strains not carrying ica (11). Furthermore, the
mechanism of biofilm formation has not been elucidated. A few studies showed that
the biofilm adhesion of S. haemolyticus was related to extracellular DNA, and the strA
gene was found to play a role in the initial development of biofilm (12, 24). However,
the strA gene was not detected in our strains, and the regulation of biofilm formation
should be further studied. Besides, among the non-ST42 strains, there were two strains
with strong biofilm formation ability, carrying 18 and 17 virulence genes respectively,
which may be one of the reasons contributing to the high yield of biofilm.

In conclusion, we clarified the genomic diversity of S. haemolyticus from the patients
and the ward environment and found that ST42 is an emerging clone that is disseminated
in the hospital. We demonstrated that ST42 strains were highly pathogenic and MDR phe-
notypes, supported by the carriage of enriched virulent determinants and ARGs. The prev-
alence of the S. haemolyticus ST42 clone represents a significant health threat in terms of
both disease and treatment. The epidemiology and molecular characteristics of S. haemoly-
ticus, especially for ST42 strains in the hospitals, need to be further investigated.

MATERIALS ANDMETHODS
Sample collection and bacterial strains. This study was conducted in a 1,600-bed tertiary hospital in

Guangdong province, China, and approved by the Research Ethics Committee of the hospital (approval
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number K51-2, 2018). Hospitalized patients diagnosed with acute low respiratory tract infection from 15
December 2018 to 15 January 2020 were assessed for eligibility. The nasal swab, throat swab, and rectal
swab were taken from participants using sterile cotton swabs. The bronchoalveolar lavage (BAL) fluid was
collected via bronchoscopy. The ward environmental sampling was performed using sterile cotton swabs
and cultured on sheep blood agar for 24 h under aerobic condition. Then the clones of different morpholo-
gies were selected and separated on mannitol salt agar two times, and finally confirmed as S. haemolyticus
species by MALDI-TOF-MS (Bruker Daltonics, Germany). Specifically, we picked individual colonies with a ster-
ile tip and smeared a thin film onto a MALDI target plate. The microbial films were then overlaid with a
MALDI matrix selected as recommended by the MALDI-TOF manufacturers, typically 2.5 mg Bruker HCCA dis-
solved in 250 mL acetonitrile–water–trifluoroacetic acid (50:47.5:2.5). In our laboratory, to increase identifica-
tion yield, we routinely add 70% formic acid on smeared microorganisms before adding (25).

Antimicrobial susceptibility testing. Antimicrobial susceptibilities of the strains were measured by
determining the MICs of oxacillin (Penicillins), vancomycin (Glycopeptides), cefotaxime (Cephems), erythromycin
(Macrolides), clindamycin (Lincosamides), gentamicin (Aminoglycosides), rifampicin (Ansamycins), tetracycline
(Tetracyclines), ciprofloxacin (Fluoroquinolones), and linezolid (Oxazolidinones) using the agar dilution method,
following the Clinical and Laboratory Standards Institute (CLSI) guidelines (26). Briefly, the monoclonal isolates
were selected and cultured in tryptic soy broth (TSB) medium overnight (14–16h, 37°C, 200 rpm). Then, we used
normal saline to adjust the bacteria to 0.5 MCF and used a multipoint inoculation instrument to inoculate the
cells on Mueller-Hinton Agar (Oxiod, CM0337) containing antibiotics, and incubated for more than 16 h. The
Staphylococcus aureus ATCC29213 strain was a control, and the experiments were repeated three times.

