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Background and objectives: The increasing occurrence of MRSA clinical isolates harbouring reduced susceptibil-
ity to mainstay antibiotics has escalated the use of second and last line antibiotics. Hence, it is critical to evaluate
the likelihood of MRSA developing clinical resistance to these antibiotics. Our study sought to characterize the
development of resistance to vancomycin (VAN), daptomycin (DAP) and linezolid (LZD) in MRSA ATCC 43300 in
vitro and further determine the mechanisms underpinning resistance.

Methods: MRSA was exposed to increasing concentrations of VAN, DAP and LZD for 20 days, with eight replicates
for each antibiotic conducted in parallel. The resulting day 20 (D20) isolates were subjected to antimicrobial sus-
ceptibility testing, whole genome sequencing, autolysis assays, and growth curves to determine bacterial
fitness.

Results: Exposure to VAN or LZD for 20 days resulted in a subtle 2-fold increase in the MIC, whereas DAP exposure
yielded DAP-non-susceptible isolates with up to 16-fold MIC increase. The MIC increase was accompanied by
variable changes in relative fitness and reduced resistance to autolysis in some isolates. D20 isolates harboured
mutations in genes commonly associated with resistance to the respective antibiotics (e.g. walK for VAN, mprF
and rpoB for DAP, rplC for LZD), along with several previously unreported variants. Introduction of key mutations
to these identified genes in the parental strain via allelic exchange confirmed their role in the development of
resistance.

Conclusions: In vitro selection against VAN, DAP or LZD resulted in the acquisition of mutations similar to those
correlated with clinical resistance, including the associated phenotypic alterations.

Introduction

MRSA has retained its ranking as a ‘High’ priority pathogen on the
revised 2024 WHO Bacterial Priority Pathogens List* and has been
identified as one of the leading causes of global infections®* and
economic burden.” The glycopeptide antibiotic vancomycin (VAN)
has been a mainstay treatment for MRSA-related infections.>®
Although complete resistance against VAN in MRSA is currently
exceptional,” its efficacy is compromised by the increasing

incidence of vancomycin-intermediate S. aureus (VISA) and het-
erogeneous VISA (hVISA).2° Treatment failures and poor clinical
outcomes in glycopeptide-treated patients have been associated
with reduced VAN susceptibility’'®'* and VAN tolerance.?
Furthermore, emerging resistance to alternative MRSA antibio-
tics, such as linezolid (LZD)'*'* and daptomycin (DAP)*> also
adds to the current burden, and highlights the importance for dis-
covery of new MRSA antibiotics.

© The Author(s) 2025. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Clinical resistance in MRSA to VAN, DAP and LZD and their
underlying genetic basis has been extensively investigated”-*¢~*®
Elucidation of the genomic basis of resistance has been con-
ducted in clinical isolates'®?° as well as laboratory-derived
strains.?>2? Collectively, these have revealed pathways where
mutations can occur upon exposure to antibiotics and could po-
tentially assist in designing new antibiotics that could bypass ex-
isting resistance mechanisms.

New MRSA antibiotics ideally would have a low propensity to
select for clinical resistance. To enable development of such anti-
biotics, a comprehensive understanding of the nature of resist-
ance mechanisms that might impair their efficacy, and the rate
at which that resistance arises, is essential. Availability of in vitro
resistance selection that could reveal genomic and phenotypic
changes similar to those found in clinical settings would be a
valuable tool for predicting mutations and monitoring the pro-
gression of resistance before a candidate antibiotic progressed
to the clinic. As an example, laboratory-derived MRSA with reduced
susceptibility to DAP were generated via resistance selection?* %°
and certain genomic variants potentially associated with resist-
ance development were identified. Resistance selection could
also provide clues to potential cross-resistance between antibio-
tics having the same cellular target?® or give insights into antibiotic
resistance mechanisms.?’

This study aimed to investigate the usefulness of using in vitro
selection of resistance against VAN, DAP or LZD in MRSA to predict
mutations similarly identified in clinical isolates. We selected an
MRSA strain (ATCC 43300) which is susceptible to VAN, DAP and
LZD. ATCC 43300 was serially passaged in the presence of in-
creasing concentrations of each antibiotic and the development
of resistance was monitored over 20 days. Genomic and pheno-
typic alterations were elucidated along with propensities for
cross-resistance between each antibiotic studied. These investi-
gations are expected to provide further insight into resistance de-
velopment in MRSA and tools for predicting potential clinical
resistance in the context of novel antibiotic discovery.

Materials and methods

Bacterial strains and growth conditions

MRSA ATCC 43300 isolates were sourced from the American Type Culture
Collection (ATCC; Manassas, USA). ATCC 43300 (housed at the University
of Queensland—MIC: VAN=1 mg/L; DAP=0.5 mg/L; LZD=2 mg/L) was
used for in vitro resistance selection, subsequent phenotypic assays and
genome sequencing. Another ATCC 43300 (University of Melbourne—
MIC: VAN=1 mg/L; DAP=0.125 mg/L) was used in allelic exchange as-
says. Bacterial isolates were stored in 20% v/v glycerol at —80°C. ATCC
43300 was grown in cation-adjusted Muller Hinton Broth (Ca-MHB,
Oxoid) at 37°C, 220 rpm, unless otherwise indicated.

Resistance selection

In vitro resistance selection was conducted?® for VAN, DAP or LZD, with a
detailed procedure in Supplementary data (available as Supplementary
data at JAC-AMR Online). Corning® non-binding surface 96-well plates
(Sigma-Aldrich) were used to minimize binding of antibiotics to test
plate.?® (Supplementary material). Following 20 days of antibiotic passa-
ging, isolates were further grown for 5 days (Day 25 (D25)) without anti-
biotic to assess stability of resistance.

Antimicrobial susceptibility testing

The MIC was determined by the broth microdilution method according to
CLSI guidelines®® using Ca-MHB (Supplementary data). Stock solutions of
VAN, DAP and LZD were each prepared and dissolved in water at
1280 mg/L concentration, giving a range of concentrations tested between
64 and 0.03 mg/L. Susceptibility of all D20 isolates was assessed against
their respective selecting antibiotic after the resistance selection experi-
ment was completed, as well as against all antibiotics (VAN, DAP and
LZD) to assess potential cross-resistance. MIC breakpoints were determined
using standards from EUCAST version 15.0,>* where resistance was defined
as MIC > 2 mg/L for VAN, MIC > 1 mg/L for DAP, and MIC > 4 mg/L for LZD.

DNA extractions and library preparation

Aliquots (10 pL) of glycerol stocks of initial day (day 0/D0) and day 5, 10, 15
and 20 isolates were grown overnight in Ca-MHB supplemented with antibio-
tics (up to half MIC recorded) (Table S1). Cells from 4 mL of culture were cen-
trifuged (14000 rpm, 2 min) and DNA extracted using DNeasy Blood and
Tissue Kit (QIAGEN) according to manufacturer’s instructions. Following
quantification with Qubit®3.0 (Thermo Fisher Scientific), a library preparation
with 1 ng DNA input was conducted using Nextera XT Kit (Illumina). Library
preparation of the DO isolate was performed with the SQK-LSK109 kit
(Oxford Nanopore Technologies, ONT) and sequenced on an R9 flow cell.
DNA fragmentation was determined with a TapeStation 4200 (Agilent).

Sequencing and analysis

All DNA libraries were run on Illumina HiSeq2500 with 150 bp paired-end
reads and > 100x coverage. The reference DO isolate was sequenced on a
MinION (ONT), base-called using Guppy 2.3.7 and a complete hybrid as-
sembly (Illumina, ONT reads) generated via Unicycler v0.3.7.3% Tllumina
reads were trimmed using Trimmomatic v0.27,> assembled using
SPAdes v3.10.1** and annotated using Prokka v1.12.3° Trimmed reads
were mapped to DO using BWA-MEM®® with default settings. GATK
Unified Genotyper®” was used to call single-nucleotide polymorphisms
(SNPs) and small insertion and deletions (indels) from high-quality reads
and impact of non-synonymous variants was annotated using snpEff
v&4.1,%8 followed by further quality filtering with SnpSift.>° Snippy v4.6.0
was also implemented to confirm Day 20 variants.“°

Autolysis

Selected D20 isolates with increased VAN MIC were subjected to Triton
X-induced autolysis.* Briefly, overnight cultures were prepared in Brain
Heart Infusion (BHI) broth (Oxoid) by inoculating 10 pL of glycerol stock
into 4 mL BHI at 37°C, 200 rpm for 16-20 h. Subcultures were prepared
in 50 mL BHI (1:40) and mid log-phase cultures (ODgoo=0.4-0.6) were
pelleted (13000 rpm, 15 mins, 4°C). Cells were washed twice with ice-cold
sterile water before resuspension in freshly prepared 0.05 M Tris-HCl (pH
7.2) containing 0.05% (v/v) Triton X-100 (Sigma Chemical Co., St. Louis,
Mo.) and incubated at 37°C, 200 rpm. Absorbance was monitored every
30 min for 5 h. Results are presented as percentage of ODgoo decrease
after 5 h relative to the initial ODggo. Controls include DO, MRSA VISA
(NRS1; Mu50) ATCC 700699 and MSSA ATCC 29213.

