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Abstract 

Background  Nemonoxacin is a new quinolone with an antibacterial efficacy against methicillin-resistant Staphylococ-
cus aureus (MRSA). Certain sequence types (STs) have been emerging in Taiwan, including fluoroquinolone-resistant ST8/
USA300. It’s an urgent need to determine nemonoxacin susceptibility against ST8/USA300 and other emerging lineages, 
if any. Additionally, molecular characterization of nemonoxacin resistance among different lineages has yet to be defined.

Methods  Non-duplicated MRSA blood isolates from five hospitals during 2019–2020 were collected and genotyped 
by pulsed-field gel electrophoresis, and further correlated to their STs. Antimicrobial susceptibility testing for all antibiotics 
was performing by using Sensititre standard panel, except nemonoxacin by using agar dilution method. Selected isolates 
with nemonoxacin MICs ≥ 0.5 mg/mL were sequenced for quinolone resistance-determining regions (QRDRs).

Results  Overall, 915 MRSA isolates belonged to four major lineages, ST8 (34.2%), ST59 (23.5%), ST239 (13.9%), and clonal 
complex 45 (13.7%). Two-thirds of tested isolates were non-susceptible to moxifloxacin, especially ST8/USA300 and ST239. 
Of them, proportions of nemonoxacin non-susceptibility by a tentative clinical breakpoint (tCBP) of 1 µg/mL among four 
major lineages appeared to be different (P = 0.06) and highest in ST239 (22.2%), followed by ST8/USA300 (13.5%). Among 
89 isolates sequenced, 44.1% of ST8 and all ST239 isolates had ≥ 3 amino acid substitutions (AAS) in gyrA/parC (group A) 
or 2 AAS in gyrA/parC with additional AAS in gyrB/parE (group B). Compared to other AAS patterns, isolates in group A had 
the greatest non-susceptible proportions to nemonoxacin (86.9%; overall/pair-wised comparisons, P < 0.05).

Conclusions  Our study confirmed ST8/USA300 MRSA has disseminated in Taiwan. Using a tCBP defined by a higher paren-
teral daily dosage, nemonoxacin retained potency against moxifloxacin non-susceptible isolates. Patterns of AAS in QRDRs 
among different lineages may contribute to difference of nemonoxacin susceptibility.
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Backgrounds
Methicillin-resistant Staphylococcus aureus (MRSA) 
remains a large antimicrobial resistance burden world-
wide and substantially threatens human health in both 
community and healthcare settings [1]. Fluoroquinolones 
have a specific role in managing diverse clinical MRSA 
disease entities. Fluoroquinolones also are of importance 
in treating community-acquired pneumonia, especially 
as empirical therapy due to their covering broader spec-
trums of respiratory pathogens, including community-
acquired MRSA (CA-MRSA). In addition, because of 
high oral bioavailability, relatively low protein binding 
and acceptable safety profile, fluoroquinolones in oral 
formulations are usually assigned as the backbone agent 
in combination regimens of early oral step-down ther-
apy for uncomplicated MRSA bloodstream infections 
(BSIs) or of prolonged therapy for deep-seated infections, 
including endocarditis and osteoarticular infections [2, 
3].

Nemonoxacin, a nonfluorinated quinolone also tar-
geting the quinolone resistance-determining regions 
(QRDRs) of DNA gyrase (gyrA and gyrB) and topoi-
somerase IV (parC and parE), has shown potent 
antibacterial activities against a broad spectrum of Gram-
positive and Gram-negative pathogens and enhanced 
potency against MRSA by substituting a methoxy group 
at its C-8 position [4, 5]. The substituents of the meth-
oxy group at the C-8 position of nemonoxacin was also 
contributed to reduced mutant selection among different 
Gram-positive bacteria compared to other fluoroquinolo-
nes, including ciprofloxacin, levofloxacin, and moxifloxa-
cin [6]. Before 2010, studies showed that nemonoxacin 
had potent in vitro activity against MRSA, especially CA-
MRSA lineages (low MIC50 ranging 0.03–0.25 µg/mL) [5, 
7, 8]. Nevertheless, among ciprofloxacin-resistant MRSA 
isolates, the nemonoxacin MIC50 values ranged between 
0.5–1 µg/mL in Asia [7, 8] and was of 4 µg/mL in Can-
ada [5]. Meanwhile, it’s also concerned about hospital-
acquired MRSA (HA-MRSA) lineages, which might have 
a nemonoxacin MIC50 of 4 µg/mL [5].

In Taiwan, the molecular epidemiology of MRSA lin-
eages has changed recently. Specifically, sequence type 
(ST)8/USA300 MRSA was increasingly isolated from 
variable clinical specimens in Northern Taiwan before 
2018 [9–11]. A study demonstrated that ST8/USA300 
has replaced ST59, the traditional CA-MRSA clone, to 
dominate as the leading clone for CA-MRSA BSIs in Tai-
wan [10]. Meanwhile, that study also found ST45 rapidly 
expanded in healthcare-associated community onset 
(HACO) setting and HA setting, albeit ST239, the tra-
ditional HA-MRSA clone in Taiwan, remained the most 
prevalent HA-MRSA clone. Despite being classified as a 
CA-MRSA clone, ST8/USA300 showed surprisingly low 

susceptibility rates to fluroquinolones similar to those of 
ST239 (all < 5%). Clonal shifting and/or expansion among 
these four major MRSA lineages in Taiwan, consisting 
of ST8/USA300, ST239, ST59, and ST45, might alter the 
overall susceptibility to fluroquinolone. In addition, it is 
important to ascertain whether nemonoxacin retains its 
in vitro activities against new emerging MRSA lineages, 
including ST8/USA300 and ST45, and the associated 
mutations in QRDRs among different lineages.

