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Abstract: Background: Mupirocin resistance of methicillin-resistant Staphylococcus aureus (MRSA) was frequently 
reported, but heterogeneous mupirocin resistance in Staphylococcus aureus (S. aureus) was rarely recognized. 
This study aims to investigate the prevalence of mupirocin heteroresistance among clinical S. aureus isolates and 
its possible molecular mechanism. Methods: Disk diffusion and agar dilution were used to detect the resistance 
features of mupirocin resistant S. aureus isolates collected form a tertiary teaching hospital in China. Population 
analysis profiling was used to identify the mupirocin heteroresistant isolates. Multi locus sequence typing and 
Staphylococcus protein A gene molecular typing were used to discriminate the genetic features of the heteroresis-
tant isolates. Mutations in the isoleucyl tRNA synthetase (ileS) gene of S. aureus isolates were detected by gene 
sequencing technique. Results: Mupirocin heteroresistant isolates were identified in 27.67% (83/300) strains. The 
dominant clones with mupirocin heteroresistance were ST239-t030 MRSAs (25.30%, 21/83). Mutations of G1762T 
and A637G in ileS gene could be detected in the mupirocin resistant and heteroresistant isolates. The resistance of 
resistant subpopulations with mutation of G1762T in ileS gene could stabilize for at least 25 passages. Conclusions: 
This study first revealed a higher prevalence of mupirocin heteroresistance in S. aureus. The mutation of G1762T in 
ileS gene is closely correlated with both mupirocin resistant and heteroresistant S. aureus isolates, supportingo ileS 
as a potential marker for fast identification of mupirocin resistant S. aureus. 
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Introduction

Staphylococcus aureus (S. aureus) is a major 
human pathogen contributing to multiple com-
munity and hospital acquired infections, such 
as skin and soft tissue infections, abscess, 
sepsis and blood stream infection [1]. Mupirocin 
is widely used for the prevention and treatment 
of local skin and soft tissue S. aureus infec-
tions [2] and is routinely prescribed as a de-
colonization agent for methicillin-resistant S. 
aureus (MRSA) colonizers [3-5]. As a topical 
antimicrobial agent, mupirocin can competi-
tively bind to isoleucine t-RNA synthetase (ileS) 
and inhibit bacterial growth correspondingly. 
Recently, mupirocin resistance was frequently 
reported, and the mechanism of resistance 
have been explored [6-8]. 

It is well known that mupirocin resistance was 
categorized into two kinds of resistance pheno-
types, low-level mupirocin resistance (LLMR) 
and high-level mupirocin resistance (HLMR), 
and the resistance mechanisms differed great-
ly [9]. However, to our knowledge, heteroge-
neous mupirocin resistance in S. aureus is 
rarely reported, and its potential clinical signifi-
cance was not elucidated. The characterization 
of heterogeneous resistance was defined as 
only a small number of highly resistant subpop-
ulations presented in the cultures from a sin-
gle-cell inocula, while the majority of cells 
showed low or moderate level of resistance 
[10]. Heteroresistance is a common phenome-
non in S. aureus toward multiple antimicrobial 
agents, such as β-lactam antibiotics, macrolide 
and vancomycin [11-14]. Upon exposure to sub-
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inhibitory concentrations of antibiotics, clones 
with heterogeneous resistance could develop 
into homogeneous and highly resistant ones 
[15], which may lead to anti-infection failure or 
high-level of homogeneous resistance. How- 
ever, the definition of heterogeneous resis-
tance is varied for different bacteria, and there 
is no clear definition to mupirocin in S. aureus. 
Hence, the present study defined the heteroge-
neous mupirocin resistance in S. aureus as the 
isolates with heteroresistant subpopulation at 
a frequency (≥10-9), with an MIC ≥8 μg/mL to 
mupirocin of the resistant subpopulations [16], 
and carrying well-known mutations in ileS gene 
correlated with LLMR or mupA gene contribut-
ing to HLMR in S. aureus. 

