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Purpose: This study investigates the phenotypic and genotypic resistance features of OS- 
MRSA clinical isolates and their distinctive sensitivities to oxacillin.
Methods: 1200 clinical isolates of Staphylococcus aureus were enrolled in this study. 
Automated antibiotics susceptibility tests on VITEK-2 and BD Phoenix-100TM, cefoxitin 
disc diffusion method, oxacillin broth microdilution method, mecA, and mecC gene detection 
were performed to identify OS-MRSA. MLST, PFGE, SCCmec, and spa typing methods 
were employed to determine genotypes of OS-MRSA isolates. Heterogeneous resistance of 
OS-MRSA isolates was detected using the population analysis profiling method, and PBP2a 
latex agglutination assay was used to detect the expression of PBP2a protein for 14 OS- 
MRSA isolates and their highly resistant subpopulations.
Results: A total of 14 OS-MRSA isolates (1.17%, 14/1200) were identified, and all of the 
isolates were confirmed to be positive with the mecA gene and negative with the mecC gene. 
All of the 14 OS-MRSA isolates were identified as MSSA by VITEK-2, BD Phonenix-100, 
and oxacillin broth microdilution methods, while 21.43% (3/14) isolates were determined to 
be MRSA by the cefoxitin disk diffusion method. Genotypes of the 14 OS-MRSA isolates 
were diverse, and no dominant clones were identified. The prevalence of pvl gene among 14 
OS-MRSA isolates was high up to 64.29% (9/14). All of the isolates showed heterogeneous 
resistance to oxacillin, while frequencies of the oxacillin-resistant subpopulations ranged 
from 10−9 to 10−5 and differed significantly among different isolates.
Conclusion: The overall prevalence of OS-MRSA was relatively lower, but lower oxacillin 
MICs, low testing sensitivity of routine antibiotics susceptibility testing methods and weak 
PBP2a protein expression were observed in this study. 14 OS-MRSA showed diverse 
genotypes and universal heterogeneous resistance, and inaccurate laboratory identification 
and improper antimicrobial usage may promote the induction of highly resistant subpopula-
tions and lead to treatment failure.
Keywords: oxacillin sensitive MRSA, molecular typing, heterogeneous resistance

Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) is an important bacterial 
pathogen, leading to multiple kinds of invasive infections and increasing mortality 
of inpatients.1 The primary resistance mechanism of MRSA is mediated by the 
expression of a modified penicillin-binding protein 2a (PBP2a), which was encoded 
by the mecA gene.2,3 Recently, a new issue, rarely reported previously, was the 
misidentification of MRSA in clinical laboratories, which was mainly owing to 
oxacillin susceptible mecA positive Staphylococcus aureus (OS-MRSA) emerged in 
several areas around the globe.4–6
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It is well known that the detection of resistance phe-
notypes with antibiotics susceptibility testing methods was 
routinely performed in most clinical laboratories. By con-
trast, widespread usage of genotypic methods was proble-
matic. Since OS-MRSA isolates often showed lower 
oxacillin MICs (typically≤2 μg/mL), these isolates were 
often mistakenly identified as methicillin-susceptible 
Staphylococcus aureus (MSSA) with phenotypic methods, 
and even the isolates may become highly resistant ones 
when exposed to β-lactams antibiotics or mupirocin.7,8 

Therefore, to discriminate OS-MRSA isolates, other alter-
native methods are required to minimize the error caused 
by traditional phenotypic techniques. The mecA gene 
detection or PBP2a protein agglutination assay was the 
most frequently suggested methods to complement con-
ventional phenotypic methods. However, the discrepancies 
between the mecA gene and PBP2a protein expressions 
were observed, and a novel mecA homologue (mecC) was 
not detectable by PBP2a agglutination tests.9,10 Therefore, 
a combination of phenotypic and genotypic methods 
simultaneously is strongly suggested for the accurate iden-
tification of OS-MRSA.5

Moreover, heterogeneous resistance was reported to be 
a universal phenomenon among OS-MRSA isolates col-
lected in Africa.8 It may pose a more knotty issue for 
clinicians when β-lactam antibiotics were prescribed to 
treat infections caused by OS-MRSA or even lead to 
treatment failure.11 However, characterization of heteroge-
neous resistance was not reported in other areas as far as 
I know. The actual existence of heterogeneous resistance 
among isolates from different groups of patients needs to 
be further investigated.