Herein, we collected a contemporary set of non-dupli-
cated MRSA blood isolates from five hospitals in Taiwan 
to delineate the molecular epidemiology of MRSA by 
multilocus sequence type (MLST), to test in  vitro sus-
ceptibility of nemonoxacin and other key antibiotics, to 
perform molecular characterizations of QRDRs and to 
compare mutation difference among four major lineages 
further.

Methods
Study design and MRSA isolates
All MRSA blood isolates were initially identified by 
MALDI-TOF MS (Bruker, except bioMérieux VITEK in 
hospital E) in the clinical microbiology laboratories and 
prospectively stored by using the glycerol-containing 
screw-cap vials in freezers at each of the participating 
hospitals. We retrospectively collected the first MRSA 
blood isolate of each patient from these five participat-
ing hospitals between January 1st, 2019 and December 
31st, 2020. Participating hospital A was located in north-
ern Taiwan, hospital B in middle Taiwan, and hospitals C, 
D, & E in two cities in southern Taiwan. All participat-
ing hospitals were medical centers and provided primary 
and tertiary medical service. Before performing the fol-
lowing microbiological experiments, we reidentified and 
confirmed all non-duplicated bacterial isolates as MRSA 
by microscopic and biochemical methods, and cefoxitin 
screening method as previously described [10]. We also 
collected the onset setting of MRSA BSIs caused by each 
of these non-duplicated isolates. We epidemiologically 
categorized these isolates as into three groups: hospital-
acquired (HA; index culture obtained ≥ 48 h after admis-
sion); healthcare-associated, community onset (HACO; 
at least one healthcare-associated risk factor); and com-
munity-associated (CA) as previously described [10].

Molecular typing
After extracting bacterial genomic DNA using a Blood 
and Tissue Genomic DNA Miniprep system kit (VIO-
GENE), we primarily performed pulsed-field gel electro-
phoresis (PFGE) of all isolates, analyzed their banding 
patterns by using BioNumerics software (version 8.1, 
Applied Maths, Ghent, Belgium), and clustered isolates 
by a band pattern similarity threshold of ≥ 80% for the 
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same pulsotype as previously described [10]. We used 
the reference strain FPR3757, belonging to USA300 
with multidrug resistance, as a standard for confirming 
whether a clinical MRSA isolate belonged to USA300 as 
previously described [10]. Then, we randomly selected 
representative isolates within each pulsotype and those 
without a specific pulsotype to determine their STs by 
a MLST scheme [10]. We further performed clustering 
analysis and assigned each ST to specific clonal com-
plexes by goeBURST algorithm [12] if different STs were 
identified in the same pulsotype.

In vitro susceptibility testing
We randomly selected half of isolates belonging to four 
major lineages (ST8/USA300, ST239, ST59, and ST45) 
in each hospital, and half isolates of each ST (if n ≥ 10) 
and all isolates of each ST (if n < 10) among other STs for 
the following testing. We utilized the commercialized 
broth microdilution method by the Sensititre standard 
panel GPALL1F, using lyophilized plates, to determine 
in  vitro susceptibility to three fluoroquinolones (cipro-
floxacin, levofloxacin, moxifloxacin) and other key antibi-
otics, including clindamycin, daptomycin, erythromycin, 
gentamicin, linezolid, oxacillin, rifampin, tetracycline, 
trimethoprim/sulfamethoxazole (SXT), and vancomy-
cin according to manufacturer’s instructions. We inter-
preted the susceptibility test results by using the clinical 
breakpoint (CBP) criteria provided by the Clinical Lab-
oratory Standards Institute [13]. We performed agar 
dilution method with a dilution range of 0.008–32  µg/
mL to determine in  vitro susceptibility to nemonoxacin 
(TaiGen Biotechnology Co. Ltd.) [14]. Tentative epide-
miological cutoff value (ECOFF) value of nemonoxacin 
was 0.125  µg/mL for S. aureus, and dose-specific ten-
tative S. aureus CBPs of 0.5 & 1  µg/mL for intravenous 
(IV) 500  mg & IV 750  mg nemonoxacin [14]. We used 
S. aureus ATCC 29213 as a reference strain for quality 
control.

Sequencing of QRDRs and characterization of QRDRs 
mutation patterns
For QRDRs target sequencing, we randomly selected 
certain isolates in each of following 16 categories, which 
were categorized by nemonoxacin MICs of 0.5, 1, 2, 
and ≥ 4  µg/mL among the four major lineages. Ten iso-
lates were randomly selected when the isolate num-
ber within the category was ≥ 10, and all isolates were 
selected when the isolate number within the category 
was < 10. We used the primers of target genes, consist-
ing of gyrA, gyrB, parC and parE, as previously described 
[6]. Then, we performed sanger sequencing of QRDRs 
for the above isolates and compared complete sequence 
fragments of each target genes to the reference strain, 

wild-type S. aureus NCTC 8325. According to reports 
of nonsynonymous mutations of gyrA and parC to con-
fer quinolone resistance [15], we further categorized the 
combined patterns of amino acid substitutions among 
four groups: ≥ 3 amino acid substitutions in gyrA/parC 
with or without additional amino acid substitutions in 
gyrB and parE (group A), 2 substitutions in gyrA/parC 
with additional substitutions in gyrB and parE (group B), 
only 2 substitutions in gyrA/parC (group C), and no sub-
stitutions in gyrA/gyrB/parC/parE (group D).