In this study, we try to investigate the actual 
prevalence of mupirocin heteroresistance am- 
ong methicillin-susceptible S. aureus (MSSA) 
and MRSA isolates. Meanwhile, its possible 
resistance mechanism was explored. 

Methods

Isolates identification

S. aureus strains used in this study were iso-
lated from different patients admitted to a 
3000-bed teaching hospital in China from 
March 2011 to February 2020, and the strains 
were isolated from routine clinical samples, 
identified with VITEK-2 compact fully automat-
ed microbiology analysis system (BioMérieux, 
France) and then stored at -80°C. The isolates 
were obtained from different clinical samples, 
including sputum (41%, 123/300), secretion 
samples (26.6%, 79/300), wound samples 
(10.3%, 31/300), whole blood (6.9%, 21/300), 
nasopharyngeal swabs (6.9%, 21/300), urine 
(3%, 9/300), pus (5%, 15/300) and bronchoal-
veolar lavage fluid (0.3%, 1/300). During this 
study, the isolates were again subcultivated at 
blood agar plates and verified again by Matrix-
Assisted Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry (microTyper MS, 
Tianrui, China) and 16S-rRNA gene sequencing 
[17]. 

Mupirocin susceptibility testing

Disc diffusion was used to screen LLMR and 
HLMR isolates using 5 μg and 120 μg mupiro-
cin discs [18, 19]. The MICs of S. aureus to 
mupirocin was further detected using agar dilu-

tion [20]. The concentration of mupirocin was 
set from 0.015 μg/mL to 512 μg/mL with two-
fold dilution. Strains with mupirocin MICs 
between 8 and 256 µg/mL were considered as 
LLMR, and the ones with an MIC ≥512 µg/mL 
were considered to be HLMR. 

Identification of mupirocin heteroresistant S. 
aureus isolates

Classical population analysis profiling (PAP) 
was used to identify mupirocin heteroresistant 
S. aureus isolates. The assay was performed 
according to the procedure suggested by 
Tomasz et al. [21] with minor modifications. 
Generally, approximately 109 CFU of the cul-
tures at stationary-phase were plated onto a 
series of tryptone soya agar (TSA) plates con-
taining serial concentrations of mupirocin (4 
µg/mL to 512 µg/mL with two-fold dilution), 
and the plates were incubated at 35°C for 48 h. 
The number of colonies grew on each plate 
were recorded, and suspected resistant colo-
nies were subcultivated and identified using 
MALDI-TOF MS technique. The frequency of 
heteroresistant subpopulations obtained from 
each isolate was calculated. To verify the stabil-
ity of resistance, the subpopulations were sub-
cultured for 50 passages on TSA plates without 
antibiotics. 

Molecular typing

Multi-locus sequence typing (MLST) was per-
formed according to the procedure previously 
described [22]. The total genome was extract-
ed using Qiagen bacterial total DNA extracting 
kit (Qiagen Ltd, Germany). Seven respective 
PCR assays were conducted to amplify seven 
housekeeping genes for S. aureus, including 
carbamatek inase (arcC), shikimate dehydroge-
nase (aroE), glycerol kinase (glpF), guanylate 
kinase (gmk), phosphate acetyltransferase 
(pta), triosephosphate isomerase (tpi) and 
acetyle coenzyme A acetyltransferase (yqi). 
The PCR products were sequenced, and the 
sequences were compared with the known 
alleles in the MLST databases (http://saureus.
mlst.net). The variable repeat region of staphy-
lococcus protein A gene (spa) was amplified 
based on the procedure previously described 
[23]. Then, the PCR products were sequenced, 
and the sequences were analyzed using the 
Ridom web server (http://spaserver.ridom.de). 
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PCR amplification and sequencing of the ileS 
gene