This study aims to investigate the phenotypic and gen-
otypic characteristics of OS-MRSA strains isolated from 
patients admitted to two tertiary teaching hospitals in 
China. The heterogeneous resistance and its potential clin-
ical significance were further explored.

Materials and Methods
Ethics Approval
This study is exempt from formal ethical approval and 
informed consent according to the local ethical guidelines, 
and the statement of exempt from ethical approval was 
provided by Ethics committee of Affiliated hospital of 
Inner Mongolian medical university (Reference number 
KY2020029), since no samples were specifically collected 

for this research, and the data analysis was analyzed 
anonymously.

Collection and Identification of Isolates
One thousand two hundred clinical isolates of S. aureus 
were collected at Affiliated hospital of Inner Mongolian 
Medical University and Bayannur people’s hospital from 
January 2011 to March 2019. All of the isolates were 
isolated from routine clinical samples and the isolates 
were frozen at −80°C. The isolates were retrospectively 
identified as MSSA with AST-GP67 card on VITEK-2 
compact automation equipment (BioMérieux, France). 
The isolates were sub-cultured on blood agar plates during 
this study, and all of them were re-validated by MALDI- 
TOF MS equipment (micro-typer MS, Tianrui, China) as 
well as 16S rRNA gene sequencing.

mecA, mecC, and pvl Gene Detection
Generally, bacterial precipitate for each isolate was 
digested with lysostaphin (1 mg/mL) (Merck, USA) at 
37°C for 30 min, and then the bacterial chromosomal 
DNA was extracted based on the TIANamp Bacterial 
DNA kit (Tiangen Biotech, China). 16S rRNA gene, 
mecA gene, mecC gene, and pvl gene for all 1200 isolates 
were amplified, and PCR conditions were set according to 
the procedure described previously.12–16 The primers used 
in this study are presented in Table 1. S. aureus 
ATCC25923 and ATCC43300 reference strains were used 
as control.

Antibiotics Susceptibility Testing
Phenotypic methods were used to detect their resistance 
levels to oxacillin or cefoxitin in the isolates positive with 
the mecA or mecC gene expression. The methods comprise 
of AST-GP67 card on VITEK-2 fully automated equip-
ment (BioMérieux, France), BD PhoenixTM PMIC/ID 
panel on BD Phonenix-100 equipment (BD, Sparks, MD, 
USA), cefoxitin disc diffusion method as well as oxacillin 
microdilution broth method based on the procedure recom-
mended by CLSI M100 (29th edition).17

Molecular Typing
Pulsed-Field Gel Electrophoresis (PFGE)
The bacterial density of the tested isolates was adjusted to 
3.5～4.0 Mcf and was digested with lysostaphin (1 mg/ 
mL) (Merck, USA) at 37°C for 30 min. Bacterial chromo-
somal DNA of S. aureus isolates was prepared from all the 
isolates and cleaved with 40U SmaI (Takara, China). 
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Meanwhile, the standard strain of S. Braenderup H9812 
was prepared using 40U XbaI (Takara, China) and was 
used as the standard molecular mass. Electrophoresis was 
performed on 1% agarose gels (Lonza, Rockland, ME, 
USA) in 0.5 M Tris/borate/EDTA buffer on a CHEF- 
Mapper XA PFGE system (Bio-Rad, Hercules, CA, 
USA). The gel was stained with ethidium bromide (0.5 
μg/mL) and photographed under the GelDoc XR system 
(Bio-Rad, Hercules, CA, USA). PFGE profiles were ana-
lyzed by Bionumerics v7.6 software.