Bacterial fitness

Relative bacterial fitness was determined by generating growth curves to
obtain the average doubling time (DT) following a previous method,*?
with some modifications (Supplementary data).

Allelic exchange

To validate if mutations confer resistance, selected genes from VAN- and
DAP D20 isolates were incorporated into WT MRSA ATCC 43300 via allelic
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exchange as previously described*® (Supplementary data, Table S2). All
WT and resulting mutant strains underwent antibiotic susceptibility test-
ing as described above.

Data availability

Nucleotide sequences including genome assemblies (.fasta) and base-
called (.fastq) data for both Illumina and ONT are deposited under NCBI
BioProject: PRINA986267 (www.ncbi.nlm.nih.gov/bioproject/986267).

Results

Acquisition and retention of in vitro resistance differed
between antibiotic treatments

The susceptibility profiles of D20 isolates varied greatly between
VAN, DAP and LZD following resistance selection (Figure 1a-c).
Initially, few VAN isolates surpassed the clinical breakpoint after
20 days of VAN exposure; however, upon re-culturing of vancomy-
cin D20 glycerol stocks, all but one (VAN-7) had MIC of 4 mg/L
(Figure 1a). On the other hand, all of the DAP isolates reached
the clinical breakpoint of 1 mg/L, with the re-cultured D20 glycerol
stocks yielding MICs of 2-4 mg/L (Figure 1b). While VAN and LZD
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isolates experienced <4-fold increases in MIC after 20 days, DAP
isolates acquired up to 16-fold increases (Figure 1d). Five days
of passaging without antibiotics to discern resistance stability
were conducted (Figure 1a-c). Over half of the VAN D20 resistant
isolates regained susceptibility, and all DAP isolates retained re-
sistance. Whilst all LZD D20 isolates were identified as susceptible,
re-culturing glycerol stocks revealed three (LZD-2, LZD-3, LZD-4)
exhibited resistance (8 mg/L) which was stable for the five
antibiotic-free passages. Several variants owing to heterogeneity
were detected within DO and across numerous D20 isolates in-
cluding recX (T737G), agrA (179_185dupTTCAACT) and agrC
(518_519insATCACTCGCATCAATTTGCATATTCGCAAATTGATGC).

Genomic alterations reflect pathways associated with
the antibiotics’ target

VAN isolates exhibited chromosomal mutations in genes asso-
ciated with cell wall synthesis and metabolism, such as walkK,
atl_3 and korB, as well as those involved in protein synthesis
(pheS) and virulence regulation (tlyC and rny) (Table 1). A deletion
in bifunctional autolysin-encoding atl_3 gene was detected in
VAN-5 and VAN-6. No non-synonymous variants were detected
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Figure 1. ATCC 43300 acquisition and stability of resistance towards vancomycin, DAP, and LZD. Average MIC values were plotted for (a) VAN (b) DAP
and (c) LZD treated isolates. Horizontal dotted line represents clinical breakpoints for respective antibiotics based on EUCAST v15.0. Vertical line at D21
includes re-cultured D20 glycerol stocks and subsequent passaging for 5 days with no antibiotics. D25 value indicates highest MIC detected for
replicates (n=4). (d) Fold change in MIC values of day 20 isolates compared with day 0 (mean+SD; n=38). Statistical significance was determined
by one-way ANOVA with Tukey’s multiple comparisons test (P<0.05 was considered as significant; ** P=0.0080; *** P=0.0003). (a)-(c) y-axis graphed

as log (2).
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Table 1. Non-synonymous variants detected in D20 isolates and the resulting phenotype

Phenotype® (MIC, fold

Strain®  Gene name® Protein name Nucleotide change Protein change increase from DO)
VAN-1  tlyC Hemolysin C C391T Pro131Ser R (4, 2)
Rny Ribonuclease Y G896A Arg299Lys
VAN-2  korB 2-oxoglutarate oxidoreductase subunit KorB A386G GIn129Arg R (4, 2)
VAN-3  walK Sensor protein kinase WalK C1095A Asp365Glu R (4, 2)
VAN-4  pheS Phenylalanine—tRNA ligase alpha subunit C177 Thr6lle R (4, 2)
VAN-5 atl 3 Bifunctional autolysin 579delA Glu193fs R (4, 2)
VAN-6  atl 3 Bifunctional autolysin 579delA Glu193fs R (4, 2)
DAP-2  ptsI Phosphoenolpyruvate-protein phosphotransferase  C1399T Arg467Cys R (8, 8)
DAP-3  epsJ Putative glycosyltransferase EpsJ G527T Serl76lle R (4, 4)
[taS Lipoteichoic acid synthase C296T Thr99Met
DAP-4  epsJ Putative glycosyltransferase EpsJ G527T Serl76lle R (4, 4)
[taS Lipoteichoic acid synthase C296T Thr99Met
ychF Ribosome-binding ATPase YchF 426delA Lys142fs
DAP-5  lacC 2 Tagatose-6-phosphate kinase 442 450delGCACAAATT  Alal48 Ile150del R (4, 4)
DAP-6  rsmG Ribosomal RNA small subunit methyltransferase G~ G238T Ala80Ser R (16, 16)
DAP-7  rsmG Ribosomal RNA small subunit methyltransferase G~ G238T Ala80Ser R (32, 32)
mprF Phosphatidylglycerol lysyltransferase clo10T Ser337Leu
lacC_ 2 Tagatose-6-phosphate kinase 365dupA Asn122fs
DAP-8  rpoB DNA-directed RNA polymerase subunit beta C2146T Arg716Cys R (8, 8)
lacC 2 Tagatose-6-phosphate kinase C833T Ala278Val
proS Proline-tRNA ligase T662G Ile221Ser
LZD-2  rplC 50S ribosomal protein L3 G463C Gly155Arg R (8, 2)
LZD-3  rplC 50S ribosomal protein L3 G463C Gly155Arg R (8, 2)
LZD-4  rplC 50S ribosomal protein L3 G463C Gly155Arg R (8, 2)

Affected gene(s) and/or mutation(s) previously reported in the literature from clinical and/or laboratory-derived isolates are marked in bold.

SVAN, Vancomycin; DAP, Daptomycin; LZD, Linezolid; -, replicate number.

PHigh and moderate impact variants having read depth > 50 as determined by snpEff. Illumina sequencing produced > 100-fold coverage. fs=frame-

shift mutation; del=deletion, del=deletion.

Resistant (R) based on median MIC (mg/L) and breakpoint according to EUCAST. Fold-increase MIC from day 0 is italicized.

in VAN-8; however, resistance was only briefly present in the D20
re-culture and quickly reverted to susceptible (Figure 1a). The fre-
quency these mutations appeared over the time course was
monitored (Table S3). Some of the mutations appeared as early
as day 5 and established well before D20. Interestingly, the mu-
tations affecting the protein synthesis pathway (rny and pheS)
appeared at a later time and subpopulations having no muta-
tions still existed by D20.

DAP D20 isolates exhibited more mutations compared with VAN,
and a greater diversity of pathways were affected (Table 1).
Genomic variants were found in genes having a role in cell wall syn-
thesis (ltaS and epsJ), membrane phospholipid production (mprF),
protein synthesis pathway (ychF, rpoB, proS and rsmG), as well as
glucose (lacC_2) and carbohydrate (ptsI) metabolism pathways.
Similar to VAN, recX (M246R) was also detected in DAP-3 and
DAP-4. All isolates became resistant to DAP (4-32 mg/L).
Development of DAP-non-susceptibility (DAP-NS) was likely brought
about by an accumulation of mutations, half of which appeared
after day 10 (Table S3). The appearance of certain mutations did
correspond with increases in MIC. For example, the mprF mutation
was initially detected at day 10 in the DAP-7 and the MIC increased

significantly from day 10 onward (Figure 1b, Table S3). Similarly, the
rpoB mutation in the DAP-8 started to appear from D15 and by D20
its MIC increased by 2-fold (Figure 1b, Table S3).