Statistics
Categorical variables were expressed by numbers (per-
centages) and compared by using the chi-square test with 
Bonferroni-adjusted α for pair-wise comparisons as post-
hoc analysis. A two-sided P value < 0.05 was considered 
significant. We analyzed the correlation between the 
MICs of nemonoxacin and other three fluoroquinolo-
nes by using Pearson correlation coefficient (r) [16]. All 
statistical analyses were performed using Stata software 
(version 17; StataCorp, College Station, TX).

Results
Molecular typing of MRSA
A total of 915 MRSA blood isolates with a range of 148 to 
266 isolates in each of 5 hospitals was collected. Overall, 
we found 780 (85.2%) isolates were clustered within the 
four major lineages, and the other 135 isolates belonged 
to 19 other STs. ST8 accounted for 34.2% (n = 313), fol-
lowed by ST59 (23.5%), ST239 (13.9%), and clonal com-
plex (CC)45 (13.7%) (Supplementary Table  1). All ST8 
isolates belonged to USA300. Among CC45, we iden-
tified ST45 and ST508 in the same pulsotype, and both 
STs were clustered within the same group in goeBURST 
algorithm. ST8 (range, 28.3% [hospital A]–39.9% [hospi-
tal B]) and ST59 (range, 18.4% [hospital B]–33.1% [hos-
pital C]) were the most and second common STs in each 
hospital, respectively, even though the distribution of STs 
proportions were significantly different among hospitals 
(P = 0.02) (Fig. 1A; Supplementary Table 1).

Among 498 blood isolates with available onset set-
ting, we identified HACO-MRSAB as the most common 
onset setting (40.0%, n = 199), followed by CA-MRSAB 
(33.1%, n = 165), and HA-MRSAB (26.9%, n = 134). Of 
them, ST8 was the most common ST for CA-MRSAB 
(38.2%) and HACO-MRSAB (31.1%), and shared the 
leading STs with ST59 (26.1% and 29.1%, respectively) 
(Fig.  1B; Supplementary Table  1). Notably, the propor-
tions of CC45 differed among three onset settings, from 
7.9% as CA-MRSAB, 15.1% as HACO-MRSAB, to 19.4% 
as HA-MRASB.
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In vitro susceptibility testing of MRSA
For in  vitro susceptibility testing, we selected 501 iso-
lates, consisting of 157 ST8, 64 ST239, 108 ST59, 63 
CC45, and 109 other STs isolates (Table  1). Compared 
to the susceptible proportions of other antibiotics tested 
by Sensititre, three tested fluroquinolones (moxifloxa-
cin, levofloxacin, and ciprofloxacin) had the lowest sus-
ceptible rates, ranging from 35.3% to 37.5%, except that 
of erythromycin (19.6%). The susceptibility proportions 
to the three tested fluroquinolones were different among 
four major lineages. Specifically, few ST8 and ST239 iso-
lates were susceptible to moxifloxacin, levofloxacin, and 
ciprofloxacin (≈1.5%), while the majority of ST59 were 
susceptible to three fluroquinolones tested (all ≥ 80.0%). 
For CC45, only one-third of isolates remained suscepti-
ble to three fluroquinolones tested. Other antibiotics also 

showed susceptible variations among the four major line-
ages, except all isolates were highly susceptible (≥ 90.0%) 
to vancomycin, daptomycin, linezolid, and rifampin, irre-
spective of STs.

To compare MIC distributions between nemonoxacin 
and other fluoroquinolones, Pearson correlation showed 
the highest coefficient (r) between MICs of nemonoxa-
cin and moxifloxacin (0.711), followed by that (0.614) 
between those of nemonoxacin and levofloxacin, and that 
(0.582) between those of nemonoxacin and ciprofloxacin 
(all P < 0.001), indicating nemonoxacin MICs having the 
strongest correlation with moxifloxacin MICs. Thus, we 
depicted the distributions of nemonoxacin MICs by mox-
ifloxacin susceptibility and STs (Table 2).

Nemonoxacin MIC50/MIC90 for all isolates was 
0.5/1  µg/mL with a range of 0.015 to 8  µg/mL. Overall, 
the distributions of nemonoxacin non-susceptibility 
proportions by a tentative clinical breakpoint (tCBP) of 
1 µg/mL among four major lineages were numerically dif-
ferent although not statistically different (P = 0.06) and 
were highest in ST239 (22.2%), followed by ST8/USA300 
(13.5%). Among 188 moxifloxacin susceptible isolates, 
most of them (183, 97.3%) had nemonoxacin MICs lower 
or equal to the tentative ECOFF of 0.12  µg/mL, and 
three-fifth of these 188 isolates belonged to ST59 and 
CC45. For 313 moxifloxacin non-susceptible isolates, 
31.9% (n = 100) or 84.0% (n = 263) of them remained sus-
ceptible to nemonoxacin by dose-specific tentative CBPs 
of 0.5  µg/mL or 1  µg/mL, respectively, despite nemon-
oxacin MICs for most of isolates (n = 309; 97.8%) were 
higher than tentative ECOFF. Among moxifloxacin non-
susceptible isolates, nemonoxacin MIC50/MIC90 for ST59 
and CC45 was 0.5/1 µg/mL, one dilution lower than that 
for the rest of STs, especially ST8 and ST239.