Multi-Locus Sequence Typing (MLST) and Spa Typing
The experiment was performed as follows. Generally, the 
bacterial chromosomal DNA was extracted based on the 
instruction of the TIANamp Bacterial DNA kit (Tiangen 
Biotech, China). PCRs were carried out with 30-μL reaction 
volumes containing 0.3 μL of chromosomal DNA (approxi-
mately 0.3 μg), 1 μg of each primer as well as Taq DNA 
polymerase mixture supplied by Taq PCR MasterMix kit 
(Tiangen Biotech, China). The PCR reaction conditions 
were set as described by Enright et al.18 Seven respective 
PCR assays were conducted to amplify seven housekeeping 
genes for S.aureus, including arc, aroE, glpF, gmk, pta, tpi 
and yqil. The PCR products were sequenced with the same 
primers as those used in PCR amplification and Sanger 
sequencing was performed on ABI 3730XL DNA 
Analyzer (Applied Biosystems, USA). The sequences 
were compared with the known alleles in the MLST data-
base (http://saureus.mlst.net). The variable repeat region of 
the spa was amplified with the following primers, Spa- 
1113f (TAAAGACGATCCTTCGGTGAGC) and Spa- 
1514r (CAGCAGTAGTGCCGTTTGCT),16 and the PCR 

products were sequenced on ABI 3730XL DNA Analyzer 
(Applied Biosystems, USA), and the sequences were ana-
lyzed using the Random web server (http://spaserver.ridom. 
de). The typing of chromosomal cassette mec (SCCmec) for 
S. aureus isolates was carried out based on the well-known 
protocol,19 and the unique types were designated. The stan-
dard SCCmec typing strains (NCTC10042, type I SCCmec; 
N315, type II SCCmec; 85/2080, type III SCCmec; 
JCSC4744, type IV SCCmec; HS663, type V SCCmec) 
were used as controls.

Population Analysis Profiling (PAP)
According to the procedure introduced previously,20 the 
PAP assay was performed as follows. The isolates were 
cultured with shaking in Tryptic Soy Broth (TSB) at 35°C, 
and overnight cultures were centrifuged and diluted to 
a suitable density. The diluted cultures were plated onto 
Tryptic Soy Agar (TSA) plates at a density of 109 CFU/ 
plate. The TSA plates were prepared with serial concen-
trations of oxacillin (0.06–800 μg/mL) with or without 
0.03 μg/mL mupirocin. The plates were then incubated at 
35°C for 48 hours at aerobic condition, and the number of 
colonies on each plate was counted, and the frequency of 
highly resistant subpopulations was calculated.

PBP2a Protein Detection
The PBP2a protein expression for 14 OS-MRSA isolates 
and their corresponding high-level resistant subpopulations 
were detected with the following procedure. Generally, 
approximately 109 CFU of the tested isolates were collected 
in an eppendorf tube and centrifuged at 10,000 rpm for 10 
min, and the bacterial precipitate was collected. The 

Table 1 Primers for PCR Amplification in This Study

Primers Sequences (5’-3’) Size (bp)

16S rRNA-F GTAGGTGGCAAGCGTTATCC 22812

16S rRNA-R CGCACATCAGCGTCAG

mecA-F TCCAGATTACAACTTCACCAGG 16213

mecA-R CCACTTCATATCTTGTAACG

mecC-F GAAAAAAAGGCTTAGAACGCCTC 71814

mecC-R GAAGATCTTTTCCGTTTTCAGC

pvl-F ATCATTAGGTAAAATGTCTGGACATGATCCA 43315

pvl-R GCATCAASTGTATTGGATAGCAAAAGC

Spa-1113f TAA AGACGATCCTTCGGTGAGC Variable16

Spa-1514r CAGCAGTAGTGCCGTTTGCT

Infection and Drug Resistance 2021:14                                                                                     submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
663

Dovepress                                                                                                                                                               Liu et al

http://saureus.mlst.net
http://spaserver.ridom.de
http://spaserver.ridom.de
http://www.dovepress.com
http://www.dovepress.com


precipitate was then incubated for 5 min at 100°C and the 
mixture of bacterial protein was extracted. An agglutination 
test was then carried out based on the instructions of the 
PBP2a agglutination test kit (Oxoid Limited, US). S. aureus 
ATCC 25923 and ATCC43300 reference strains were used 
as negative and positive controls, respectively.