To detect the possible mutation of ileS gene of 
the mupirocin resistant subpopulations, the 
whole sequence of ileS gene was amplified 
using a pair of primers, ileS-F: TACCGCGA- 
GCAATCGTCCCT, ileS-R: TGTTGGCATCGTGGGC- 
ATAG. The PCR products were purified with QIA 
quick PCR purification kit (Qiagen, GmbH, 
Germany) and sequenced with the following 
primers, ileS-WF: CAATCCAGTGCTTCTGCTAC, 
ileS-WR: AGACTTTGGGTAAGTAGTACG. The DNA 
sequences for each isolate was compared with 
S. aureus ileS gene (GenBank accession num-
ber X74219) to identify potential mutation 
points. 

Detection of HLMR encoding genes

MupA and mupB genes, contributing to HLMR 
of S. aureus, were amplified by PCR using the 
following primers, mupA-F: TATATTATGCGATGG- 
AAGGTTGG, mupA-R: AATAAAATCAGCTGGAAAG- 
TGTTG, mupB-F: CTAGAAGTCGATTTTGGAGTAG, 
and mupB-R: AGTGTCTAAAATGATAAGACGATC. 
The amplification conditions were set according 
the protocol previously described [24]. The pos-
itive PCR products were verified by gene 
sequencing. 

Stability of mupirocin resistant subpopulations

The resistant subpopulations originated from 
mupirocin heteroresistant S. aureus strains 
were subcultured on TSA plates without antibi-
otics for 50 passages. The resistance levels to 
mupirocin were detected with agar dilution, and 
mutations in ileS gene were detected using the 
method described above. 

Time-kill kinetics assay

S. aureus ATCC25923 and one isolate with 
mupirocin heteroresistance were selected for 
time-kill kinetics assay. The culture tubes with 
each isolate were incubated at 35°C with shak-

ing at 200 rpm, and 106 cfu/mL TSB broth cul-
ture at logarithmic-phase of each isolate was 
prepared. Then, mupirocin was added to yield 
concentrations of 0, 0.5, 1, 2, 4, 8, 16, 32 and 
64 × MIC of the tested isolate. At 0 min, 20 min, 
40 min, 60 min, 2 h, 6 h and 24 h after mupiro-
cin addition, the samples of each broth culture 
were collected, and appropriate dilution were 
performed. Thereafter, the diluted bacterial 
suspensions (10 µL) were spirally plated on TSA 
plates. After 24 h cultivation at 35°C, the viable 
colonies were counted and the time-kill curves 
were plotted. 

Results

Mupirocin resistance features

The MIC50 and MIC90 of 300 S. aureus strains to 
mupirocin were 0.25 μg/mL and 0.5 μg/mL, 
respectively. As shown in Table 1, comparing 
with those of MSSA isolates analyzed in this 
study, both MIC50 and MIC90 of the MRSA iso-
lates to mupirocin increased to 2 and 4 folds, 
respectively. By both disk diffusion and agar 
microdilution, the LLMR rates for MSSA and 
MRSA were 4.7% (7/150) and 0.6% (1/150), 
respectively. No HLMR isolate was identified. 

Epidemiological characteristics of mupirocin 
heteroresistant isolates

In total, 27.7% (83/300) mupirocin sensitive 
strains showed significant heterogeneous 
resistance, and two different heterogeneous 
resistance patterns were identified by PAP, 
including heteroresistant-LLMR mode (r-LLMR) 
and heteroresistant-HLMR mode (r-HLMR) 
(Supplementary Figure 1), which accounted for 
27.3% (82/300) and 3.3% (1/300), respective-
ly. The distribution of the samples positive with 
mupirocin heteroresistant S. aureus isolates 
were shown in Table 2. The majority of the 
mupirocin heteroresistant S. aureus isolates 
were isolated from wound secretion (39.8%, 
33/83), followed by sputum (31.3%, 26/83), 
whole blood (10.8%, 9/83) and pus (8.4%, 
7/83). The isolates from wound secretion were 
mainly composed by MSSA (26.5%, 22/83), 
while those from sputum were mainly com-
posed by MRSA isolates (20.5%, 17/83). Based 
on the definition of heterogeneous resistance 
in our study, the frequency of heteroresistant 
subpopulations among 40 strains of MRSA and 
43 strains of MSSA were between 10-9 to 10-8. 