QRDRs mutations of MRSA
Eighty-nine isolates were sequenced for QRDRs, includ-
ing 34 ST8, 23 ST239, 10 ST59, and 22 CC45 isolates. 
Among them, there were four different amino acid sub-
stitutions in gyrA (S84L, S85P, and E88A/K), and two 
in gyrB gene (D437E and P456S), respectively (Table 3). 
Whilst parC and parE gene had five (S80F/Y, S81P, and 
E84G/K) and three (D432N/V and R444C) different 
amino acid substitutions, respectively.

Each of four major lineages possessed specific combi-
nations of amino acid substitutions at different genes in 
QRDRs. Fifteen of ST8 isolates (44.1%) had two or three 
substitutions in gyrA and parC with additional substitu-
tions in gyrB and/or parE (group A or group B), while all 
ST239 isolates belonged to these two groups of amino 
acid substitutions in QRDRs (Table  3 and Fig.  2A). The 
majority of ST59 (7; 70.0%) and CC45 (17; 77.3%) only 
had S84L in gyrA and S80F in parC.

Fig. 1  Comparisons of sequence types by hospital (A) and by onset 
setting (B). CA, community acquired; HACO, healthcare-associated 
community onset; HA, hospital acquired
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Table 1  In vitro susceptibility testing of key antibiotics against different sequence types of 501 methicillin–resistant Staphylococcus 
aureus blood isolates

Total (n = 501) ST8 (n = 157) ST239 (n = 64) ST59 (n = 108) CC45a (n = 63) other STs (n = 109)

Moxifloxacin

 Rangeb (µg/mL)  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4

 MIC50/MIC90(µg/mL) 2/ > 4 2/ > 4  > 4/ > 4  ≤ 0.25/2 2/4  ≤ 0.25/4

 Sc, n (%) 188 (37.5) 2 (1.3) 1 (1.6) 93 (86.1) 21 (33.3) 71 (65.1)

Levofloxacin

 Rangeb (µg/mL)  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4

 MIC50/MIC90(µg/mL)  > 4/ > 4  > 4/ > 4  > 4/ > 4 0.25/ > 4  > 4/ > 4 0.5/ > 4

 Sc, n (%) 188 (37.5) 2 (1.3) 1 (1.6) 93 (86.1) 21 (33.3) 71 (65.1)

Ciprofloxacin

 Rangeb (µg/mL) 1– > 2 1– > 2 1– > 2 1– > 2 1– > 2 1– > 2

 MIC50/MIC90(µg/mL)  > 2/ > 2  > 2/ > 2  > 2/ > 2 1/ > 2  > 2/ > 2 1/ > 2

 Sc, n (%) 177 (35.3) 2 (1.3) 1 (1.6) 87 (80.6) 21 (33.3) 66 (60.6)

Vancomycin

 Rangeb (µg/mL) 0.5–4 0.5–2 1–2 0.5–4 0.5–2 0.5–2

 MIC50/MIC90(µg/mL) 1/1 1/1 1/2 1/1 1/1 1/1

 Sc, n (%) 500 (99.8) 157 (100.0) 64 (100.0) 107 (99.1) 63 (100.0) 109(100.0)

Daptomycin

 Rangeb (µg/mL)  ≤ 0.5–2  ≤ 0.5–1  ≤ 0.5–2  ≤ 0.5–2  ≤ 0.5–1  ≤ 0.5–1

 MIC50/MIC90(µg/mL)  ≤ 0.5/ ≤ 0.5  ≤ 0.5/ ≤ 0.5  ≤ 0.5/1  ≤ 0.5/ ≤ 0.5  ≤ 0.5/ ≤ 0.5  ≤ 0.5/ ≤ 0.5

 Sc, n (%) 499 (99.6) 157 (100.0) 63 (98.4) 107 (99.1) 63 (100.0) 109(100.0)

Linezolid

 Rangeb (µg/mL)  ≤ 1–4  ≤ 1–4  ≤ 1–2  ≤ 1–2  ≤ 1–4  ≤ 1–4

 MIC50/MIC90(µg/mL) 2/2 2/2 2/2 2/2 2/2 2/2

 Sc, n (%) 501 (100.0) 157 (100.0) 64 (100.0) 108 (100.0) 63 (100.0) 109(100.0)

Gentamicin

 Rangeb (µg/mL)  ≤ 2– > 16  ≤ 2– > 16 16– > 16  ≤ 2– > 16  ≤ 2– > 16  ≤ 2– > 16

 MIC50/MIC90(µg/mL) 8/ > 16  ≤ 2/16  > 16/ > 16 16/ > 16 4/16 8/ > 16

 Sc, n (%) 246 (49.1) 128 (81.5) 0 (0) 38 (35.2) 32 (50.8) 48 (44.0)