Results
Among 1200 S. aureus isolates tested in this study, 14 OS- 
MRSA isolates (1.17%) were identified, and all of them 
were the mecA gene positive and negative with the mecC 
gene. Most of the OS-MRSA isolates (64.29%, n=9) were 
isolated from wound samples, followed by pus samples 
(14.29%, n=2), whole blood sample (7.14%, n=1), BALF 
sample (7.14%, n=1) and sputum sample (7.14%, n=1). 
All of the isolates were isolated from inpatients, and the 
average age of the patients were 36.7 years old (8～57 
years). Two isolates (OS-200 and OS-1068) of OS-MRSA 
were isolated from pediatric patients (14.29%, 2/14).

The resistance rates of the 14 OS-MRSA isolates to 
penicillin, erythromycin, tetracycline, clindamycin, genta-
micin, levofloxacin and trimethoprim-sulfamethoxazole 
(SXT) were 100%, 78.57%, 64.29%, 35.71%, 21.43%, 
7.14%, and 7.14%, respectively. All 14 OS-MRSA isolates 
were sensitive to nitrofurantoin, vancomycin, linezolid, 
rifampicin, and daptomycin, as shown in Table 2.

Furthermore, different phenotypic methods were 
assessed in differentiating OS-MRSA isolates. Oxacillin 
MICs detected by VITEK-2 oxacillin and BD phoenix-100 

showed good agreement with those detected by the oxa-
cillin broth microdilution method. Unfortunately, all of the 
14-OS MRSA isolates were mistakenly identified to be 
MSSA by VITEK-2, BD phoenix-100, and oxacillin 
broth microdilution methods, as shown in Table 3. Three 
out of 14 OS-MRSA isolates were determined to be 
MRSA by cefoxitin disk diffusion method, the oxacillin 
MICs of which were 1 μg/mL (OS-1068 and OS-1502) 
and 0.5 μg/mL (OS-200), respectively. Moreover, lower 
expression of PBP2a protein was observed in these 14 OS- 
MRSA isolates and only 42.86% (6/14) showed a positive 
reaction with agglutination assay (Table 3). The correla-
tion between levels of oxacillin MIC and expression level 
of PBP2a protein was not observed.

MLST and spa types of the 14 OS-MRSA isolates showed 
a diverse tendency, only ST22-t309 types accounted for 
14.29% (2/14) and both of them were not typeable with the 
SCCmec typing method. Besides, ST398, ST59, ST25 
accounted for 42.86% (6/14) and 14.29% (2/14) for each ST 
type, respectively. Except for OS-200, OS-790, and OS-373 
isolates, ten out of 14 isolates belonged to the SCCmec IV 
type, while only one isolate (OS-678) was categorized as 
SCCmec I type (Figure 1). Furthermore, the prevalence of 
the pvl gene among 14 OS-MRSA isolates was high up to 
64.29% (9/14), while that of 1200 S. aureus isolates was 
25.5% (306/1200).

All OS-MRSA isolates presented with heterogeneous 
resistance, while frequencies of highly resistant subpo-
pulations varied from 10−9 to 10−5 among different 