Table 1. Mupirocin resistance features of 
MSSA and MRSA isolates

Strains MIC50 (μg/mL) MIC90 (μg/mL)

MSSA (n=150) 0.125 0.25
MRSA (n=150) 0.25 1.00
MSSA: Methicillin-Susceptible Staphylococcus Aureus; 
MRSA: Methicillin-Resistant Staphylococcus Aureus. 
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Results of PAP assay showed that mupirocin 
resistant subpopulations generated from the 
heterogeneous resistant isolates were present-
ing at a lower frequency, ranging from 10-9 to 
10-8, and the resistance levels of these highly 
resistant subpopulations could reach up to  
256 μg/mL or 512 μg/mL. For only one r-HLMR 
isolate identified in this study, 25 highly resis-
tant subpopulations (MIC ≥512 μg/mL) were 
obtained. Meanwhile, the resistance to mupiro-
cin of the subpopulations originated from 82 
r-LLMR isolates varied from strain to strain 
(8-256 μg/mL). 

Molecular typing results

Among 83 heterogeneous mupirocin resistant 
S. aureus, ST-239 (26.51%, 22/83) was the 
most prevalent, followed by ST-398 (15.66%, 
13/83), ST-59 (14.46%, 12/83), ST-22 (8.43%, 
7/83), ST15 (4.82%, 4/83), ST-7 (3.61%, 3/83), 
ST-25 (3.6%, 3/83), ST-5637 (3.6%, 3/83), 
ST-121 (2.41%, 2/83), ST-4855 (2.4%, 2/83), 
ST-5939 (2.41%, 2/83), ST-6068 (2.41%, 
2/83), ST-5 (1.2%, 1/83), ST-546 (1.2%, 1/83), 
ST-4587 (1.2%, 1/83), ST-4613 (1.2%, 1/83), 
ST-4848 (1.2%, 1/83), ST-4849 (1.2%, 1/83), 
ST-4855 (1.2%, 1/83) and ST-5662 (1.2%, 
1/83). By spa typing, 32 spa types were found. 
The most prevalent type was t030 (25.30%, 
21/83), followed by t437 (10.84%, 9/83), t571 
(10.84%, 9/83), t309 (7.23%, 6/83), t091 
(4.82%, 4/83), t078 (3.61%, 3/83), t2460 
(2.41%, 2/83), t164 (2.41%, 2/83), t002 
(2.41%, 2/83) and t084 (2.41%, 2/83) (Figure 
1). Combination of STs with spa types, the most 
predominant clone was ST239-t030 (25.30%, 
21/83), followed by ST59-t437 (10.84%, 9/83), 
ST398-t571 (10.84%, 9/83) and ST22-t309 

heteroresistant S. aureus parent isolates and 
83 randomly selected resistant subpopulations 
originated from 83 mupirocin heteroresistant 
S. aureus isolates, neither mupA or mupB gene 
was detected. On the contrary, multiple point 
mutations (G1762T, A637G, A1263T, G937T, 
A1312G, C1468T) in ileS gene were identified 
and varied greatly among different isolates, 
and mutation of A637G and G1762T were the 
most frequent (Table 3). Only mutation of 
G1762T was observed in mupirocin heterore-
sistant isolates and their resistant subpopula-
tions. No significant differences in types of 
mutations in ileS gene among resistant sub-
populations originated from mupirocin hetero-
resistant MRSA and MSSA isolates was 
observed (Table 4). 