Rifampin

 Rangeb (µg/mL)  ≤ 0.5– > 4  ≤ 0.5– > 4  ≤ 0.5– > 4  ≤ 0.5–1  ≤ 0.5– > 4  ≤ 0.5– > 4

 MIC50/MIC90(µg/mL)  ≤ 0.5/ ≤ 0.5  ≤ 0.5/ ≤ 0.5  ≤ 0.5/ ≤ 0.5  ≤ 0.5/ ≤ 0.5  ≤ 0.5/ ≤ 0.5  ≤ 0.5/2

 Sc, n (%) 475 (94.8) 156 (99.4) 61 (95.3) 108 (100.0) 61 (96.8) 89 (85.6)

TMP/SMX

 Rangeb (µg/mL)  ≤ 0.5– > 4  ≤ 0.5– > 4  ≤ 0.5– > 4  ≤ 0.5– > 4  ≤ 0.5–2  ≤ 0.5– > 4

 MIC50/MIC90(µg/mL)  ≤ 0.5/ > 4  ≤ 0.5/ ≤ 0.5  > 4/ > 4  ≤ 0.5/ ≤ 0.5  ≤ 0.5/ ≤ 0.5  ≤ 0.5/1.2

 Sc, n (%) 426 (85.0) 154 (98.1) 3 (4.7) 106 (98.1) 63 (100.0) 100 (91.7)

Tetracycline

 Rangeb (µg/mL)  ≤ 2– > 16  ≤ 2– > 16  ≤ 2– > 16  ≤ 2– > 16  ≤ 2– > 16  ≤ 2– > 16

 MIC50/MIC90(µg/mL) 2/ > 16 2/16  > 16 > 16 2/16  > 16/ > 16 2/ > 16

 Sc, n (%) 317 (63.3) 140 (89.2) 2 (3.1) 79 (73.1) 26 (41.3) 70 (64.2)

Clindamycin

 Rangeb (µg/mL)  ≤ 0.5– > 2  ≤ 0.5– > 2  ≤ 0.5– > 2  ≤ 0.5– > 2  ≤ 0.5– > 2  ≤ 0.5– > 2

 MIC50/MIC90(µg/mL)  ≤ 0.5/ > 2  ≤ 0.5/ ≤ 0.5  > 2/ > 2  > 2/ > 2  ≤ 0.5/ > 2  ≤ 0.5/ > 2

 Sc,d, n (%) 277 (55.3) 144 (91.7) 2 (3.1) 15 (13.9) 54 (85.7) 62 (56.9)

Erythromycin

 Rangeb (µg/mL)  ≤ 0.25– > 4  ≤ 0.25– > 4 0.5– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4  ≤ 0.25– > 4

 MIC50/MIC90(µg/mL)  > 4/ > 4  > 4/ > 4  > 4/ > 4  > 4/ > 4  > 4/ > 4  > 4/ > 4

 Sc,d, n (%) 98 (19.6) 20 (12.7) 1 (1.6) 10 (9.3) 27 (42.9) 40 (36.7)
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Nemonoxacin GMs of MICs elevated as accumulation 
of the amino acid substitutions in each of major four lin-
eages (Table 3). The proportions of non-susceptibility to 
nemonoxacin using a tentative CBP of 1 µg/mL were sig-
nificantly different among four groups (overall and pair-
wise comparisons, P < 0.05, except that for group C vs. 
group D; supplementary Table 3), and isolates ≥ 3 amino 
acid substitutions in gyrA/parC with or without addi-
tional amino acid substitutions in gyrB and parE (group 
A) had the greatest non-susceptible proportions (86.9%) 
to nemonoxacin (Fig.  2B). Given nemonoxacin MICs 
for 89 isolates sequenced for QRDRs were ≥ 0.5  µg/mL, 
non-susceptibility to moxifloxacin, levofloxacin, and cip-
rofloxacin were nearly 100% among them without group 

differences, reflecting that three fluroquinolones might 
lose their in vitro potency against MRSA once amino acid 
substitutions in QRDRs develop.

Discussions
This multicenter study depicted the latest molecular epi-
demiology of MRSA in Taiwan, indicating clonal expan-
sion of ST8/USA300 in both community and hospitals. 
Compared to ST59, CC45 and other STs, ST8/USA300 
and ST239 expressed much higher resistance to three 
tested fluroquinolones (≈98.5%). For moxifloxacin non-
susceptible isolates, which were mainly clustered within 
ST8 and ST239, 84% of the studied isolates remained sus-
ceptible to nemonoxacin if a tentative CBP of 1  µg/mL 