Variants detected in LZD isolates were minimal and only im-
pacted rplC (G155R), which affects the 50S subunit ribosomal pro-
tein L3. Only three isolates harboured this mutation and had a
resistant phenotype (MIC: 8 mg/L) after re-culturing D20. This
mutation appeared between D10 and 15 in these isolates
(Table S3).

Potential cross-resistance between VAN and DAP isolates

Nearly all VAN D20 isolates exhibited reduced susceptibility to
DAP, with the exception of VAN-7 (Figure 2a and b) (Table S4).
All VAN isolates had up to 4-fold increase in DAP MICs that re-
sulted in DAP-NS phenotypes (Figure 2c), suggesting cross-
resistance between VAN and DAP. Conversely, these D20 isolates
exhibited a 2-fold MIC decrease against LZD, with all isolates re-
maining well below the breakpoint (Figure 2d).

DAP D20 isolates exhibited >10-fold increases in MIC against
DAP (Figure 2e and g). Half of the isolates also had elevated
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Figure 2. Cross-resistance between D20 isolates. (a) VAN D20 isolate fold change for all three antibiotics. MICs of VAN D20 isolates against (b) VAN,

(c) DAP, and (d) LZD. (e) DAP D20 isolate fold change. MICs of DAP D20 isolates against (f) VAN, (g)

DAP, and (h) LZD. (i) LZD D20 isolate fold change for all

three antibiotics. MICs of LZD D20 isolates against (j) VAN, (k) DAP, and (1) LZD. Fold change represented as average (n=8)+SEM and MICs performed for
n>4. Dotted line indicates breakpoints (EUCAST) and all experiments used re-cultured —80°C D20 glycerol stocks.

VAN MICs over its breakpoint, while the other half exhibited
<2-fold MIC changes (Figure 2e and f). However, the DAP D20 iso-
lates remained susceptible to LZD (Figure 2e and h).

LZD D20 isolates demonstrated a slight elevation in MIC
against the three antibiotics tested, only by <2-fold overall
(Figure 2i). All D20 isolates remained susceptible to VAN
(Figure 2j), while three out of eight isolates (LZD-2, LZD-3 and
LZD-4) exhibited a DAP-NS phenotype, reaching a DAP MIC of
2 mg/L (Figure 2k). Although this result suggested potential
cross-resistance between LZD and DAP, the LZD MIC increase
was only within a 2-fold dilution. The same three isolates also
had elevated MICs against LZD (Figure 21).

Variable bacterial fitness costs evident for differing
antibiotic exposure

Average DT for each D20 isolate was calculated to assess
whether mutations had any impact on the relative bacterial
fitness. VAN D20 isolates had a large variability of DT within the
biological replicates (Figure 3a) with no significant difference.
DAP D20 isolates were found to exhibit DTs longer than that
of DO isolate, though only DAP-2 was significantly different
(DT =69.6+6.1 mins, a 96% increase) (Figure 3b, Table S5).

Meanwhile, no significant variation in DTs was found in LZD iso-
lates (Figure 3¢, Table S5).

Differing degrees of autolysis were observed for VAN and
DAP D20 isolates

D20 isolates were selected based on their increased MIC to VAN
(MIC4 mg/L) or to DAP (MIC 8-32 mg/L), as well as the presence
of mutation/s that are usually associated with reduced autoly-
sis. The rate of Triton-X-induced autolysis was compared with
DO, MSSA and a VISA Mu50 isolate known to exhibit reduced au-
tolysis. VAN-1 and VAN-3 exhibited a slower rate of ODgqg de-
crease compared with DO with rates similar to the VISA Mu50
(Figure 4a). VAN-8 also had a slower rate of autolysis compared
with DO (50% ODgqg decrease after 90 min) but not as slow as
the VISA Mu50 (50% ODggo decrease after 150 min). In con-
trast, VAN-5 and VAN-6 had a slightly delayed rate of autolysis
compared with DO, though not as slow as the VISA strain, hav-
ing a 50% ODggo decrease between 60 and 90 min. DAP-6 and
DAP-7 exhibited similar trends in their resistance to autolysis,
having similar rates of ODggo decrease to DO (Figure 4b).
Conversely, DAP-8 showed a higher resistance to autolysis com-
pared with DO, exhibiting a similar, if not higher, rate of ODggg
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Figure 3. Relative bacterial fitness of D20 isolates. DT (in minutes) of VAN (a), DAP (b) and LZD (c) D20 isolates were calculated to measure the relative
fitness compared with the initial DO isolate. Fitness determined using three biological replicates (mean + SD). Significant difference as measured by a
two-tailed Welch'’s t-test (P<0.05) between D20 versus DO is shown with asterisks (**P=0.0020).
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Figure 4. Triton-X-induced autolysis assay on selected VAN and DAP D20 isolates. Individual plotted percentage of optical density decrease for D20
isolates exhibiting reduced susceptibility. Isolates selected exhibited an elevated MIC as well as mutations in pathways associated with changes in
autolysis. (a) VAN isolates VAN-1, VAN-3, VAN-5, VAN-6 and VAN-8 (MIC 4 mg/L); (b) DAP isolates DAP-6, DAP-7 and DAP-8 (MIC 16, 32, and 8 mg/L,
respectively). Autolysis measured over 5 h. Presented as the percentage decrease in optical density relative to initial DO (mean+SD). Controls include
VISA Mu50 (known tolerance to autolysis) and MSSA (sensitive to autolysis). Data was obtained from three independent experiments.

decrease to the VISA Mu50. No LZD isolates were tested for re-
duced autolysis due to the lack of mutations associated with
autolytic activity.

Certain variants contribute to the development of
resistance

To ascertain whether variants contribute to resistance, we
generated mutants of genes harbouring both known and novel
mutations via allelic exchange. Four mutants were successfully
generated: walK (Asp365Glu), mprF (Ser337Leu), rsmG (Ala80Ser)
and ptsI (Arg476Cys) (Table 2). Although rsmG and ptsI have not

been reported to be associated with drug resistance in MRSA,
rsmG (Ala80Ser) was the only change detected in DAP-6 (MIC:
16 mg/L) and present in DAP-7 (MIC: 32 mg/L) (Table 1). The
ptsI (Arg476Cys) variant was found in DAP-2 exhibiting severely
reduced growth rate (Figure 3). The generation of rpoB (Gly716Cys)
and rplC (Gly155Arg) mutants was unsuccessful. As the LZD muta-
tion in rplC was known to cause resistance, this was excluded.
The walK (Asp365Glu) mutant had a 2-fold increase in VAN
MIC, which is consistent with our observations in VAN-3
(Table 2). The 2-fold increase in DAP MIC suggested potential
cross-resistance between VAN and DAP, despite it being less
than observed in VAN-3 (4-fold increase in DAP MIC compared
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Table 2. MIC of mutants generated by allelic exchange

Vancomycin Fold-change Daptomycin Fold-change Parental D20 isolate
Strain® MICP (mg/L) MIC® MIC® (mg/L) MIC® mutation was detected
MRSA ATCC 43300 1° — 0.125° — —
mprF (Ser337Leu) 2° 2 2R 16 DAP-7
rsmG (Ala80Ser) 1° — 0.25° 2 DAP-6, DAP-7
ptsI (Arg476Cys) 1° — 0.25° 2 DAP-2
walK (Asp365Glu) 2° 2 0.25° 2 VAN-3

SATCC 43300 isolate (University of Melbourne) was transformed via allelic exchange (MIC: VAN—1 mg/L, DAP—0.125 mg/L) and mutations are
depicted as the gene(s) impacted and the respective amino acid changes in brackets.
bSusceptibility of transformed isolates and parental ATCC 43300 to VAN and DAP was determined by MIC in Ca-MHB (n=4), where R=resistant and

S=susceptible (EUCAST).