Table 2 Antimicrobial Susceptibility Features of 14 OS-MRSA Isolates

Isolates PEN ERY TCY CLI GEN LVX SXT NIT VAN LNZ RIF DAP

OS-200 R R R S S S S S S S S S
OS-253 R R R S S S S S S S S S

OS-373 R R I R S S S S S S S S

OS-511 R R R S S S S S S S S S
OS-678 R I R S S R S S S S S S

OS-682 R R R R R S R S S S S S

OS-790 R R R R S S S S S S S S
OS-1050 R R R R R S S S S S S S

OS-1057 R R S S S S S S S S S S
OS-1059 R R R S S S S S S S S S

OS-1060 R I S I S S S S S S S S

OS-1061 R R S R S S S S S S S S
OS-1068 R R I S S S S S S S S S

OS-1502 R I R S R S S S S S S S

Resistant rates (%) 100 78.57 64.29 35.71 21.43 7.14 7.14 0 0 0 0 0

Abbreviations: PEN, penicillin; ERY, erythromycin; TCY, tetracycline; CLI, clindamycin; Gen, gentamicin; LVX, levofloxacin; SXT, trimethoprim-sulfamethoxazole; NIT, 
nitrofurantoin; VAN, vancomycin; LNZ, linezolid; RIF, rifampicin; DAP, daptomycin; S, sensitive; I, intermediate; R, resistant.
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isolates. For each isolate, the MICs of the highly resis-
tant subpopulations to oxacillin increased at least 16 
folds compared with that of the primary isolate, and 
those of the four isolates (OS-682, OS-1059, OS-1060, 
OS-1502) increased up to 1024 folds. The effects in the 
induction of resistance by 0.03 μg/mL mupirocin were 
observed in 71.43% (10/14) isolates, while one out of 
them showed a significant inhibition effect (OS-1502). 
With PAP assay, the frequencies and resistance levels of 
the subpopulations with the highest resistant levels to 
oxacillin for each isolate differed significantly, and the 
oxacillin MICs of the most highly resistant subpopula-
tions originated from 57.14% (8/14) isolates exceeded 
100 μg/mL (Figure 2). It is noteworthy that all of the 
highly resistant subpopulations were positive with 
PBP2a protein expression, as shown in Table 4.

Discussion
As a particular subset of MRSA, the clonal distribution 
and prevalence rates of OS-MRSA varied greatly from 
1.25% to 52% among different reports.6,7,21 The preva-
lence rate found in this study is 1.17% in this study, which 
is similar to those reported in two previous studies in 
China.7,22 The number of S. aureus isolates investigated 
in different studies may be a primary reason for significant 
variation of prevalence rates among different reports. 
Moreover, the 14 OS-MRSA isolates were all sensitive 
to both oxacillin and cefoxitin, no oxacillin susceptible 
but cefoxitin-resistant isolate was enrolled in this study. 
More multi-center investigations need to be further carried 
out to get knowledge of the actual prevalence of OS- 
MRSA. In consistent with some previous studies,7,8 most 
of the OS-MRSA isolates investigated in this study 

Table 3 Phenotypic Resistance Features of 14 OS-MRSA Isolates with Different Methods

Isolates VITEK-2 
Oxacillin (μg/ 

mL)

VITEK-2 
Cefoxitin Screen 

(+/–)

BD Phoenix 
Oxacillin  
(μg/mL)

BD Phoenix 
Cefoxitin  
(μg/mL)

Cefoxitin Disc 
Diffusion (mm)

Oxacillin Broth 
Microdilution  

(μg/mL)