Table 1  (continued)
ST sequence type, CC clonal complex, MIC50/MIC90 the lowest concentration of the antibiotics at which 50% and 90% of the isolates were inhibited, respectively, S 
susceptible, TMP/SMX trimethoprim/sulfamethoxazole
a Among CC45, ST45 and ST508 were clustered within a band pattern similarity of ≥ 80% by PFGE
b Dilution range of each antibiotic tested are listed as follows: 0.25–4 µg/mL for moxifloxacin and levofloxacin, 1–2 µg/mL for ciprofloxacin, 0.25–32 µg/mL for 
vancomycin, 0.5–4 µg/mL for daptomycin, rifampin and erythromycin, 1–8 µg/mL for linezolid, 2–16 µg/mL for gentamicin and tetracycline, 0.5/9.5–4/76 for TMP/SMX, 
and 0.5–2 µg/mL for clindamycin
c The CLSI clinical breakpoints for each antibiotic are as follows: S ≤ 0.5 µg/mL for moxifloxacin, S ≤ 1 µg/mL for levofloxacin, S ≤ 1 µg/mL for ciprofloxacin, S ≤ 2 µg/
mL for vancomycin, S ≤ 1 µg/mL for daptomycin, S ≤ 4 µg/mL for linezolid, S ≤ 4 µg/mL for gentamicin, S ≤ 1 µg/mL for rifampin, S ≤ 2/38 for TMP/SMX, S ≤ 4 µg/mL for 
tetracycline, S ≤ 0.5 µg/mL for clindamycin, and S ≤ 0.5 µg/mL for erythromycin
d For isolates that tested erythromycin resistant and clindamycin susceptible or intermediate, testing for inducible clindamycin resistance by broth microdilution was 
performed to determine susceptibility to clindamycin

Table 2  Comparisons of nemonoxacin minimum inhibitory concentration (MIC) distributions by moxifloxacin susceptibility and 
sequence types of 501 methicillin–resistant Staphylococcus aureus blood isolates

MIC minimum inhibitory concentration, MIC50/MIC90 the lowest concentration of the antibiotics at which 50% and 90% of the isolates were inhibited, respectively, GM 
geometric means, ST sequence type, CC clonal complex; –, not applicable
a Tentative S. aureus clinical breakpoints are 0.5 & 1 µg/mL for IV 500 mg & IV 750 mg nemonoxacin
b All 313 isolates had moxifloxacin MICs of ≥ 2 µg/mL, except one isolate with moxifloxacin MIC of 1 µg/mL, categorized as intermediate by CLSI clinical breakpoint 
criteria
c Only 2 ST8 isolates and 1 ST239 isolate were susceptible to moxifloxacin. Accordingly, we didn’t calculate nemonoxacin MIC50/MIC90 and MIC GM

MIC (µg/mL)

 ≤ 0.008 0.015 0.03 0.06 0.12 0.25 0.5a 1a 2 4 8 16 32 MIC50/MIC90 GM

Total (n = 501) 0 7 84 83 16 4 93 164 42 6 2 0 0 0.5/1 0.291

Moxifloxacin non-susceptibleb

Subtotal (n = 313) 0 0 3 3 1 1 92 163 42 6 2 0 0 1/2 0.867

ST8 (n = 155) 0 0 0 0 0 0 58 76 17 4 0 0 0 1/2 0.863

ST239 (n = 63) 0 0 0 0 0 0 0 49 11 2 1 0 0 1/2 1.219

ST59 (n = 15) 0 0 2 2 1 0 5 4 1 0 0 0 0 0.5/1 0.031

CC45 (n = 42) 0 0 1 1 0 1 22 15 1 0 1 0 0 0.5/1 0.618

Other STs (n = 38) 0 0 0 0 0 0 7 19 12 0 0 0 0 1/2 1.095

Moxifloxacin susceptible

Subtotal (n = 188) 0 7 81 80 15 3 1 1 0 0 0 0 0 0.06/0.12 0.047

ST8 (n = 2) 0 0 1 1 0 0 0 0 0 0 0 0 0 –c/–c –c

ST239 (n = 1) 0 0 1 0 0 0 0 0 0 0 0 0 0 –c/–c –c

ST59 (n = 93) 0 5 49 29 9 1 0 0 0 0 0 0 0 0.03/0.12 0.042

CC45 (n = 21) 0 2 17 1 0 0 1 0 0 0 0 0 0 0.03/0.03 0.033

Other STs (n = 71) 0 0 13 49 6 2 0 1 0 0 0 0 0 0.06/0.12 0.061
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was applied. Among isolates with nemonoxacin MICs 
of ≥ 0.5 µg/mL and sequenced for QRDRs, we character-
ized 44.1% of ST8 and all ST239 isolates had ≥ 3 amino 
acid substitutions (AAS) in gyrA/parC (group A) or 2 
AAS in gyrA/parC with additional AAS in gyrB/parE 
(group B); in contrast, over 70% of ST59 and CC45 iso-
lates possessed only 2 amino acid substitutions in QRDRs 
(Fig.  2A). Further, we found both nemonoxacin MICs 
and proportions of nemonoxacin nonsusceptibility 
increased by accumulations of amino acid substitutions 
in QRDRs (Table  3 and Fig.  2B). These findings sug-
gested that the difference of nemonoxacin susceptibility 
among four major lineages in Taiwan may be attributed 
to their underlying patterns of amino acid substitutions 
in QRDRs.

In Taiwan, the traditional CA-MRSA clone was ST59 
carrying SCCmec type IV or V [17], while ST8/USA300 
was an emerging CA-MRSA clone since 2010 [18]. 