Fold-change MIC was calculated based on the MIC of transformed compared with parental ATCC 43300.

with DO) (Table 2). Similarly, the mprF (Ser337Leu) mutant ex-
hibited a 16-fold increase in DAP MIC and a 2-fold increase in
VAN MIC, suggesting cross-resistance and providing evidence
of the role of mprF (Ser337Leu) in DAP-NS phenotype observed
in DAP-6.

rsmG (Ala80Ser) and ptsI (Arg476Cys) had a 2-fold increase in
DAP MIC compared with the parental MRSA, but had no change in
their VAN MIC. This is different from the MIC determination of the
D20 resistance selection isolates, where DAP-2 and DAP-6 had 8-/
16-fold increase in DAP MIC compared with DO, respectively. The
rsmG (Ala80Ser) mutation may partially contribute to DAP resist-
ance in DAP-7, but further studies are required to unravel the
16-fold increase in DAP-6. Similarly, the precise role of the ptsI
(Arg476Cys) in contributing to the DAP-NS phenotype in DAP-2
will also require further studies.

Discussion

In vitro resistance selection assays provide key insights into the
mechanisms bacteria can employ to develop resistance and
can mimic genomic changes detected in a clinical setting. This
was evident in our study which exposed MRSA to 20 days of
VAN, DAP or LZD. Subsequent phenotypes associated with path-
ways impacted such as fitness and autolysis correlated with clin-
ical isolates.

The WalKR two-component regulator, crucial for cell wall syn-
thesis and metabolism, is strongly associated with VAN resist-
ance.***> Our study also confirmed (VAN-3, walK (Asp365Glu),
MIC 4 mg/L) and validated this with allelic exchange. The
Asp365Glu mutant has yet to be reported and impacts the PAS
domain. This variant is within one residue of a lab-derived VISA
strain harbouring a walK mutation (His364Arg) exhibiting de-
creased autolytic activity and longer DTs.*®

DAP clinical resistance can be associated with genes mprf and
rpoB*’~>? and in vitro assays,?*?*°3 consistent with our findings.
mprF plays a role in lysinylation of cell membrane phosphatidyl-
glycerol, generating lysyl-PG and its translocation to the outer cell
membrane. Mutations impacting the mprF gene result in a
gain-in-function phenotype that includes increased cell mem-
brane charge, leading to repulsion of the calcium-DAP complex.””
Interestingly, this particular Ser337Leu mutation in DAP-7 has

been reported in several studies associated with the DAP-NS
phenotype in clinical and laboratory-derived strains.*” 495355767
DAP-7 was found to have the highest increase in DAP MIC
(32 mg/L), but remained susceptible to VAN (MIC: 2 mg/L) as
well as a longer DT, similar to previous studies.*®® DAP-8 har-
boured the rpoB (Arg716Cys) variant and resulted in reduced sus-
ceptibility to both DAP (MIC: 8 mg/L) and VAN (MIC: 4 mg/L),
suggesting cross-resistance. Although the exact mutation
has not been reported, the concurrent reduced susceptibility to
DAP and VAN has been reported in other rpoB perturbations.*¢9
rpoB mutations can exhibit a VISA phenotype,’® which was evi-
dent in our study as DAP-8 had an autolysis trend similar to
VISA Mu50.

Mutations in rplC have been detected in clinical LZD-resistant
isolates’?’2 LZD selection yielded a Gly463Cys mutation in rplC
encoding the 50S ribosomal protein L3. This exact amino acid
change has previously been found in an in vitro assay using
MSSA.”2 This mutation is located within the peptidyl transferase
centre (PTC) of the 50S ribosomal subunit, and based on struc-
tural studies, can interfere with a conserved part of the PTC and
cause reduced binding affinity.”® Resistance against LZD has
been largely attributed to mutations in the domain V of 23S
rRNA,>’* but mutations in ribosomal protein L3 encoded by
rplC (as well as ribosomal protein L4 encoded by rplD), are also
known to be associated with resistance.”*

DTs for all D20 isolates revealed DAP-2 exhibiting a severely
impaired growth, in which an Arg476Cys mutation was identified
in ptsI. ptsI is part of the phosphotransferase system (PTS), and
mutations in the PTS system have been implicated in heightened
DAP resistance in Enterococcus faecium.”® Mutation in ptsI is also
associated with fosfomycin resistance in E. coli that confers a fit-
ness cost.”® Further experimentation is needed to confirm whether
this ptsI mutation is responsible for impaired fitness. Our allelic ex-
change assay revealed a 2-fold increase in DAP MIC, suggesting a
role in MRSA resistance.

Cross-resistance between VAN and DAP has often been
documented with genes, such as walK and mprF, which confer
both VISA and DAP-NS phenotypes.®®’”~"? For example, muta-
tions affecting walK have been shown to cause cross-
resistance,®° similar to our observations with VAN-3 with DAP
MIC of 4 mg/L. This is consistent with reports on DAP-NS
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accompanied by reduced susceptibility to VAN in the clinic,®! 82

and DAP-NS phenotypes emerging from VAN treatment.®® This
study found that 50% of VAN D20 isolates became DAP-NS.
Similarly, some of DAP D20 had elevated VAN MIC, as exempli-
fied by DAP-6 harbouring mprF (Ser337Leu) causing a 2-fold ele-
vation in VAN MIC. The concurrent evolution of resistance to both
VAN and DAP may be due to common pathway/s,2* which may
enable resistance to newly developed antibiotics harbouring a
similar mechanism of action.®> All VAN D20 isolates became
DAP-NS, but DAP isolates exhibited variable VAN susceptibility
profiles. Hence, cross-resistance is likely dependent on the genes
and their mutations. Notably, the DAP-7 S337L mprF mutation
that remained VAN susceptible. Ruzin et al.®® demonstrated
that mprf impairment could lead to increased VAN susceptibil-
ity.2° Additionally, VAN reduced susceptibility could be independ-
ent to mprF alterations.®® Yet, other mprF mutations can confer
reduced susceptibility to both VAN and DAP.”””® Alterations in
other genes such as rpoB could also yield a similar outcome.®?
Importantly, there could also be implications of the
mprF-mediated cross-resistance, such as cross-resistance with li-
poglycopeptide dalbavancin.”®

Exposure to sub-inhibitory cell-wall targeting antibiotic con-
centrations could lead to the development of a VISA pheno-
type,®” which includes autolysis tolerance. The VAN-3 isolate
showed reduced autolytic activity similar to a VISA Mu50 strain
known to have increased autolysis resistance.’® This is consist-
ent with previous reports of mutations affecting the WalkR reg-
ulon resulting in a VISA phenotype,’ typically characterized by
thickened cell wall and reduced autolysis.”®#8 Suppression of
the autolytic system could result from exposure to sub-
inhibitory concentrations of cell wall inhibitors, likely to minim-
ize damage to the cell wall.®* No significant difference was
observed in the VAN-3 isolate DT, as noted for other walK
mutants.”®

This study has provided evidence that in vitro resistance selec-
tion emulated both the genomic and phenotypic changes
acquired in the clinic. Although we have confirmed the role of cer-
tain genomic variants in contributing to resistance, further stud-
ies are needed to validate the role of novel mutations not
previously reported, and the effects of multiple mutations in
one isolate. Furthermore, this study has provided additional
insight into cross-resistance between VAN and DAP mediated
by certain mutations. Identifying variants at the genetic level
can provide clues to the underlying mechanisms of these shifts
in resistance profiles and provide information for alternative anti-
biotic treatment in the clinic. Additional experiments providing in-
formation on fitness, such as competitive growth assays, would
be useful to generate more accurate predictions regarding the
likelihood of that mutation being maintained within the popula-
tion.?° This study has demonstrated the feasibility of using in vitro
resistance selection to predict pathways impacted and in turn,
potentially forecast the viability of new antibiotics entering the
clinic.

Acknowledgements

The authors would like to thank Dr Arnold Bainomugisa for his guidance
on the variant detection pipeline and Ali Hinton for her help with optimis-
ing the resistance selection experiments.

Funding

This work was supported by National Health and Medical Research Council
(NHMRC) Project Grants (APP631632 and APP1026922), Wellcome Trust
Seeding Drug Discovery Award 094977/Z/10/Z, and AID sequencing grant
(2015). A. P. was an Australia Awards Scholarship scholar and was sup-
ported by an APEC-Australia Women in Research Fellowship 2022.
M. E. P. is supported by an AIMI Pathway Fellowship (UTS).

Transparency declarations
None to declare.