Stability of mupirocin resistant subpopulations

Twenty-seven mupirocin resistant subpopula-
tions originated from 9 mupirocin heteroresis-
tant S. aureus isolates were randomly selected 
to assess their stability of resistance to mupiro-
cin during successive subcultivation for 50 gen-
erations. The diversity of mutation in ileS gene 
of mupirocin resistant subpopulations was 
observed in the same isolate, for either MRSA 
or MSSA isolates. As shown in Supplementary 
Table 1, among 12 subpopulations with muta-
tion of G1762T in ileS gene, the resistance of 
75.0% (9/12) subpopulations to mupirocin was 
stable after 50th successive passages, and the 
stability of resistance to mupirocin of 25% 
(3/12) could maintain for at least 25th genera-
tions of subcultivation on TSA plates without 
antibiotics. On the contrary, the stability of 
resistance to mupirocin of 53.3% (8/15) sub-
populations without mutation of G1762T in ileS 

Table 2. Distribution of clinical samples with mupirocin hetero-
resistant S. aureus isolates
Samples Percentages (n, %) MRSA (n, %) MSSA (n, %)
Wound secretion 33, 39.8% 11, 13.3% 22, 26.5%
Sputum 26, 31.3% 17, 20.5% 9, 10.8%
Whole blood  9, 10.8% 3, 3.6% 6, 7.2%
Nasopharyngeal swab 4,4.8% 1, 1.2% 3, 3.6%
Pus 7, 8.4% 5, 6% 2, 2.4%
Puncture fluid 3, 3.6% 2, 2.4% 1, 1.2%
Urine 1, 1.2% - 1, 1.2%
MSSA: Methicillin-Susceptible Staphylococcus Aureus; MRSA: Methicillin-Resis-
tant Staphylococcus Aureus.

(7.23%, 6/83). The 21 strains  
of ST239-t030 (100%, 21/21) 
and 8 isolates of ST59-t437 
(88.89%, 8/9) were mainly com-
posed by MRSA, while 8 strains  
of ST398-t571 (88.89%, 8/9) and 
5 isolates of ST22-t309 (83.33%, 
5/6) were mainly composed by 
MSSA. 

IleS gene mutation, mupA and 
mupB gene detection

Among 115 mupirocin sensitive 
S. aureus isolates, 83 mupirocin 
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gene reverted to sensitive within 15th genera-
tions of subcultivation on TSA plates without 
antibiotics. Furthermore, mutations in ileS ge- 
ne of the different subpopulations originated 
from the same isolate were not unique, such as 
subpopulations from r-314 and r-724 isolates. 

Time-kill feature of mupirocin heteroresistant 
strains

Mupirocin sensitive strain (S. aureus, ATCC- 
25923) and mupirocin heteroresistant isolate 
(r-724) showed different growth features in TSB 
broth with gradient concentrations of mupiro-
cin. The growth of ATCC25923 at different con-
centrations of mupirocin were all inhibited until 
24 hours (Figure 2). The growth of r-724 isolate 
was inhibited when the concentrations of mupi-
rocin ≥0.5 μg/mL, while the isolate at 0.25 μg/

mL showed delayed growth at 24 hours, and 
the subpopulations were further confirmed to 
be LLMR.

Discussion

In this study, the prevalence rate of mupirocin 
resistant S. aureus was close to that reported 
by Yu et al. [25], who revealed that only 4.7% 
and 0.6% LLMR isolates were detected from 
MRSA and MSSA isolates, and no HLMR isolate 
was found. Comparing with that of MSSA iso-
lates, the mupirocin MIC90 of MRSA isolates 
increased from 0.25 μg/mL to 1 μg/mL in this 
study. Because the number of isolates investi-
gated in this study is small, the actual preva-
lence of mupirocin resistance among MRSA 
and MSSA needs to be further ascertained. 
Surprisingly, the prevalence of heterogeneous 

Figure 1. Distribution of STs and spa types of heterogeneous mupirocin resistant MRSA and MSSA. Note: A. Dis-
tribution of different spa types; B. Distribution of different ST types. MSSA: Methicillin-Susceptible Staphylococcus 
Aureus; MRSA: Methicillin-Resistant Staphylococcus Aureus; SPA: Staphylococcus Protein A Gene. 