PBP2a 
Protein

OS-200 0.5 - 1 4 21 1 -

OS-253 2 - 1 4 23 1 +
OS-373 ≤0.25 - ≤0.25 ≤2 22 0.25 -

OS-511 ≤0.25 - 0.5 ≤2 24 0.5 +

OS-678 1 - 0.5 4 23 0.5 +
OS-682 2 - 1 4 26 0.5 -

OS-790 ≤0.25 - 0.5 ≤2 24 0.25 -
OS-1050 ≤0.25 - ≤0.25 4 27 0.25 +

OS-1057 1 - 0.5 4 26 0.5 +

OS-1059 0.5 - 1 4 24 0.25 -
OS-1060 ≤0.25 - ≤0.25 ≤2 30 0.25 -

OS-1061 0.5 - 1 4 24 0.5 -

OS-1068 1 - 1 4 19 1 -
OS-1502 1 - 1 4 21 0.5 +

Figure 1 Molecular typing results of 14 OS-MRSA isolates. 
Abbreviations: BALF, bronchoalveolar lavage fluid; NT, not typeable.
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Figure 2 Population analysis profiles of 14 OS-MRSA, 1 MRSA isolate and 1 MSSA isolate. ●, oxacillin; ■, oxacillin+mupirocin.
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belonged to SCCmec IV type, which was closely corre-
lated with prevalent CA-MRSA strains, including ST59, 
ST15 and ST25 genotypes.7,23 In contrast to a recent 
report from China, no dominant clone was found among 
14 OS-MRSA isolates in this study and only ST22-t309 
clone accounted for 14.29% (2/14). At the same time, 
ST22 was also reported to be a predominant clone 
among community-acquired infections.24 Notably, the pre-
valence of pvl gene among 14 OS-MRSA isolates was 
high up to 64.29% (9/14) and significantly higher than 
those reported in two studies from China,7,22 which was 
deemed to be closely correlated with enhanced virulence 
potential of CA-MRSA.25 Also, the majority of the iso-
lates were isolated from the wound, pus, and blood sam-
ples, and only one isolate from sputum. The virulence 
potential of OS-MRSA should be paid more attention to.

In this study, a significant feature of OS-MRSA is its lower 
level of oxacillin resistance, when oxacillin MICs of the iso-
lates are between 0.25μg/mL to 1μg/mL. Consistent with the 
result reported by Liu et al,7 cefoxitin disc diffusion method 
showed better sensitivity in the identification of OS-MRSA in 
this study and 21.43% (3/14) were classified into MRSA, while 
both VITEK-2 and BD phoenix-100TM misidentified all of the 
14 OS-MRSA isolates as MSSA. Moreover, another signifi-
cant feature of the 14 OS-MRSA isolates was the low-level 
expression of PBP2a protein, and only six isolates were 

positive with PBP2a protein using agglutination assay. In con-
trast, all of the tested OS-MRSA isolates were positive with 
PBP2a protein in two previous studies.7,8 On the contrary, all of 
the 14 OS-MRSA isolates were positive with the mecA gene. 
Based on the results of this study and some previous investiga-
tions, to accurately identify OS-MRSA and better treat its 
infections, the following suggestions were recommended. 
Firstly, for the patients with severe S.aureus infection and 
receiving β-lactam therapy for assumed MSSA with the phe-
notypic method, the mecA and mecC gene detection should be 
taken into account when the outcome of treatment is not ideal 
or even worsen. It is strongly recommended to communicate 
with laboratories about this issue, especially for the cases with 
oxacillin MICs ≥0.5 μg/mL, since oxacillin MICs of most of 
the OS-MRSA isolates ranged from 0.5 to 2.0 μg/mL based on 
the results of this study as well as some previous studies.7,8,22 

Secondly, the total resistance rates of 14 OS-MRSA isolates to 
several commonly tested antimicrobials were lower than 50% 
except for penicillin, erythromycin, and tetracycline, which 
was consistent with a recent report by Liu et al.7 The clinician 
should consider non-β-lactam antimicrobials for severe S. aur-
eus infection when the phenotypic method cannot be per-
formed promptly. Finally, cefoxitin disk method is 
recommended to be carried out routinely to provide more 
accurate antibiotic susceptibility results for severe S. aureus 
infection, since this phenotypic method was shown to be with 

Table 4 Frequency of Heterogeneous Resistance and Expression of PBP2a Protein of 14 OS-MRSA Isolates

Isolate Primary Isolate Highly Oxacillin-Resistant 
Subpopulationsb

Highly Oxacillin-Resistant 
Subpopulationsc

Oxacillin MIC 
(μg/mL)

PBP2a Frequencya Oxacillin MIC 
(μg/mL)

Frequency PBP2a Oxacillin MIC 
(μg/mL)