Author contributions

A P,M.E.P,A.G.E, M. A.C,L.J.M.C.and M. A. T. B. conceived this study.
S. R, and A. K. performed the resistance selection experiments.
M. E. P. and D. G. performed the library preparation for WGS. A. P.,
M.E.P,S.R,A.K,D.G., A.E.and L. R. M. performed all other microbiologic-
al assays, including antibiotic susceptibility testing. A. P, M. E. P. and
M. D. C. performed the sequencing analysis. A. P. and I. R. M. performed
the allelic exchange. A. P. wrote the original draft. M. A. C,, T. P. S,
L. J. M. C. and M. A. T. B. provided supervision, project administration
and funding acquisition. All authors reviewed the data, wrote and revised
the manuscript, and approved the final version.

Supplementary data
Tables S1 to S5 is available as Supplementary data at JAC-AMR Online.

References

1 World Health Organization. WHO bacterial Priority Pathogens List, 2024:
Bacterial Pathogens of Public Health Importance to Guide Research,
Development and Strategies to Prevent and Control Antimicrobial
Resistance. World Health Organization, 2024; 72.

2 European Antimicrobial Resistance Collaborators. The burden of bac-
terial antimicrobial resistance in the WHO European region in 2019: a
cross-country systematic analysis. Lancet Public Health 2022; 7:
€897-913. https://doi.org/10.1016/S2468-2667(22)00225-0

3 Antimicrobial Resistance Collaborators. Global burden of bacterial anti-
microbial resistance in 2019: a systematic analysis. Lancet 2022; 399:
629-55. https://doi.org/10.1016/50140-6736(21)02724-0

4 Poudel AN, Zhu S, Cooper N et al. The economic burden of antibiotic re-
sistance: a systematic review and meta-analysis. PLoS One 2023; 18:
€0285170. https://doi.org/10.1371/journal.pone.0285170

5 Purrello SM, Garau J, Giamarellos E et al. Methicillin-resistant
Staphylococcus aureus infections: a review of the currently available
treatment options. J Glob Antimicrob Resist 2016; 7: 178-86. https://
doi.org/10.1016/j.jgar.2016.07.010

6 Blaskovich MAT, Hansford KA, Butler MS et al. Developments in glyco-
peptide antibiotics. ACS Infect Dis 2018; 4: 715-35. https:/doi.org/10.
1021/acsinfecdis.7b00258

7 Howden BP, Davies JK, Johnson PD et al. Reduced vancomycin suscep-
tibility in Staphylococcus aureus, including vancomycin-intermediate and
heterogeneous vancomycin-intermediate strains: resistance mechan-
isms, laboratory detection, and clinical implications. Clin Microbiol Rev
2010; 23: 99-139. https:/doi.org/10.1128/CMR.00042-09

8 Shariati A, Dadashi M, Moghadam MT et al. Global prevalence and dis-
tribution of vancomycin resistant, vancomycin intermediate and hetero-
geneously vancomycin intermediate Staphylococcus aureus clinical

8 of 11


http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlaf108#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlaf108#supplementary-data
https://doi.org/10.1016/S2468-2667(22)00225-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1371/journal.pone.0285170
https://doi.org/10.1016/j.jgar.2016.07.010
https://doi.org/10.1016/j.jgar.2016.07.010
https://doi.org/10.1021/acsinfecdis.7b00258
https://doi.org/10.1021/acsinfecdis.7b00258
https://doi.org/10.1128/CMR.00042-09

In vitro resistance selection in MRSA

JAR

isolates: a systematic review and meta-analysis. Sci Rep 2020; 10: 12689.
https://doi.org/10.1038/s41598-020-69058-z

9 Keikha M, Karbalaei M. Global distribution of heterogeneous
vancomycin-intermediate Staphylococcus aureus strains (1997-2021): a
systematic review and meta-analysis. J Glob Antimicrob Resist 2024; 37:
11-21. https://doi.org/10.1016/j.jgar.2024.02.002

10 Baek JY, Chung DR, Ko KS et al. Genetic alterations responsible for re-
duced susceptibility to vancomycin in community-associated MRSA
strains of ST72. J Antimicrob Chemother 2017; 72: 2454-60. https://doi.
0rg/10.1093/jac/dkx175

11 Holmes NE, Johnson PD, Howden BP. Relationship between
vancomycin-resistant Staphylococcus aureus, vancomycin-intermediate S.
aureus, high vancomycin MIC, and outcome in serious S. aureus infections.
J Clin Microbiol 2012; 50: 2548-52. https://doi.org/10.1128/JCM.00775-12

12 Britt NS, Patel N, Shireman TI et al. Relationship between vancomycin tol-
erance and clinical outcomes in Staphylococcus aureus bacteraemia. J
Antimicrob Chemother 2017; 72: 535-42. https://doi.org/10.1093/jac/dkw453

13 Gu B, Kelesidis T, Tsiodras S et al. The emerging problem of
linezolid-resistant Staphylococcus. J Antimicrob Chemother 2013; 68:
4-11. https://doi.org/10.1093/jac/dks354

14 Pfaller MA, Mendes RE, Streit JM et al. Five-year summary of in vitro
activity and resistance mechanisms of linezolid against clinically import-
ant gram-positive cocci in the United States from the LEADER surveillance
program (2011 to 2015). Antimicrob Agents Chemother 2017; 61:
e00609-17. https://doi.org/10.1128/AAC.00609-17

15 Nannini E, Murray BE, Arias CA. Resistance or decreased susceptibility
to glycopeptides, daptomycin, and linezolid in methicillin-resistant
Staphylococcus aureus. Curr Opin Pharmacol 2010; 10: 516-21. https:/
doi.org/10.1016/j.coph.2010.06.006

16 StefaniS, Campanile F, Santagati M et al. Insights and clinical perspec-
tives of daptomycin resistance in Staphylococcus aureus: a review of the
available evidence. Int J Antimicrob Agents 2015; 46: 278-89. https://
doi.org/10.1016/j.ijjantimicag.2015.05.008

17 McCallum N, Berger-Bdchi B, Senn MM. Requlation of antibiotic resist-
ance in Staphylococcus aureus. Int J Med Microbiol 2010; 300: 118-29.
https://doi.org/10.1016/j.ijmm.2009.08.015

18 Howden BP, Peleg AY, Stinear TP. The evolution of vancomycin inter-
mediate Staphylococcus aureus (VISA) and heterogenous-VISA. Infect
Genet Evol 2014; 21: 575-82. https://doi.org/10.1016/j.meegid.2013.03.047

19 Hafer C, Lin Y, Kornblum J et al. Contribution of selected gene muta-
tions to resistance in clinical isolates of vancomycin-intermediate
Staphylococcus aureus. Antimicrob Agents Chemother 2012; 56:
5845-51. https://doi.org/10.1128/AAC.01139-12

20 Mwangi MM, Wu SW, Zhou Y et al. Tracking the in vivo evolution of
multidrug resistance in Staphylococcus aureus by whole-genome sequen-
cing. Proc Natl Acad Sci U S A 2007; 104: 9451-6. https://doi.org/10.1073/
pnas.0609839104

21 Berscheid A, Frangois P, Strittmatter A et al. Generation of a
vancomycin-intermediate Staphylococcus aureus (VISA) strain by two
amino acid exchanges in VraS. J Antimicrob Chemother 2014; 69:
3190-8. https://doi.org/10.1093/jac/dku297

22 Mishra NN, Yang S-J, Sawa A et al. Analysis of cell membrane charac-
teristics of in vitro-selected daptomycin-resistant strains of methicillin-
resistant Staphylococcus aureus. Antimicrob Agents Chemother 2009;
53:2312-8. https://doi.org/10.1128/AAC.01682-08

23 Friedman L, Alder JD, Silverman JA. Genetic changes that correlate
with reduced susceptibility to daptomycin in Staphylococcus aureus.
Antimicrob Agents Chemother 2006; 50: 2137-45. https:/doi.org/10.
1128/AAC.00039-06

24 Song Y, Rubio A, Jayaswal RK et al. Additional routes to Staphylococcus
aureus daptomycin resistance as revealed by comparative genome

sequencing, transcriptional profiling, and phenotypic studies. PLoS One
2013; 8: €58469. https://doi.org/10.1371/journal.pone.0058469