Table 3. Distribution of point mutations of ileS gene in mupirocin sensitive and mupirocin heteroresis-
tant strains

Sense Mutations in ileS gene Mupirocin sensitive 
strains (n=115)

Heterogeneous mupirocin resistant strains
Parent heteroresistant 

isolates (n=83)
LLMR subpopula-

tions (n=82)
HLMR subpopula-

tions (n=1)
A637G 39 1 74 1
G937T 5 13 11 0
A1263T 5 13 13 0
A1312G 18 10 11 0
C1468T 14 14 11 1
G1762T 0 0 63 1
Note: Resistant subpopulations were randomly selected. LLMR: Low-Level Mupirocin Resistance; HLMR: High-Level Mupirocin 
Resistance.



High prevalence and molecular characterization of Staphylococcus aureus

8248 Am J Transl Res 2022;14(11):8243-8251

resistance of MSSA and MRSA to mupirocin 
reached 28.0% (42/150) and 26.7% (40/150), 
respectively. It is known that, oxacillin sensitive 
MRSAs commonly show typical heterogeneous 
resistance and can easily convert to highly 
resistant populations under sub-inhibitory con-
centrations of oxacillin and/or mupirocin, which 
could lead to failure of anti-infection treatment 
when they are incorrectly treated as suscepti-
ble ones [13]. How to accurately detect the 
resistance of mupirocin in S. aureus and the 
effectiveness of routine mupirocin based MRSA 
de-colonization protocol should be reevaluated 
when the patients have been confirmed to be 
colonized with heterogeneous mupirocin resis-
tant MRSA. Also, the effectiveness of routine 
usage of mupirocin ointment agents should be 
carefully considered in treatment of patients 
with suspect S. aureus infection. 

Since high prevalence of LLMR among MRSA 
and MSSA strains was found in this study, we 
try to further investigate the molecular charac-
teristics of mupirocin heteroresistant S. aureus 
strains. Most of the strains were isolated from 
sputum, secretion and blood, et al. It is revealed 

fusion with 5 μg or 120 μg mupirocin was rec-
ommended for LLMR or HLMR detection [18, 
19]. In this study, excellent agreement between 
disc diffusion and agar dilution was observed. 
Considering the wide application of automated 
microbial identification and antimicrobial detec-
tion equipment in clinical laboratories, the  
consistency between disc diffusion and BD 
PhoenixTM PMIC/ID panel on detection of mupi-
rocin resistance detection was further com-
pared, and it was confirmed that BD PhoenixTM 
PMIC/ID panel could accurately identify LLMR 
strains (data not shown). Despite that disc dif-
fusion was routinely applied in many laborato-
ries and could easily discriminate heteroresis-
tance by observing clonal growth within inhibi-
tion zone [16], no literature reported its effi-
ciency on detect mupirocin heteroresistance in 
S. aureus yet. No heteroresistant isolate was 
identified by disk diffusion with 5 μg mupirocin 
in this study. Lower frequency of resistant sub-
populations (10-9-10-8) and low density of bac-
terial cells inoculated in the plates maybe the 
major reasons leading to low detection efficien-
cy of disk diffusion during the identification of 
mupirocin heteroresistant clones [16]. Also, no 

Figure 2. Time-kill features of ATCC25923 and mupirocin heteroresistant iso-
late (r-724). Note: A. Staphylococcus aureus ATCC29213; B. Mupirocin het-
eroresistant Staphylococcus aureus r-724. 

