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Anaëlle Fait,1,2 Dan I. Andersson,3 and Hanne Ingmer1,4,5,6,*
1Department of Veterinary and Animal Sciences, University of Copenhagen, 1870 Frederiksberg, Denmark
2Department of Environmental Systems Science, ETH Zürich, 8092 Zürich, Switzerland
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SUMMARY
Antibiotic resistance often confers a fitness cost to the resistant cell and thus raises key questions of how
resistance is maintained in the absence of antibiotics and, if lost, whether cells are genetically primed for
re-evolving resistance. To address these questions, we have examined vancomycin-intermediate Staphylo-
coccus aureus (VISA) strains that arise during vancomycin therapy. VISA strains harbor a broad spectrum of
mutations, and they are known to be unstable both in patients and in the laboratory. Here, we show that loss
of resistance in VISA strains is correlated with a fitness increase and is attributed to adaptive mutations, leav-
ing the initial VISA-adaptive mutations intact. Importantly, upon a second exposure to vancomycin, such re-
vertants evolve significantly faster to become VISA, and they reach higher resistance levels than vancomycin-
naive cells. Further, we find that sub-lethal concentrations of vancomycin stabilize the VISA phenotype, as do
the human b-defensin 3 (hBD-3) and the bacteriocin nisin that both, like vancomycin, bind to the peptido-
glycan building block, lipid II. Thus, factors binding lipid II may stabilize VISA both in vivo and in vitro, and
in case resistance is lost, mutations remain that predispose to resistance development. These findings
may explain why VISA infections often are re-occurring and suggest that previous vancomycin adaptation
should be considered a risk factor when deciding on antimicrobial chemotherapy.
INTRODUCTION

Antibiotics kill bacteria by targeting coreprocesses like transcrip-

tion, translation, and cell wall synthesis, and therefore resistance

is often accompanied by fitness costs in the absence of selective

pressure.1 One example is the vancomycin-intermediate Staph-

ylococcus aureus (VISA). They arise during vancomycin therapy,

which is often used to treat infections with methicillin-resistant

Staphylococcus aureus (MRSA), and they are characterized by

minimum inhibitory concentrations (MICs) of vancomycin from

4 to8mg/L, comparedwith 2mg/L for susceptible strains.2,3 Prior

to becoming VISA, strains are commonly ‘‘heterogeneous VISA’’

(hVISA) with subpopulations cells with various degrees of vanco-

mycin resistance.4 VISA strains are known to cause prolonged in-

fections and treatment failure,5 but commonly they also lose

resistance both in vitro and in the clinic.6–9 Here, we have exam-

ined VISA fitness and stability as well as the genetic changes

associated with loss of resistance, and we address if a VISA his-

tory impacts response to vancomycin.

Vancomycin is a glycopeptide antibiotic that disrupts cell wall

synthesis by binding to the cell wall precursor lipid II.10,11

Decreasedsusceptibility inVISAstrains results fromaccumulation

of a wide variety of mutations affecting the cell envelope including

cell wall and carbon metabolism and major transcriptional
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regulators suchas theVraSR,GraSR, andWalRK two-component

systems.12 Mutations in vraS and graR were also among the six

loci that reconstituted the VISA phenotype of the well-character-

ized VISA strain, Mu50, in a vancomycin-naive strain.13 By adap-

tive laboratory evolution, we recently showed that a MRSA strain

took two major paths when becoming VISA: one involving muta-

tions in walK with collateral resistance to b-lactam antibiotics,

and another with increased expression of the VraR regulon and

collateral susceptibility to b-lactams.14 Further, we observed

that the number of mutations acquired during vancomycin adap-

tation correlated with doubling time of cells in vancomycin-free

media, i.e., with decreased fitness.14

Here,wehaveusedour panel of laboratory-adapted and clinical

VISAstrains toexamine instability of the resistancephenotype.We

find that increased susceptibility to vancomycin mainly arises

through second-site mutations that leave the original VISA-adap-

tive mutations intact. Furthermore, we show that sublethal con-

centrations of vancomycin and other antimicrobial peptides tar-

geting lipid II, including the human host defense peptide human

b-defensin 3 (hBD-3)15 and nisin,16 stabilize the VISA phenotype.