Whole-genome sequencing and genotyping. A total of 97 S. haemolyticus isolates from the con-
tributing hospital were selected for WGS. Specifically, 44 strains were from feces, 27 from nares, 18 iso-
lates were from the ward environment, 6 from BAL fluid, and 2 isolates from throats. DNA was extracted
by the cetyltrimethylammonium bromide method. DNA libraries were constructed with 350-bp paired-
end fragments (NEB kit) and sequenced using an Illumina HiSeq 2000 platform (Illumina kit). Short-read
sequence data were de novo assembled using SPAdes v3.10 (using default parameters: –careful) (27).
FastQC was used for data quality control (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
The coverage of the genomes was .100�. The MLST were identified using the BIGSdb (//bigsdb.web.
pasteur.fr/staphylococcus/). The minimum spanning tree (MST) was constructed by GrapeTree (28). The
eBURST approach was used for cluster analysis of MLST data and clonal complexes were defined as pre-
viously described (29) using geoBURST (http://www.phyloviz.net/goeburst/). ARGs and virulence genes
were identified using ABRicate version 0.5 (https://github.com/tseemann/abricate) by aligning genome
sequences to the ResFinder database (30) and VFDB database (31). New STs were identified by using
PubMLST (https://pubmlst.org/) (32).

Phylogenetic analysis. For each de novo assembly, coding sequences were predicted using
Prodigal v2.6 (33) and annotated using Prokka v1.13.3 (34). Core genes were identified and used to build
the core genome using Roary v3.12 (35) with the -e- mafft setting to create a concatenated alignment of
core genomic CDS. SNP-sites (https://github.com/sanger-pathogens/snp-sites) was used to extract the
core-genome SNPs (cgSNPs) (36). To construct a maximum likelihood (ML) phylogeny of the sequenced
isolates, RAxML v8.2.10 was used with the generalized time-reversible model and a GTRGAMMA distribu-
tion to model site-specific rate variation (37). We used iTOL to visualize and edit the phylogenetic tree
(38). The phylogenetic tree is rootless. We evaluated the confidence degree according to the bootstrap
method for 100 times, the iterations of the branches obtained all reached more than 50 times, and the
branch was considered credible when its self-development support rate reached 50%.

Biofilm formation. Biofilm production in vitro was detected using the previously reported meth-
ods with minor modifications (12, 23, 39). Briefly, we adjusted the overnight cultures to OD600 = 0.2
(about 5 � 106 CFU/mL) and added the diluted 20 mL bacterial cells to a 96-well plate that contained
180 mL fresh culture medium per well including TSB, TSB with 1% glucose (TSBglu), or 3% NaCl
(TSBNaCl). Then, the cells were incubated at 37°C for 24h. After discarding the cell suspension, the plate
was washed with phosphate-buffered saline (PBS) three times and dried thoroughly. The plate was
fixed with 200 mL of methanol and stained with 1% crystal violet. Next, the bound dye was dissolved
with 200 mL of 30% glacial acetic acid, and the solution OD was measured at 570 nm using a micro-
plate reader (BioTek, Epoch2). The cutoff optical density (ODc) was defined as the mean OD of the
negative control (medium only) (23). Based on the ODs of the bacterial films, all strains were classified
into the following categories: nonadherent (0: OD # ODc), weakly adherent (1: ODc , OD # 2�
ODc), moderately adherent (11: 2� ODc , OD # 4� ODc), or strongly adherent (111: 4� ODc ,

OD). The tests were triple.
Galleria mellonella infection model. The virulence of target strains was determined using the wax

moth (G. mellonella) larvae model (40). Briefly, monoclonal isolates were selected and cultured in TSB liq-
uid medium overnight (37°C, 200 rpm). Three doses of 1 � 105, 1 � 106, and 1 � 107 CFU each with 10
worms per group were tested, and the dose of 1 � 106 CFU was selected for the final test. We injected
the cells into the left lower abdomen of the larva, with the needle at 45°and inserted 2–3 mm. The con-
trols included the group that was injected with sterile PBS, S. epidermidis ATCC12228, and S. aureus
ATCC29213 (1 � 106 CFU), respectively. The larvae were incubated at 37°C in a darkroom and the sur-
vival rate was recorded for 48 h.

Data availability. The sequencing data generated and analyzed during the current study are avail-
able in the NCBI database BioProject no PRJNA783189. Links to genomic data of unknown ST types sub-
mitted to PubMLST are found in Table S5 in the supplemental material.

High Burden of MDR and Pathogenic ST42 S. haemolyticus Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.02342-21 9

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.phyloviz.net/goeburst/
https://github.com/tseemann/abricate
https://pubmlst.org/
https://github.com/sanger-pathogens/snp-sites
http://www.ncbi.nlm.nih.gov/bioproject/PRJNA783189
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02342-21


SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLS file, 0.05 MB.