Table 4. Major mutations in ileS gene among randomly selected 
mupirocin resistant subpopulations originated from S. aureus iso-
lates with mupirocin heteroresistance

Mutation points
Resistant subpopulations 

originated from r-LLMR
Resistant subpopulations 
originated from r-HLMR

MRSA (n=40) MSSA (n=42) MRSA (n=0) MSSA (n=1)
A637G (Asn-Asp) 36 38 0 1
G1762T (Val-Phe) 28 38 0 1
Note: Resistant subpopulations were randomly selected. MSSA: Methicillin-Suscep-
tible Staphylococcus Aureus; MRSA: Methicillin-Resistant Staphylococcus Aureus; 
LLMR: Low-Level Mupirocin Resistance; HLMR: High-Level Mupirocin Resistance.

that ST239-t030, ST59-t437, 
ST398-t571 and ST22-t309 
clones were dominant on- 
es with heterogeneous resis-
tance. ST239-t030 and ST- 
59-t437 are two known hos-
pital acquired MRSA and 
community acquired MRSA 
clones prevalent in Asia [26, 
27]. ST239-t030 isolates in 
this study were fully com-
posed of MRSA isolates, 
while ST398-t571 and ST- 
22-t309 clones were mainly 
composed of MSSA isolates. 
The mupirocin heteroresis-
tant strains were isolated 
most frequently from wound 
secretion samples (39.8%) in 
this study, which suggested 
that mupirocin heteroresis-
tance should be taken into 
account when mupirocin was 
used in treatment of wound 
infections by S. aureus. 

To rapidly screen mupirocin 
resistant S. aureus, disc dif-
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significant correlation was observed between 
mupirocin MICs of the primary isolates with 
mupirocin heteroresistance and the frequen-
cies of resistant subpopulations. Hence, it is 
not practical to predict mupirocin heteroresis-
tance and possible failure of mupirocin treat-
ment based on the mupirocin MICs of the pri-
mary isolates [28]. Although PAP is tedious and 
expensive to perform routinely in clinical labo-
ratories, it is still the best method to identify 
mupirocin heteroresistance based on experi-
ence in this study. A simplified PAP with single 
concentration (4 μg/mL mupirocin) or double 
concentrations (4 μg/mL and 256 μg/mL mupi-
rocin) maybe an alternative method in clinical 
microbiological laboratories. Moreover, other 
techniques with more detection sensitivity may 
provide more choices to detect heteroresis-
tance, such as droplet digital PCR [29] and 
plasmonic colloidosomes coupled MALDI-TOF 
MS technique [30].

To further explore the resistance mechanism of 
mupirocin heteroresistant S. aureus, some 
well-known mutations within ileS gene respon-
sible for LLMR were detected. It was found that 
G1762T, a point mutation, appeared at a high 
frequency in mupirocin resistant subpopula-
tions. G1762T is a mutation within ileS gene 
correlated with LLMR in MRSA. The substitu-
tion can lead to an amino acid change (V588F) 
at codon 588 from valine to phenylalanine, and 
the Rossman Fold of Isoleucyl-tRNA Synthetase 
can be affected [31]. However, another well-
known mutation (V631F) was not detected in 
the mupirocin resistant subpopulations in this 
study. In contrast, another point mutation of 
A637G appeared at a high frequency at mupiro-
cin resistant subpopulations. However, the cor-
relation between mutation of A637G in ileS 
gene of S. aureus isolates and the resistance of 
LLMR couldn’t be confirmed, since this muta-
tion also appeared in 39 mupirocin sensitive 
strains in this study. Furthermore, the resis-
tance to mupirocin of the subpopulations with 
G1762T mutation was stable after at least 25 
successive passages. However, the resistance 
to mupirocin of the resistant subpopulations 
with mutation in A637G of ileS gene was not 
always stable, because 40% (6/14) mupirocin 
resistant subpopulations returned to mupirocin 
sensitive after 15 successive passages on TSA 
plates without antibiotics. Hence, based on the 
results of this study, it is presumable that muta-

tion of G1762T in ileS gene is a key mechanism 
contributing to mupirocin heteroresistance in 
S. aureus. To define mupirocin heteroresistan- 
ce of S. aureus, appearance of G1762T muta-
tion in ileS gene or not should be considered as 
an important index. Also, detection of mutation 
of G1762T with suitable molecular methods 
may be a potential target in rapid discrimina-
tion of LLMR or heteroresistant S. aureus 
isolates. 