25 Camargo IL, Neoh H-M, Cui L et al. Serial daptomycin selection
generates daptomycin-nonsusceptible Staphylococcus aureus strains
with a heterogeneous vancomycin-intermediate phenotype. Antimicrob
Agents Chemother 2008; 52: 4289-99. https://doi.org/10.1128/AAC.
00417-08

26 Arhin FF, Sequin DL, Belley A et al. In vitro stepwise selection of
reduced susceptibility to lipoglycopeptides in enterococci. Diagn
Microbiol Infect Dis 2017, 89: 168-71. https://doi.org/10.1016/j.
diagmicrobio.2017.06.023

27 Pitt ME, Cao MD, Butler MS et al. Octapeptin C4 and polymyxin resist-
ance occur via distinct pathways in an epidemic XDR Klebsiella pneumo-
nige ST258 isolate. J Antimicrob Chemother 2019; 74: 582-93. https:/
doi.org/10.1093/jac/dky458

28 Blaskovich MAT, Hansford KA, Gong Y et al. Protein-inspired antibiotics
active against vancomycin- and daptomycin-resistant bacteria. Nat
Commun 2018; 9: 22. https://doi.org/10.1038/s41467-017-02123-w

29 Kavanagh A,Ramu S, Gong Y et al. Effects of microplate type and broth
additives on microdilution MIC susceptibility assays. Antimicrob Agents
Chemother 2019; 63: e01760-18. https://doi.org/10.1128/AAC.01760-18

30 CLSI. Methods for dilution antimicrobial susceptibility tests for bacteria
that grow aerobically—Eleventh Edition: MO7. 2018.

31 The European Committee on Antimicrobial Susceptibility Testing.
2025. Breakpoint tables for interpretation of MICs and zone diameters.
Version 15.0. https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST _
files/Breakpoint tables/v_15.0 Breakpoint Tables.pdf

32 Wick RR, Judd LM, Gorrie CL et al. Unicycler: resolving bacterial gen-
ome assemblies from short and long sequencing reads. PLoS Comput
Biol 2017; 13: e1005595. https://doi.org/10.1371/journal.pcbi.1005595
33 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for il-
lumina sequence data. Bioinformatics 2014; 30: 2114-20. https:/doi.org/
10.1093/bioinformatics/btul70

34 Bankevich A, Nurk S, Antipov D et al. SPAdes: a new genome assembly
algorithm and its applications to single-cell sequencing. J Comput Biol
2012; 19: 455-77. https://doi.org/10.1089/cmb.2012.0021

35 Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics
2014; 30: 2068-9. https://doi.org/10.1093/bioinformatics/btu153

36 LiH.Aligning sequence reads, clone sequences and assembly contigs
with BWA-MEM. arXiv 1303.3997v1. 2013. https://doi.org/10.48550/arXiv.
1303.3997

37 McKenna A, Hanna M, Banks E et al. The genome analysis toolkit: a
map reduce framework for analyzing next-generation DNA sequencing
data. Genome Res 2010; 20: 1297-303. https://doi.org/10.1101/gr.
107524.110

38 Cingolani P, Platts A, Wang le L et al. A program for annotating and
predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs
in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3.
Fly (Austin) 2012; 6: 80-92. https:/doi.org/10.4161/fly.19695

39 Cingolani P, Patel VM, Coon M et al. Using Drosophila melanogaster
as a model for genotoxic chemical mutational studies with a new pro-
gram, SnpSift. Front Genet 2012; 3: 35. https://doi.org/10.3389/fgene.
2012.00035

40 Seemann T. Snippy: Rapid haploid variant calling and core genome
alignment. https:/github.com/tseemann/snippy.

41 Cafiso V, Bertuccio T, Spina D et al. Modulating activity of vancomycin
and daptomycin on the expression of autolysis cell-wall turnover and
membrane charge genes in hVISA and VISA strains. PLoS One 2012; 7:
€29573. https://doi.org/10.1371/journal.pone.0029573

42 Lam MMC, Seemann T, Tobias NJ et al. Comparative analysis of the
complete genome of an epidemic hospital sequence type 203 clone of

90of 11


https://doi.org/10.1038/s41598-020-69058-z
https://doi.org/10.1016/j.jgar.2024.02.002
https://doi.org/10.1093/jac/dkx175
https://doi.org/10.1093/jac/dkx175
https://doi.org/10.1128/JCM.00775-12
https://doi.org/10.1093/jac/dkw453
https://doi.org/10.1093/jac/dks354
https://doi.org/10.1128/AAC.00609-17
https://doi.org/10.1016/j.coph.2010.06.006
https://doi.org/10.1016/j.coph.2010.06.006
https://doi.org/10.1016/j.ijantimicag.2015.05.008
https://doi.org/10.1016/j.ijantimicag.2015.05.008
https://doi.org/10.1016/j.ijmm.2009.08.015
https://doi.org/10.1016/j.meegid.2013.03.047
https://doi.org/10.1128/AAC.01139-12
https://doi.org/10.1073/pnas.0609839104
https://doi.org/10.1073/pnas.0609839104
https://doi.org/10.1093/jac/dku297
https://doi.org/10.1128/AAC.01682-08
https://doi.org/10.1128/AAC.00039-06
https://doi.org/10.1128/AAC.00039-06
https://doi.org/10.1371/journal.pone.0058469
https://doi.org/10.1128/AAC.00417-08
https://doi.org/10.1128/AAC.00417-08
https://doi.org/10.1016/j.diagmicrobio.2017.06.023
https://doi.org/10.1016/j.diagmicrobio.2017.06.023
https://doi.org/10.1093/jac/dky458
https://doi.org/10.1093/jac/dky458
https://doi.org/10.1038/s41467-017-02123-w
https://doi.org/10.1128/AAC.01760-18
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_15.0_Breakpoint_Tables.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_15.0_Breakpoint_Tables.pdf
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.4161/fly.19695
https://doi.org/10.3389/fgene.2012.00035
https://doi.org/10.3389/fgene.2012.00035
https://github.com/tseemann/snippy
https://doi.org/10.1371/journal.pone.0029573

Prasetyoputri et al.

vancomycin-resistant Enterococcus faecium. BMC Genomics 2013; 14:
595. https://doi.org/10.1186/1471-2164-14-595

43 Monk IR, Stinear TP. From cloning to mutant in 5 days: rapid allelic ex-
change in Staphylococcus aureus. Access Microbiol 2021; 3: 000193.
https:/doi.org/10.1099/acmi.0.000193

44 Howden BP, McEvoy CRE, Allen DL et al. Evolution of multidrug resist-
ance during Staphylococcus aureus infection involves mutation of the es-
sential two component regulator WalKR. PLoS Path 2011; 7: e1002359.
https:/doi.org/10.1371/journal.ppat.1002359

45 Peng H, Hu Q, Shang W et al. Walk(S221P), a naturally occurring mu-
tation, confers vancomycin resistance in VISA strain XN108. J Antimicrob
Chemother 2017; 72: 1006-13. https://doi.org/10.1093/jac/dkw518

46 Baseri N, Najar-Peerayeh S, Bakhshi B. Investigating the effect of an
identified mutation within a critical site of PAS domain of WalK protein
in a vancomycin-intermediate resistant Staphylococcus aureus by com-
putational approaches. BMC Microbiol 2021; 21: 240. https:/doi.org/10.
1186/512866-021-02298-9

47 Bayer AS, Mishra NN, Chen L et al. Frequency and distribution of
single-nucleotide polymorphisms within mprF in methicillin-resistant
Staphylococcus aureus clinical isolates and their role in cross-resistance to
daptomycin and host defense antimicrobial peptides. Antimicrob Agents
Chemother 2015; 59: 4930-7. https://doi.org/10.1128/AAC.00970-15

48 Bk KT, Thagersen L, Mogenssen RG et al. Stepwise decrease in dap-
tomycin susceptibility in clinical Staphylococcus aureus isolates asso-
ciated with an initial mutation in rpoB and a compensatory inactivation
of the clpX gene. Antimicrob Agents Chemother 2015; 59: 6983-91.
https://doi.org/10.1128/AAC.01303-15

49 Roch M, Gagetti P, Davis J et al. Daptomycin resistance in clinical MRSA
strains is associated with a high biological fitness cost. Front Microbiol
2017; 8: 2303. https://doi.org/10.3389/fmicb.2017.02303