ACKNOWLEDGMENTS
This work was supported by the National Natural Science Foundation of China (grant

numbers 81830103, 82061128001, 81902123), the Guangdong Natural Science Foundation
(grant number 2017A030306012), the project of high-level health teams of Zhuhai in 2018
(The Innovation Team for Antimicrobial Resistance and Clinical Infection), the 111 Project
(grant number B12003), the Science, Technology and Innovation Commission of Shenzhen
Municipality (JCYJ20190807151601699), and the China Postdoctoral Science Foundation
(grant number 2019M653192).

We declare no conflicts of interest.

REFERENCES
1. Takeuchi F, Watanabe S, Baba T, Yuzawa H, Ito T, Morimoto Y, Kuroda M,

Cui L, Takahashi M, Ankai A, Baba S, Fukui S, Lee JC, Hiramatsu K. 2005.
Whole-genome sequencing of Staphylococcus haemolyticus uncovers the
extreme plasticity of its genome and the evolution of human-colonizing
staphylococcal species. J Bacteriol 187:7292–7308. https://doi.org/10
.1128/JB.187.21.7292-7308.2005.

2. Shi MM, Monsel A, Rouby JJ, Xu YP, Zhu YG, Qu JM. 2019. Inoculation
pneumonia caused by coagulase negative staphylococcus. Front Micro-
biol 10:2198. https://doi.org/10.3389/fmicb.2019.02198.

3. Bouchami O, de Lencastre H, Miragaia M. 2016. Impact of insertion
sequences and recombination on the population structure of Staphylo-
coccus haemolyticus. PLoS One 11:e0156653. https://doi.org/10.1371/
journal.pone.0156653.

4. Barros EM, Ceotto H, Bastos MC, Dos Santos KR, Giambiagi-Demarval M.
2012. Staphylococcus haemolyticus as an important hospital pathogen
and carrier of methicillin resistance genes. J Clin Microbiol 50:166–168.
https://doi.org/10.1128/JCM.05563-11.

5. Lebeaux D, Barbier F, Angebault C, Benmahdi L, Ruppé E, Felix B, Gaillard
K, Djossou F, Epelboin L, Dupont C, Renard M, Peroz G, Vandenesch F,
Wolff M, Andremont A, Ruimy R. 2012. Evolution of nasal carriage of
methicillin-resistant coagulase-negative staphylococci in a remote popu-
lation. Antimicrob Agents Chemother 56:315–323. https://doi.org/10
.1128/AAC.00547-11.

6. Monsen T, Carina Karlsson M, Wiström J. 2005. Spread of clones of multi-
drug-resistant, coagulase-negative staphylococci within a university hos-
pital. Infect Control Hosp Epidemiol 26:76–80. https://doi.org/10.1086/
502490.

7. Fluit AC, Carpaij N, Majoor EAM, Bonten MJM, Willems RJL. 2013. Shared
reservoir of ccrB gene sequences between coagulase-negative staphylo-
cocci and methicillin-resistant Staphylococcus aureus. J Antimicrob Che-
mother 68:1707–1713. https://doi.org/10.1093/jac/dkt121.

8. Chaudhry V, Patil PB. 2020. Evolutionary insights into adaptation of Staph-
ylococcus haemolyticus to human and non-human niches. Genomics 112:
2052–2062. https://doi.org/10.1016/j.ygeno.2019.11.018.

9. Tormo MÁ, Knecht E, Götz F, Lasa I, Penadés JR. 2005. Bap-dependent bio-
film formation by pathogenic species of Staphylococcus: evidence of hor-
izontal gene transfer? Microbiology (Reading) 151:2465–2475. https://doi
.org/10.1099/mic.0.27865-0.

10. Flemming HC, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg S.
2016. Biofilms: an emergent form of bacterial life. Nat Rev Microbiol 14:
563–575. https://doi.org/10.1038/nrmicro.2016.94.

11. Barros EM, Lemos M, Souto-Padron T, Giambiagi-deMarval M. 2015. Phe-
notypic and genotypic characterization of biofilm formation in Staphylo-
coccus haemolyticus. Curr Microbiol 70:829–834. https://doi.org/10.1007/
s00284-015-0794-x.