Frequency PBP2a

OS-200 1.0 - 10–5 64 10−9 + 128 10−9 +

OS-253 1.0 + 10–8 16 10−9 + 32 10−9 +

OS-373 0.25 - 10–8 64 10–8 + 256 10−9 +
OS-511 0.5 + 10–7 256 10−9 + 256 10−9 +

OS-678 0.5 + 10–7 256 10−9 + 32 10–8 +

OS-682 0.5 - 10–8 512 10−9 + 512 10–8 +
OS-790 0.25 - 10−9 4 10−9 + 128 10−9 +

OS-1050 0.25 + 10−9 16 10−9 + 32 10−9 +

OS-1057 0.5 + 10–5 128 10−9 + 256 10−9 +
OS-1059 0.25 - 10–8 256 10–8 + 512 10−9 +

OS-1060 0.25 - 10−6 256 10−9 + 512 10−9 +

OS-1061 0.5 - 10−9 16 10−9 + 64 10−9 +
OS-1068 1.0 - 10–8 256 10–8 + 512 10−9 +

OS-1502 0.5 + 10–8 512 10–8 + 4 10−9 +

Notes: aOxacillin resistant subpopulations (≥4μg/mL) screened by PAP method (serial oxacillin); bThe subpopulations with the highest resistant level to oxacillin by PAP 
(serial oxacillin); cThe subpopulations with the highest resistant level to oxacillin by PAP (serial oxacillin plus 0.03μg/mL mupirocin).
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more detection sensitivity in discrimination of OS-MRSA.7 

Alternatively, the laboratories should communicate on this 
issue with clinicians and seek help from other laboratories to 
perform genetic detection.

Inspired by a previous study,8 we further investigated the 
heterogeneous resistance feature of the 14 OS-MRSA isolates. 
We found it is universal among OS-MRSA isolates identified 
in this study. The frequency of oxacillin-resistant subpopula-
tions among different isolates varied considerably from 10−9 to 
10−5 and lower than those reported by Chung et al.8 However, 
highly resistant subpopulations with oxacillin MICs exceeding 
100 μg/mL existed in 57.14% (8/14) OS-MRSA isolates by the 
PAP method. It is revealed that sub-inhibitory concentrations 
of β-lactam antibiotics could promote biofilm formation of OS- 
MRSA26 and exposure to 0.5 MIC of oxacillin, facilitating the 
conversion of OS-MRSA into highly resistant ones.7 When 
OS-MRSA was misinterpreted as MSSA using routine pheno-
typic methods and the patients were treated with β-lactam 
antibiotics, the highly resistant subpopulations are most likely 
to be selected and may lead to failure of treatment. How to 
rapidly and accurately identify OS-MRSA isolates with het-
erogeneous resistance feature seems to be more critical. Some 
novel techniques on a single-cell level may provide more 
choices to rapidly detect heteroresistance, such as droplet 
digital PCR27 and plasmonic colloidosomes coupled MALDI- 
TOF MS technique.28 Moreover, heterogeneously resistant 
clones could convert into homogeneously and highly resistant 
ones when exposed to mupirocin, which is well recognized as 
an effective inducer of the stringent stress response.29 In this 
study, 0.03μg/mL mupirocin could significantly increase resis-
tance levels of 10 OS-MRSA isolates to oxacillin at least two 
folds. In contrast, that of one isolate decreased (OS-1502). 
A similar phenomenon was reported by Chung et al8 and the 
mechanism of diverse responses of OS-MRSA to mupirocin 
needs to be further investigated.

Although this investigation revealed some new fea-
tures of OS-MRSA, there are still some limitations in this 
study. Only 14 OS-MRSA isolates were detected from 
two hospitals, and a larger number of isolates should be 
collected from more hospitals. More detailed information 
about OS-MRSA may be more apparent to us. Owing to 
the limitation of expenditure, only the molecular typing 
features of 14 OS-MRSA isolates were investigated in 
this study, while those of the remaining 1186 non-OS- 
MRSA isolates were not further explored, which deserves 
to be further investigated. Furthermore, some molecular 
mechanisms were reported to be correlated with the 
occurrence and heteroresistance of OS-MRSA, such as 

point mutations within the mecA promoter,7 et al It was 
not investigated in this study, which is still under inves-
tigation in our laboratory.

In conclusion, 14 OS-MRSA isolates showed 
a significant clonal and resistance diversity. All of them 
were wrongly identified as MSSA with several phenoty-
pic resistance detection methods that were widely applied 
in many clinical laboratories. The universal heteroge-
neous resistance of OS-MRSA observed in this study 
poses a more knotty issue for accurate identification and 
treatment of infections caused by OS-MRSA.
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