50 Bayer AS, Mishra NN, Cheung AL et al. Dysregulation of mprF and
dItABCD expression among daptomycin-non-susceptible MRSA clinical
isolates. J Antimicrob Chemother 2016; 71: 2100-4. https://doi.org/10.
1093/jac/dkw142

51 Yang S-J, Xiong YQ, Dunman PM et al. Regulation of mprF in
daptomycin-nonsusceptible Staphylococcus aureus strains. Antimicrob
Agents Chemother 2009; 53: 2636-7. https://doi.org/10.1128/AAC.
01415-08

52 Bayer AS, Mishra NN, Sakoulas G et al. Heterogeneity of mprF se-
quences in methicillin-resistant Staphylococcus aureus clinical isolates:
role in cross-resistance between daptomycin and host defense antimicro-
bial peptides. Antimicrob Agents Chemother 2014; 58: 7462-7. https://doi.
org/10.1128/AAC.03422-14

53 Berti AD, Baines SL, Howden BP et al. Heterogeneity of genetic path-
ways toward daptomycin nonsusceptibility in Staphylococcus aureus de-
termined by adjunctive antibiotics. Antimicrob Agents Chemother 2015;
59: 2799-806. https://doi.org/10.1128/AAC.04990-14

54 Bayer AS, Schneider T, Sahl H-G. Mechanisms of daptomycin resist-
ance in Staphylococcus aureus: role of the cell membrane and cell wall.
Ann N Y Acad Sci 2013; 1277: 139-58. https://doi.org/10.1111/j.1749-
6632.2012.06819.x

55 Peleg AY, Miyakis S, Ward DV et al. Whole genome characterization of
the mechanisms of daptomycin resistance in clinical and laboratory de-
rived isolates of Staphylococcus aureus. PLoS One 2012; 7: e28316.
https:/doi.org/10.1371/journal.pone.0028316

56 Jiang S, Zhuang H, Zhu F et al. The role of mprF mutations in seesaw
effect of daptomycin-resistant methicillin-resistant Staphylococcus aur-
eus isolates. Antimicrob Agents Chemother 2022; 66: €0129521. https://
doi.org/10.1128/AAC.01295-21

57 JiS, Jiang S, Wei X et al. In-host evolution of daptomycin resistance
and heteroresistance in methicillin-resistant Staphylococcus aureus

strains from three endocarditis patients. J Infect Dis 2020; 221:
S243-52. https://doi.org/10.1093/infdis/jiz571

58 Mehta S, Cuirolo AX, Plata KB et al. VraSR two-component regulatory
system contributes to mprF-mediated decreased susceptibility to daptomy-
cin in in vivo-selected clinical strains of methicillin-resistant Staphylococcus
aureus. Antimicrob Agents Chemother 2012; 56: 92-102. https://doi.org/10.
1128/AAC.00432-10

59 Boyle-Vavra S, Jones M, Gourley BL et al. Comparative genome se-
quencing of an isogenic pair of USA800 clinical methicillin-resistant
Staphylococcus aureus isolates obtained before and after daptomycin
treatment failure. Antimicrob Agents Chemother 2011; 55: 2018-25.
https://doi.org/10.1128/AAC.01593-10

60 Cameron DR, Jiang J-H, Abbott 1J et al. Draft genome sequences of clin-
ical daptomycin-nonsusceptible methicillin-resistant Staphylococcus aureus
strain APS211 and its daptomycin-susceptible progenitor APS210. Genome
Announc 2015; 3: e00568-15. https:/doi.org/10.1128/genomeA.00568-15
61 Rubio A, Moore J, Varoglu M et al. LC-MS/MS characterization of
phospholipid content in daptomycin-susceptible and -resistant isolates
of Staphylococcus aureus with mutations in mprF. Mol Membr Biol 2012;
29: 1-8. https://doi.org/10.3109/09687688.2011.640948

62 Kang K-M, Mishra NN, Park KT et al. Phenotypic and genotypic corre-
lates of daptomycin-resistant methicillin-susceptible Staphylococcus aur-
eus clinical isolates. J Microbiol 2017; 55: 153-9. https://doi.org/10.1007/
s12275-017-6509-1

63 Quinn B, Hussain S, Malik M et al. Daptomycin inoculum effects and mu-
tant prevention concentration with Staphylococcus aureus. J Antimicrob
Chemother 2007; 60: 1380-3. https://doi.org/10.1093/jac/dkm375

64 Patel D, Husain M, Vidaillac C et al. Mechanisms of in-vitro-selected
daptomycin-non-susceptibility in Staphylococcus aureus. Int J Antimicrob
Agents 2011; 38: 442-6. https://doi.org/10.1016/j.ijantimicag.2011.06.010
65 Steed ME, Hall AD, Salimnia H et al. Evaluation of daptomycin non-
susceptible Staphylococcus aureus for stability, population profiles,
mprF mutations, and daptomycin activity. Infect Dis Ther 2013; 2:
187-200. https://doi.org/10.1007/s40121-013-0021-7

66 Ernst CM, Slavetinsky CJ, Kuhn S et al. Gain-of-function mutations in
the phospholipid flippase MprF confer specific daptomycin resistance.
mBio 2018; 9: e01659-18. https:/doi.org/10.1128/mBi0.01659-18

67 Sulaiman JE, Lam H. Novel daptomycin tolerance and resistance mu-
tations in methicillin-resistant Staphylococcus aureus from adaptive la-
boratory evolution. mSphere 2021; 6: e0069221. https://doi.org/10.
1128/mSphere.00692-21

68 Pillai SK, Gold HS, Sakoulas G et al. Daptomycin nonsusceptibility in
Staphylococcus aureus with reduced vancomycin susceptibility is inde-
pendent of alterations in mprF. Antimicrob Agents Chemother 2007; 51:
2223-5. https://doi.org/10.1128/AAC.00202-07

69 Cuil, Isii T, Fukuda M et al. An rpoB mutation confers dual heterore-
sistance to daptomycin and vancomycin in Staphylococcus aureus.
Antimicrob Agents Chemother 2010; 54: 5222-33. https://doi.org/10.
1128/AAC.00437-10

70 Hiramatsu K, Kayayama Y, Matsuo M et al. Vancomycin-intermediate
resistance in Staphylococcus aureus. J Glob Antimicrob Resist 2014; 2:
213-24. https://doi.org/10.1016/j.jgar.2014.04.006

71 Locke JB, Hilgers M, Shaw KJ. Mutations in ribosomal protein L3 are as-
sociated with oxazolidinone resistance in staphylococci of clinical origin.
Antimicrob Agents Chemother 2009; 53: 5275-8. https:/doi.org/10.
1128/AAC.01032-09

72 Endimiani A, Blackford M, Dasenbrook EC et al. Emergence of
linezolid-resistant Staphylococcus aureus after prolonged treatment of
cystic fibrosis patients in Cleveland, Ohio. Antimicrob Agents Chemother
2011; 55: 1684-92. https:/doi.org/10.1128/AAC.01308-10

10 of 11


https://doi.org/10.1186/1471-2164-14-595
https://doi.org/10.1099/acmi.0.000193
https://doi.org/10.1371/journal.ppat.1002359
https://doi.org/10.1093/jac/dkw518
https://doi.org/10.1186/s12866-021-02298-9
https://doi.org/10.1186/s12866-021-02298-9
https://doi.org/10.1128/AAC.00970-15
https://doi.org/10.1128/AAC.01303-15
https://doi.org/10.3389/fmicb.2017.02303
https://doi.org/10.1093/jac/dkw142
https://doi.org/10.1093/jac/dkw142
https://doi.org/10.1128/AAC.01415-08
https://doi.org/10.1128/AAC.01415-08
https://doi.org/10.1128/AAC.03422-14
https://doi.org/10.1128/AAC.03422-14
https://doi.org/10.1128/AAC.04990-14
https://doi.org/10.1111/j.1749-6632.2012.06819.x
https://doi.org/10.1111/j.1749-6632.2012.06819.x
https://doi.org/10.1371/journal.pone.0028316
https://doi.org/10.1128/AAC.01295-21
https://doi.org/10.1128/AAC.01295-21
https://doi.org/10.1093/infdis/jiz571
https://doi.org/10.1128/AAC.00432-10
https://doi.org/10.1128/AAC.00432-10
https://doi.org/10.1128/AAC.01593-10
https://doi.org/10.1128/genomeA.00568-15
https://doi.org/10.3109/09687688.2011.640948
https://doi.org/10.1007/s12275-017-6509-1
https://doi.org/10.1007/s12275-017-6509-1
https://doi.org/10.1093/jac/dkm375
https://doi.org/10.1016/j.ijantimicag.2011.06.010
https://doi.org/10.1007/s40121-013-0021-7
https://doi.org/10.1128/mBio.01659-18
https://doi.org/10.1128/mSphere.00692-21
https://doi.org/10.1128/mSphere.00692-21
https://doi.org/10.1128/AAC.00202-07
https://doi.org/10.1128/AAC.00437-10
https://doi.org/10.1128/AAC.00437-10
https://doi.org/10.1016/j.jgar.2014.04.006
https://doi.org/10.1128/AAC.01032-09
https://doi.org/10.1128/AAC.01032-09
https://doi.org/10.1128/AAC.01308-10