12. Panda S, Singh DV. 2018. Biofilm formation by ica-negative ocular isolates
of Staphylococcus haemolyticus. Front Microbiol 9:2687. https://doi.org/10
.3389/fmicb.2018.02687.

13. Bhattacharya M, Berends ETM, Zheng XH, Hill PJ, Chan RT, Torres VJ,
Wozniak DJ. 2020. Leukocidins and the nuclease Nuc prevent neutrophil-

mediated killing of Staphylococcus aureus biofilms. Infect Immun 88:
e00372-20. https://doi.org/10.1128/IAI.00372-20.

14. Goncheva MI, Conceicao C, Tuffs SW, Lee HM, Quigg-Nicol M, Bennet I,
Sargison F, Pickering AC, Hussain S, Gill AC, Dutia BM, Digard P, Fitzgerald
JR. 2020. Staphylococcus aureus lipase 1 enhances influenza A virus repli-
cation. mBio 11:e00975-20. https://doi.org/10.1128/mBio.00975-20.

15. Sivertsen A, Billstrom H, Melefors O, Liljequist BO, Wisell KT, Ullberg M,
Ozenci V, Sundsfjord A, Hegstad K. 2014. A multicentre hospital outbreak
in Sweden caused by introduction of a vanB2 transposon into a stably
maintained pRUM-plasmid in an Enterococcus faecium ST192 clone. PLoS
One 9:e103274. https://doi.org/10.1371/journal.pone.0103274.

16. Nakano K, Chigira T, Miyafusa T, Nagatoishi S, Caaveiro JMM, Tsumoto K.
2015. Discovery and characterization of natural tropolones as inhibitors
of the antibacterial target CapF from Staphylococcus aureus. Sci Rep 5:
15337. https://doi.org/10.1038/srep15337.

17. Mann PA, Muller A, Wolff KA, Fischmann T, Wang H, Reed P, Hou Y, Li WJ,
Muller CE, Xiao JY, Murgolo N, Sher XW, Mayhood T, Sheth PR, Mirza A,
Labroli M, Xiao L, McCoy M, Gill CJ, Pinho MG, Schneider T, Roemer T.
2016. Chemical genetic analysis and functional characterization of staph-
ylococcal wall teichoic acid 2-epimerases reveals unconventional antibi-
otic drug targets. PLoS Pathog 12:e1005585. https://doi.org/10.1371/
journal.ppat.1005585.

18. Gunn BA. 1989. Comparative virulence of human isolates of coagulase-
negative staphylococci tested in an infant mouse weight retardation
model. J Clin Microbiol 27:507–511. https://doi.org/10.1128/jcm.27.3.507
-511.1989.

19. Cavanagh JP, Hjerde E, Holden MTG, Kahlke T, Klingenberg C, Flægstad T,
Parkhill J, Bentley SD, Sollid JUE. 2014. Whole-genome sequencing reveals
clonal expansion of multiresistant Staphylococcus haemolyticus in Euro-
pean hospitals. J Antimicrob Chemother 69:2920–2927. https://doi.org/
10.1093/jac/dku271.

20. Cave R, Misra R, Chen J, Wang S, Mkrtchyan HV. 2019. Whole genome
sequencing revealed new molecular characteristics in multidrug resistant
staphylococci recovered from high frequency touched surfaces in Lon-
don. Sci Rep 9:9637. https://doi.org/10.1038/s41598-019-45886-6.

21. Lin LC, Liu TP, Chang SC, Lu JJ. 2022. Characterization of new Staphylococ-
cus haemolyticus ST42 populations in northern Taiwan. Microb Drug
Resist 28:56–62. https://doi.org/10.1089/mdr.2019.0459.

22. Pain M, Hjerde E, Klingenberg C, Cavanagh JP. 2019. Comparative
genomic analysis of Staphylococcus haemolyticus reveals key to hospital
adaptation and pathogenicity. Front Microbiol 10:2096. https://doi.org/
10.3389/fmicb.2019.02096.