Overall, this study demonstrated that ST8 dominated in 
various onset settings of BSIs, even in HA setting. ST59 
was the second major MRSA clone across all participat-
ing hospitals. Despite the proportions of rest MRSA lin-
eages may vary in each hospital, the overall proportion 
of ST239, the traditional HA-MRSA clone in Taiwan, 
declined to the third place after ST8 and ST59, highlight-
ing that introduction and intermixing of different MRSA 
lineages (ST8 and ST45) from the community and long-
term care facilities into hospitals results in clonal shift of 
HA-MRSA BSIs. Since previous studies illustrating the 
emergence of ST8/USA300 were conducted in Northern 
Taiwan before 2018 [10, 11], the current study extended 
the previous findings of ST8/USA300 epidemic has 
widely and substantially spread in different geographic 
regions of Taiwan. Given the case number of COVID-19 
in Taiwan was extremely low in 2020, we couldn’t further 
analyze the impact of COVID-19 on disease prevalence, 

Table 3  Comparisons of amino acid substitutions in the quinolone resistance-determining regions and corresponding minimum 
inhibitory concentrations of nemonoxacin and fluoroquinolone comparators among 89 MRSA blood isolates by sequence types

MIC minimum inhibitory concentration, No. numbers of isolates, ST sequence type, CC clonal complex, NEM nemonoxacin, CIP ciprofloxacin, LEV levofloxacin, MOX 
moxifloxacin, GM geometric means
a Numbers of isolates in each genetic lineages were 34 isolates in ST8, 23 isolates in ST239, 10 isolates in ST59, and 22 isolates in CC45
b Groups consist of ≥ 3 amino acid substitutions in gyrA/parC with or without additional amino acid substitutions in gyrB and parE (group A), 2 substitutions in 
gyrA/parC with additional substitutions in gyrB and parE (group B), only 2 substitutions in gyrA/parC (group C), and no substitutions in gyrA/gyrB/parC/parE (group D)
c Among ST239 isolates in group A, 7 isolates had nemonoxacin MICs ≥ 2 µg/mL, except one having MIC = 1 µg/mL
d Among ST239 isolates in group B, 16 isolates had nemonoxacin MIC ≤ 2 µg/mL, except one having MIC = 8 µg/mL
e Among CC45 isolates in group A, 2 isolates had nemonoxacin MICs ≥ 2 µg/mL, and. One had MIC = 1 µg/mL

Genetic lineagesa No gyrA gyrB parC parE Groupb MICs(µg/mL)

84 85 88 437 456 80 81 84 432 444 NEM CIP LEV MOX

S S E D P S S E D R Range GM Range Range Range

ST8 1 L P Y K A 2–4 3.5  > 2– > 2  > 4– > 4  > 4– > 4

3 L P Y V

1 L Y P

1 L Y V B 1–2 1.9  > 2– > 2  > 4– > 4  ≥ 4

9 L Y N

19 L Y C 0.5–1 0.7  > 2– > 2 4– > 4 1–4

ST239 5 L P F N A 1–4c 2.2  > 2– > 2  > 4– > 4  > 4– > 4

1 L A F N

1 L K F N

1 L E F N B 1–8d 1.5  > 2– > 2  > 4– > 4 4– > 4

1 L S F N

14 L F N

ST59 7 L F C 0.5–2 0.7  > 2– > 2  > 4– > 4 2–4

3 D 0.5–1 0.8  > 2– > 2  > 4– > 4 2– > 4

CC45 1 L P F K A 1–8e 2.5  > 2– > 2  > 4– > 4  > 4– > 4

1 L F K

1 L F G

1 L F V B 1 1.0  > 2– > 2  > 4– > 4 4–4

1 L F C

17 L F C 0.5–1 0.7  > 2– > 2  > 4– > 4 2–4
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antibiotic resistance patterns, and molecular epidemiol-
ogy of MRSA.

In the current study, we found a bimodal distribution of 
nemonoxacin MICs among these contemporary MRSA 
blood isolates and was correlated to susceptibility to 
moxifloxacin. On the one hand, one group of wild type 
(WT) to nemonoxacin had modal MIC values between 

0.03 and 0.06 µg/mL and most were susceptible to moxi-
floxacin. On the other hand, another group of non-WT 
to nemonoxacin had a model MIC of 1 µg/mL and most 
were non-susceptible to moxifloxacin. However, the dis-
tribution of nemonoxacin MICs were not significantly 
different between different epidemiological onset settings 
(supplementary Table 4). This might be due to intermix-
ing of different MRSA lineages with varied nemonoxacin 
susceptibilities in the community and hospitals as men-
tioned above.

Nemonoxacin MIC50/MIC90 for moxifloxacin non-
susceptible isolates in this study were 1/2  µg/mL, both 
around the tentative CBP of 1  µg/mL. Generally, direct 
comparisons of MIC data generated from different insti-
tutions in different study periods may underestimate 
MIC differences due to site heterogeneity and lack of 
quinolone consumption data. Whereas MIC50/MIC90 
values of nemonoxacin determined in the present study 
were one dilution higher than those in previous studies 
from Taiwan before 2010. We speculated these findings 
might indicated MIC creep of nemonoxacin over time 
in Taiwan. However, considering MIC50/MIC90 values 
were greater for specific MRSA lineages, this phenom-
enon might be in part attributed to clonal introduc-
tion and expansion of ST8/USA300 or intermixing with 
others, such as ST5 (nemonoxacin MICs of 1 and 2 µg/
mL, n = 10 and 1, respectively), and ST188 (nemonoxa-
cin MICs of 1 and 2  µg/mL, n = 7, and 2, respectively). 
Besides, we couldn’t rule out the possibility that the 
selection pressure of quinolones in the community and 
hospitals in Taiwan would further contribute to nemon-
oxacin MIC creep. Simultaneously, the selection pressure 
of quinolones may also contribute to clonal expansion of 
ST8/USA300 in Taiwan due to its nature of highly resist-
ant to fluoroquinolone [10].