The limitations of this study include following 
two aspects. Firstly, owing to limitation of 
expenditure, not all of the possible molecular 
mechanisms contributing to heteroresistance 
found in other bacterial pathogens were inves-
tigated in this study, such as gene amplifica-
tion-driven heteroresistance [32] or overex-
pression of genes encoding proteins involved in 
efflux [33]. Secondly, possible new mecha-
nisms contributing to heteroresistance is not 
investigated during this study. Whole genome 
sequencing or other new techniques should be 
adopted to explore other possible molecular 
mechanisms related to heteroresistance in S. 
aureus. 

Conclusions

As far as we know, high prevalence and stability 
of mupirocin heteroresistance in S. aureus was 
firstly reported in this study, which indicates 
that accurate and rapid identification of mupi-
rocin heteroresistant S. aureus seems to be  
an important issue for rational application of 
mupirocin agents in de-colonization of MRSA 
and treatment of skin and soft tissue infections 
resulted by S. aureus. ST239-t030 MRSA, 
ST59-t437 MRSA, ST398-t571 MSSA as well 
as ST22-t309 MSSA clones are easier to pres-
ent with mupirocin heteroresistance and should 
be paid more attention. Also, mutation of 
G1762T in ileS gene seems to be an important 
molecular target in rapid screening of mupiro-
cin resistant or heteroresistant S. aureus using 
PCR or other molecular methods.
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Supplementary Figure 1. Heterogeneous mupirocin resistance modes of S. aureus. Note: LLMR: Low-Level Mupiro-
cin Resistance; HLMR: High-Level Mupirocin Resistance; PAP: Population Analysis Aprofiling; r-LLMR: hetero-LLMR; 
r-HLMR: hetero-HLMR.

Supplementary Table 1. Stability of resistance to mupirocin of heterogeneous mupirocin resistant 
subpopulations

Subpopulations Molecular 
types

Mutations in gyrA 
gene

Generations of subculture on TSA plates without antibiotics
0th 5th 10th 15th 20th 25th 30th 35th 40th 45th 50th

r-314-5 ST59-t437 
MRSA

A637G >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-314-6 A637G >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-314-7 A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-169-1 ST239-t030 
MRSA

A637G >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2

r-169-2 A637G >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2

r-169-3 A637G >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2

r-169-4 A637G >4 >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2

r-301-1 ST59-t437 
MRSA

A637G >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-301-2 A637G >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2

r-171-1 ST239-t030 
MRSA

A637G >4 >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2

r-171-2 A637G >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-171-3 A637G >4 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2

r-826-5 ST5662-
t2460
MRSA

A637G, G1762T >4 >4 >4 >4 >4 >4 >4 ≤2 ≤2 ≤2 ≤2

r-826-6 A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-826-7 A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-275-2 ST239-t030 
MRSA

A637G, G1762T >4 >4 >4 >4 >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2

r-275-3 A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 ≤2

r-275-4 A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-275-5 A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-984-1 ST59-t437 
MRSA

A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-984-2 A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-984-3 A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-724-1 ST398-t571 
MSSA

A637G, G1762T >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-724-2 A637G >4 >4 >4 >4 >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2

r-315-1 ST 59-t437 
MRSA

A637G >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-315-2 A637G >4 >4 >4 >4 >4 >4 >4 >4 >4 >4 >4

r-315-3 A637G >4 >4 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2 ≤2
TSA: Tryptone Soya Agar; MSSA: Methicillin-Susceptible Staphylococcus Aureus; MRSA: Methicillin-Resistant Staphylococcus Aureus.