23. Sued BPR, Pereira PMA, Faria YV, Ramos JN, Binatti VB, Santos KRND, Seabra
SH, Hirata R, Vieira VV, Mattos-Guaraldi AL, Pereira JAA. 2017. Sphygmoman-
ometers and thermometers as potential fomites of Staphylococcus haemoly-
ticus: biofilm formation in the presence of antibiotics. Mem Inst Oswaldo
Cruz 112:188–195. https://doi.org/10.1590/0074-02760160381.

24. Fredheim EGA, Klingenberg C, Rohde H, Frankenberger S, Gaustad P,
Flaegstad T, Sollid JE. 2009. Biofilm formation by Staphylococcus haemolyti-
cus. J Clin Microbiol 47:1172–1180. https://doi.org/10.1128/JCM.01891-08.

High Burden of MDR and Pathogenic ST42 S. haemolyticus Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.02342-21 10

https://doi.org/10.1128/JB.187.21.7292-7308.2005
https://doi.org/10.1128/JB.187.21.7292-7308.2005
https://doi.org/10.3389/fmicb.2019.02198
https://doi.org/10.1371/journal.pone.0156653
https://doi.org/10.1371/journal.pone.0156653
https://doi.org/10.1128/JCM.05563-11
https://doi.org/10.1128/AAC.00547-11
https://doi.org/10.1128/AAC.00547-11
https://doi.org/10.1086/502490
https://doi.org/10.1086/502490
https://doi.org/10.1093/jac/dkt121
https://doi.org/10.1016/j.ygeno.2019.11.018
https://doi.org/10.1099/mic.0.27865-0
https://doi.org/10.1099/mic.0.27865-0
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1007/s00284-015-0794-x
https://doi.org/10.1007/s00284-015-0794-x
https://doi.org/10.3389/fmicb.2018.02687
https://doi.org/10.3389/fmicb.2018.02687
https://doi.org/10.1128/IAI.00372-20
https://doi.org/10.1128/mBio.00975-20
https://doi.org/10.1371/journal.pone.0103274
https://doi.org/10.1038/srep15337
https://doi.org/10.1371/journal.ppat.1005585
https://doi.org/10.1371/journal.ppat.1005585
https://doi.org/10.1128/jcm.27.3.507-511.1989
https://doi.org/10.1128/jcm.27.3.507-511.1989
https://doi.org/10.1093/jac/dku271
https://doi.org/10.1093/jac/dku271
https://doi.org/10.1038/s41598-019-45886-6
https://doi.org/10.1089/mdr.2019.0459
https://doi.org/10.3389/fmicb.2019.02096
https://doi.org/10.3389/fmicb.2019.02096
https://doi.org/10.1590/0074-02760160381
https://doi.org/10.1128/JCM.01891-08
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02342-21


25. Croxatto A, Prod'hom G, Greub G. 2012. Applications of MALDI-TOF mass
spectrometry in clinical diagnostic microbiology. FEMS Microbiol Rev 36:
380–407. https://doi.org/10.1111/j.1574-6976.2011.00298.x.

26. CLSI. Clinical and Laboratory Standards Institute. 2018. Performance
standards for antimicrobial susceptibility testing; 28rd informational sup-
plement. CLSI, Wayne, PA.

27. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new ge-
nome assembly algorithm and its applications to single-cell sequencing. J
Comput Biol 19:455–477. https://doi.org/10.1089/cmb.2012.0021.

28. Zhou Z, Mccann A, Litrup E, Murphy R, Cormican M, Fanning S, Brown D,
Guttman DS, Brisse S, Achtman M. 2013. Neutral genomic microevolution
of a recently emerged pathogen, Salmonella enterica serovar Agona. PLoS
Genet 9:e1003471. https://doi.org/10.1371/journal.pgen.1003471.

29. Feil EJ, Li BC, Aanensen DM, Hanage WP, Spratt BG. 2004. eBURST: infer-
ring patterns of evolutionary descent among clusters of related bacterial
genotypes from multilocus sequence typing data. J Bacteriol 186:
1518–1530. https://doi.org/10.1128/JB.186.5.1518-1530.2004.