By QRDRs target sequencing, we confirmed nemon-
oxacin remained its in  vitro activity against quinolone 
non-susceptible MRSA isolates with 2 amino acid substi-
tutions [19]. And it was also illustrated that nemonoxacin 
MICs increased as amino acid substitutions accumu-
lated further. The above phenomenon was consistently 
observed among different sequence types in the present 
study, which was similar to others in different MRSA 
genetic backgrounds [20]. Taken together, these data pro-
vided molecular insights to explain difference of nemon-
oxacin susceptibilities among tested MRSA isolates.

To further explore the effects of different patterns 
of amino acid substitutions, we found isolates pos-
sessing ≥ 3 substitutions in gyrA and parC irrespec-
tive of substitutions in gyrB/parE (group A in Fig. 2B) 
had the highest non-susceptibility proportions, and 
half of them (n = 7) had nemonoxacin MICs ≥ 4  µg/
mL. Comparatively, those possessing 2 substitutions 

Fig. 2  Comparisons of proportions of amino acid substitutions 
groups of by sequence types (A), and those of nemonoxacin 
non-susceptibility by amino acid substitutions groups (B). 
Amino acid substitutions groups consisted of ≥ 3 amino acid 
substitutions in gyrA/parC with or without additional amino 
acid substitutions in gyrB and parE (group A), 2 substitutions 
in gyrA/parC with additional substitutions in gyrB and parE (group 
B), only 2 substitutions in gyrA/parC (group C), no substitutions 
in gyrA/gyrB/parC/parE (group D), and referred to supplementary 
Table 2 for the details. Panel B only showed P values of pairwise 
comparisons between group A and each of other 3 groups (*, < 0.05; 
**, < 0.01; ***, < 0.001), and referred to supplementary Table 3 
for the details
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in gyrA and parC with other substations in gyrB and 
parE (n = 28, group B in Fig. 2B) only had one isolate 
(3.6%) with nemonoxacin MIC ≥ 4 µg/mL. These find-
ings highlighted gyrA and parC are both the key genes 
to determine nemonoxacin non-susceptibility [15], 
while other substations in gyrB and parE might play 
a minor role in nemonoxacin susceptibilities. Further, 
no amino acid substitutions were identified in three 
isolates non-susceptible to moxifloxacin, levofloxacin, 
and ciprofloxacin, suggesting these isolates possessing 
other quinolone resistance mechanisms, such as over-
expression of efflux pumps.

The current tentative nemonoxacin CBPs for S. 
aureus have different cut-off values by taking drug for-
mulations and dosages into account [14]. It should be 
cautious that these CBPs were determined by the phar-
macokinetics/pharmacodynamics data from healthy 
volunteers and clinical and microbiological response 
in clinical trials [14]. In line with MIC creep and 
clonal changes of MRSA, field studies are warranted 
to ascertain clinical and microbiological effectiveness 
of nemonoxacin in management of MRSA infections 
in the modern era and further to revise nemonoxacin 
CBPs by integrating population pharmacokinetics/
pharmacodynamics analysis if indicated.

Some limitations may affect the interpretations of 
our findings. First, we only collected MRSA blood iso-
lates for analysis, so generalization of our molecular 
epidemiology results is limited. However, other stud-
ies in Taiwan also demonstrated ST8/USA300 was 
the prevalent clone in skin and soft tissue infections, 
osteoarticular infections, and vascular infections [9, 
21, 22]. We believed ST8/USA300 has successfully 
expanded in Taiwan. Second, we sequenced QRDRs 
among four major lineages to compare molecular 
mechanisms of quinolone resistance among them. 
However, we only selected some of isolates with 
nemonoxacin MICs ≥ 0.5  µg/mL, which was above a 
tentative ECOFFs of 0.125  µg/mL, for comparisons. 
This may limit our findings apply to the whole popu-
lations of a specific MRSA lineage. Third, this study 
didn’t analyze other resistance mechanisms, such as 
overexpression of efflux pump systems [15]. Lastly, 
we didn’t perform in  vitro susceptibility testing of 
delafloxacin, so our results might not indicate resist-
ant mechanisms of delafloxacin. Notably, some inves-
tigations showed multiple amino acid substitutions in 
QRDRs conferred delafloxacin resistance, especially 
those with concurrent overexpression of efflux pumps 
[23, 24].

Conclusions
Collectively, we found ST8/USA300 substantially dis-
seminated in Taiwan. Nemonoxacin retained in  vitro 
activity against contemporary MRSA blood isolates, 
while the nemonoxacin MIC creep might be present. 
The “creep” is in part due to the emergence of ST8/
USA300 expansion and about half of them possess-
ing ≥ 3 amino acid substitutions in QRDRs. Conse-
quently, if nemonoxacin is indicated, we suggest using 
a higher intravenous dose of 750 mg/day to treat MRSA 
infections, especially for pneumonia. Future studies are 
needed to determine the appropriate doses of nemon-
oxacin for different MRSA clinical syndromes.
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