Importantly, the reverted VISA are prone to re-adapt faster and

to a greater extent to vancomycin than a vancomycin-naive strain,

likely reflecting that the VISA-adaptive mutations that remained in

the strains facilitate re-emergence of vancomycin resistance. Our
gust 21, 2023 ª 2023 The Authors. Published by Elsevier Inc. 3389
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Figure 1. Stability of VISA

(A) Laboratory-derived VISA strains L1VISA–L10VISA and clinical VISA isolates JKD6001, JKD6005, JKD6008, and JKD60051 were passaged in vancomycin-free

media for 45–65 days, while Mu50 was passaged in 3 replicate cultures in vancomycin-free media for 50 days. Genome-sequenced isolates are highlighted in

pink. Created with BioRender.com.

(B) Vancomycin susceptibility of VISA clinical and laboratory isolates before and after passaging for 45–65 days in vancomycin-free media determined by PAP-

AUC. Results are displayed as ratio to Mu3, the reference hVISA strain. Dashed lines represent the threshold for detection of VISA and hVISA. Bars represent the

average of 3 replicates, and error bars the standard deviation.

(C) Correlation between vancomycin susceptibility (PAP-AUC ratio to Mu3) and doubling time of VISA strains before and after passage in vancomycin-free media.

Pearson correlation coefficient r = 0.7881. p value < 0.0001.

See also Figures S1 and S2 and Tables S1 and S2.
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results highlight the importance of genetic interactions (epistasis)

between resistance mutations or genes and the bacterial strain

background, and they underscore that loss of resistance via

compensatory mutations may yield bacterial populations that are

subsequently primed for resistance development.

RESULTS

VISA strains are unstable
To examine VISA instability, we passaged a panel of VISA strains

for up to 650 generations (65 days of passaging with approxi-

mately 10 generations of growth per day) in the absence of van-

comycin andmonitored vancomycin susceptibility by population

analysis profiling and area under the curve (PAP-AUC) and MIC

testing (Figure 1A). The examined strains were the VISA signa-

ture strain Mu50,17 4 clinical VISA strains isolated from patients

undergoing vancomycin therapy,18 10 laboratory-adapted VISA

strains (L1VISA–L10VISA) evolved from the ancestral MRSA strain

JE2,14 as well as JE2.
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While passage of JE2 in the absence of vancomycin affected

neither growth rate nor vancomycin susceptibility (Figures S1

and S2), we observed for the majority of VISA strains that pas-

sage in the absence of vancomycin led to a substantial increase

in vancomycin susceptibility in the resulting strains (termed ‘‘re-

vertants’’ independently of whether susceptibility was affected

or not) (Figure 1B; Table S1). Most strains became vancomycin

susceptible Staphylococcus aureus (VSSA) with the exception

of three (JKD6008, L2VISA, and L4VISA) that remained at the level

of hVISA19 characterized relative to the strain Mu3 by a PAP-

AUC ratio R0.9 with VISA being R1.3.20 The three remaining

clinical strains (JKD6001, JKD6005, and JKD6051) returned to

the vancomycin susceptibility levels of the ancestral strains

that had been isolated prior to vancomycin therapy,18 as did

L9VISA and L10VISA, which returned to the susceptibility level of

JE2 or lower (Figure 1B). For Mu50, we passaged three individual

colonies and observed that all became VSSA (Figure 1B).

To assess the overall fitness of the revertants, we examined

their growth compared with that of the VISA strains. In all cases,

http://BioRender.com
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increased susceptibility to vancomycin was accompanied by a

decrease in doubling time and enhanced fitness (Figure 1C;

Table S2). Correlations between growth rate and vancomycin

susceptibility have been observed in several previous studies

as reviewed5 but appear not to be universal.21

VISA revertants maintain the original mutations
conferring vancomycin adaptation
To examine the genetic changes associated with loss of vanco-

mycin resistance in VISA strains, we sequenced the genomes of

the revertants of the JE2-derived VISA strains (L1REV–L10REV). All

revertants kept the original VISA mutations while accumulating

additional mutations that affected genes involved in the regula-

tion of gene expression (vraS, walK, walR, rsbV, rpoB, and

agrA), genetic information processing (prmA, rny, and recJ),

metabolism (apt, ribF, and arcC), and cell envelope (sdrC)

(Table S3). In some clones, the genes mutated during reversion

were related to those affected initially during vancomycin adap-

tation. Specifically, L8VISA, L9VISA, and L10VISA carried mutations

in vraT, encoding a regulator for the VraSR two-component sys-

tem, and acquired mutations in vraS during reversion, while

L1VISA and L4VISA carriedmutations inwalK, encoding the sensor

histidine kinase of theWalRK system, and acquired an additional

walK mutation (L4VISA) or a mutation in walR encoding the

response regulator (L1REV) (Figure 2). In the L2VISA and L6VISA
strains, subunits of the RNA polymerase were mutated, and dur-

ing reversion, additional mutations arose in rpoB encoding the b

subunit.