In vitro resistance selection in MRSA

JAR

73 Locke JB, Hilgers M, Shaw KJ. Novel ribosomal mutations in
Staphylococcus aureus strains identified through selection with the oxazoli-
dinones linezolid and torezolid (TR-700). Antimicrob Agents Chemother
2009; 53: 5265-74. https://doi.org/10.1128/AAC.00871-09

74 Stefani S, Bongiorno D, Mongelli G et al. Linezolid resistance in
staphylococci. Pharmaceuticals (Basel) 2010; 3: 1988-2006. https://doi.
0rg/10.3390/ph3071988

75 Humphries RM, Kelesidis T, Tewhey R et al. Genotypic and phenotypic
evaluation of the evolution of high-level daptomycin nonsusceptibility in
vancomycin-resistant  Enterococcus  faecium. Antimicrob  Agents
Chemother 2012; 56: 6051-3. https:/doi.org/10.1128/AAC.01318-12

76 Nilsson Al Berg OG, Aspevall O et al. Biological costs and mechanisms
of fosfomycin resistance in Escherichia coli. Antimicrob Agents Chemother
2003; 47: 2850-8. https://doi.org/10.1128/AAC.47.9.2850-2858.2003

77 Chen F-J, Lauderdale T-L, Lee C-H et al. Effect of a point mutation in
mprF on susceptibility to daptomycin, vancomycin, and oxacillin in an
MRSA clinical strain. Front Microbiol 2018; 9: 1086. https://doi.org/10.
3389/fmicb.2018.01086

78 Thitiananpakorn K, Aiba Y, Tan X-E et al. Association of mprF muta-
tions with cross-resistance to daptomycin and vancomycin in methicillin-
resistant Staphylococcus aureus (MRSA). Sci Rep 2020; 10: 16107. https:/
doi.org/10.1038/s41598-020-73108-x

79 Hines KM, Shen T, Ashford NK et al. Occurrence of cross-resistance
and B-lactam seesaw effect in glycopeptide-, lipopeptide- and
lipoglycopeptide-resistant MRSA correlates with membrane phosphati-
dylglycerol levels. J Antimicrob Chemother 2020; 75: 1182-6. https://
doi.org/10.1093/jac/dkz562

80 Sulaiman Jordy E, Wu L, Lam H. Mutation in the two-component system
regulator YycH leads to daptomycin tolerance in methicillin-resistant
Staphylococcus aureus upon evolution with a population bottleneck.
Microbiol Spectr 2022; 10: e0168722. https://doi.org/10.1128/spectrum.
01687-22

81 Cuil, Tominaga E, Neoh H-M et al. Correlation between reduced dapto-
mycin susceptibility and vancomycin resistance in vancomycin-intermediate

Staphylococcus aureus. Antimicrob Agents Chemother 2006; 50: 1079-82.
https://doi.org/10.1128/AAC.50.3.1079-1082.2006

82 Patel JB, Jevitt LA, Hageman J et al. An association between reduced
susceptibility to daptomycin and reduced susceptibility to vancomycin in
Staphylococcus aureus. Clin Infect Dis 2006; 42: 1652-3. https://doi.org/
10.1086/504084

83 Sakoulas G, Alder J, Thauvin-Eliopoulos C et al. Induction of daptomy-
cin heterogeneous susceptibility in Staphylococcus aureus by exposure to
vancomycin. Antimicrob Agents Chemother 2006; 50: 1581-5. https:/doi.
org/10.1128/AAC.50.4.1581-1585.2006

84 Chen C-J, Huang Y-C, Chiu C-H. Multiple pathways of cross-resistance
to glycopeptides and daptomycin in persistent MRSA bacteraemia. J
Antimicrob Chemother 2015; 70: 2965-72. https://doi.org/10.1093/jac/
dkv225

85 Martins A, Juddk F, Farkas Z et al. Antibiotic candidates for gram-
positive bacterial infections induce multidrug resistance. Sci Transl Med
2025; 17: ead[2103. https://doi.org/10.1126/scitranslmed.adl2103

86 Ruzin A, Severin A, Moghazeh SL et al. Inactivation of mprF affects
vancomycin susceptibility in Staphylococcus aureus. Biochim Biophys Acta
2003; 1621: 117-21. https://doi.org/10.1016/S0304-4165(03)00028-X

87 Roch M, Clair P, Renzoni A et al. Exposure of Staphylococcus aureus to
subinhibitory concentrations of B-lactam antibiotics induces heterogeneous
vancomycin-intermediate  Staphylococcus aureus. Antimicrob Agents
Chemother 2014; 58: 5306-14. https:/doi.org/10.1128/AAC.02574-14

88 McGuinness WA, Malachowa N, DelLeo FR. Vancomycin resistance in
Staphylococcus aureus. Yale J Biol Med 2017; 90: 269-81.

89 Antignac A, Sieradzki K, Tomasz A. Perturbation of cell wall synthesis
suppresses autolysis in Staphylococcus aureus: evidence for coregulation
of cell wall synthetic and hydrolytic enzymes. J Bacteriol 2007; 189:
7573-80. https://doi.org/10.1128/JB.01048-07

90 Martinez JL, Baquero F, Andersson DI. Beyond serial passages: new
methods for predicting the emergence of resistance to novel antibiotics.
Curr Opin Pharmacol 2011; 11: 439-45. https://doi.org/10.1016/j.coph.
2011.07.005

11 0of 11


https://doi.org/10.1128/AAC.00871-09
https://doi.org/10.3390/ph3071988
https://doi.org/10.3390/ph3071988
https://doi.org/10.1128/AAC.01318-12
https://doi.org/10.1128/AAC.47.9.2850-2858.2003
https://doi.org/10.3389/fmicb.2018.01086
https://doi.org/10.3389/fmicb.2018.01086
https://doi.org/10.1038/s41598-020-73108-x
https://doi.org/10.1038/s41598-020-73108-x
https://doi.org/10.1093/jac/dkz562
https://doi.org/10.1093/jac/dkz562
https://doi.org/10.1128/spectrum.01687-22
https://doi.org/10.1128/spectrum.01687-22
https://doi.org/10.1128/AAC.50.3.1079-1082.2006
https://doi.org/10.1086/504084
https://doi.org/10.1086/504084
https://doi.org/10.1128/AAC.50.4.1581-1585.2006
https://doi.org/10.1128/AAC.50.4.1581-1585.2006
https://doi.org/10.1093/jac/dkv225
https://doi.org/10.1093/jac/dkv225
https://doi.org/10.1126/scitranslmed.adl2103
https://doi.org/10.1016/S0304-4165(03)00028-X
https://doi.org/10.1128/AAC.02574-14
https://doi.org/10.1128/JB.01048-07
https://doi.org/10.1016/j.coph.2011.07.005
https://doi.org/10.1016/j.coph.2011.07.005

	Introduction
	Materials and methods
	Bacterial strains and growth conditions
	Resistance selection
	Antimicrobial susceptibility testing
	DNA extractions and library preparation
	Sequencing and analysis
	Autolysis
	Bacterial fitness
	Allelic exchange
	Data availability

	Results
	Acquisition and retention of in vitro resistance differed between antibiotic treatments
	Genomic alterations reflect pathways associated with the antibiotics’ target
	Potential cross-resistance between VAN and DAP isolates
	Variable bacterial fitness costs evident for differing antibiotic exposure
	Differing degrees of autolysis were observed for VAN and DAP D20 isolates
	Certain variants contribute to the development of resistance

	Discussion
	Acknowledgements
	Funding
	Transparency declarations
	Author contributions

	Supplementary data
	References