30. Ea Z, Henrik H, Salvatore C, Martin V, Simon R, Ole L, Aarestrup FM, Voldby
LM. 2012. Identification of acquired antimicrobial resistance genes. J Anti-
microb Chemother 67:2640–2644. https://doi.org/10.1093/jac/dks261.

31. Chen L, Zheng D, Liu B, Jian Y, Jin Q. 2016. VFDB 2016: hierarchical and
refined dataset for big data analysis—10 years on. Nucleic Acids Res 44:
D694–D697. https://doi.org/10.1093/nar/gkv1239.

32. Jolley KA, Bray JE, Maiden MCJ. 2018. Open-access bacterial population
genomics: BIGSdb software, the PubMLST.org website and their applications.
WellcomeOpen Res 3:124. https://doi.org/10.12688/wellcomeopenres.14826.1.

33. Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, Hauser LJ. 2010. Prodi-
gal: prokaryotic gene recognition and translation initiation site identification.
BMC Bioinform 11:119. https://doi.org/10.1186/1471-2105-11-119.

34. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinfor-
matics 30:2068–2069. https://doi.org/10.1093/bioinformatics/btu153.

35. Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MT, Fookes M,
Falush D, Keane JA, Parkhill J. 2015. Roary: rapid large-scale prokaryote
pan genome analysis. Bioinformatics 31:3691–3693. https://doi.org/10
.1093/bioinformatics/btv421.

36. Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, Keane JA, Harris SR.
2016. SNP-sites: rapid efficient extraction of SNPs from multi-FASTA align-
ments. Microb Genom 2:e000056. https://doi.org/10.1099/mgen.0.000056.

37. Stamatakis A. 2006. RAxML-VI-HPC: maximum likelihood-based phyloge-
netic analyses with thousands of taxa and mixed models. Bioinformatics
22:2688–2690. https://doi.org/10.1093/bioinformatics/btl446.

38. Letunic I, Bork P. 2016. Interactive tree of life (iTOL) v3: an online tool for
the display and annotation of phylogenetic and other trees. Nucleic Acids
Res 44:W242–W245. https://doi.org/10.1093/nar/gkw290.

39. Srednik ME, Tremblay YDN, Labrie J, Archambault M, Jacques M,
Fernandez CA, Gentilini ER. 2017. Biofilm formation and antimicrobial re-
sistance genes of coagulase-negative staphylococci isolated from cows
with mastitis in Argentina. FEMS Microbiol Lett 364.

40. Menard G, Rouillon A, Ghukasyan G, Emily M, Felden B, Donnio PY. 2021. Gal-
leria mellonella larvae as an infection model to investigate sRNA-mediated
pathogenesis in Staphylococcus aureus. Front Cell Infect Microbiol 11:
631710. https://doi.org/10.3389/fcimb.2021.631710.

High Burden of MDR and Pathogenic ST42 S. haemolyticus Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.02342-21 11

https://doi.org/10.1111/j.1574-6976.2011.00298.x
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1371/journal.pgen.1003471
https://doi.org/10.1128/JB.186.5.1518-1530.2004
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1093/nar/gkv1239
https://doi.org/10.12688/wellcomeopenres.14826.1
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1099/mgen.0.000056
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/nar/gkw290
https://doi.org/10.3389/fcimb.2021.631710
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02342-21

	RESULTS
	Identification of S. haemolyticus from the patients and the ward environment.
	High genetic diversity of S. haemolyticus and an emerging ST42 clone disseminated in the hospital.
	S. haemolyticus ST42 strains exhibited extensive MDR profiles.
	S. haemolyticus ST42 strains harbored more ARGs than in other STs.
	The high burden of virulence determinants was prevalent in S. haemolyticus ST42 strains.
	S. haemolyticus ST42 strains tend to be a highly pathogenic clone.
	Biofilm formation characteristics of S. haemolyticus strains.

	DISCUSSION
	MATERIALS AND METHODS
	Sample collection and bacterial strains.
	Antimicrobial susceptibility testing.
	Whole-genome sequencing and genotyping.
	Phylogenetic analysis.
	Biofilm formation.
	Galleria mellonella infection model.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