For Mu50, loss of resistance was studied in 3 independent cul-

tures (Figure 1B), and the resulting strains (Mu50REV1, Mu50REV2,

and Mu50REV3) were sequenced (Figure 2; Table S4). All isolates

independently acquired mutations in murZ/murB,22 involved in

peptidoglycan biosynthesis, and rpoB. Two isolates also carried

mutations in rsbU, encoding a sigma-B regulatory protein. In

Mu50, the VISA phenotype is attributed to mutations in six

genes, namely graR, rpoB, vraS,msrR, fdh2, and sle1, and these

mutations have been experimentally verified.13 In Mu50REV3, the

rpoB mutation reverted to the wild-type (WT) sequence, while a

secondary mutation was acquired in rpoB in Mu50REV1 and

Mu50REV2 (Figure 2; Table S4). This convergence in the muta-

tions acquired in Mu50REV1, Mu50REV2, and Mu50REV3 suggests

that the genetic background of a VISA strain influences the mu-

tations acquired during reversion.

Altogether, these results show that VISA strains become sus-

ceptible to vancomycin by acquiring second-site mutations that

often are associated with the pathways affected by the initial

vancomycin adaptation, that mutations proven to participate in

vancomycin resistance are maintained in revertants, and that

the specific mutations involved in reversion depend on the strain

background.

VISA revertants are prone to adapt to vancomycin faster
than vancomycin-naive strains
Given that VISA revertants keep the mutations they acquired

during vancomycin adaptation, it is conceivable that such strains

might adapt faster to vancomycin than naive strains. To examine

this, we exposed JE2 (naive to vancomycin) and the L1REV–

L10REV revertants to vancomycin for 20 days (10 exposure cy-

cles) by passaging them daily on a range of vancomycin
concentrations in 6 replicate cultures, and at every passage

the highest vancomycin concentration at which the cultures

grew was recorded (Figure 3A).

As observed previously,14 JE2 adapted marginally to vanco-

mycin after only 20 days of exposure, resulting in MICs between

0.5 and 1.5 mg/L for the replicate cultures (Figure 3B). Similarly,

re-adaptation of L1REV and L3REV resulted in only a marginal in-

crease inMICs. In contrast, re-adaptation of the remaining rever-

tants resulted in one or more of the culture replicates showing

vancomycin MICs of 2 mg/L or greater, and for four of the line-

ages (L6REV, L7REV, L8REV, and L9REV), one or more of the repli-

cate cultures displayed MICs of 4 or 4.5 mg/L, yielding a VISA

phenotype. When comparing the increase in vancomycin MIC

during adaptation, we observed that half of the revertants

(L2REV, L6REV, L7REV, L8REV, and L9REV) displayed a statistically

significant enhanced ability to adapt to vancomycin, compared

with JE2, as shown by a boxplot of the MIC for the six replicates

adapted from each of the revertants (Figure 3C). Also, the ability

to re-adapt did not correlate with the MICs of the revertants. For

example, L9REV was more susceptible to vancomycin than JE2

but still reached high MIC in the second exposure, whereas

L1REV was less susceptible and did not change susceptibility in

the subsequent exposure (Figure 1B). While in the initial adapta-

tion, an increase in vancomycin MIC was statistically correlated

with an increase in doubling time; this was not the case during re-

adaptation (Figure S3).

For three of the re-adapted lineages (LREV-VAN), we sequenced

the genomes of the 6 replicate cultures (#1–#6) and examined

themutations (Figure 3A). We chose L1REV-VAN that retained van-

comycin susceptibility, as well as L6REV-VAN and L9REV-VAN that

displayed high and intermediate vancomycin MICs, respectively

(Figure 3C). The L1VISA had initially become VISA due to a muta-

tion inwalK and during re-adaptation, 3 replicate cultures (#1, #3,

and #5) had mutations inwalRK orwalH, being part of thewalRK

operon,23 while the remaining replicates had mutations in the

adjacently located genes vraF-vraG-pitR-pitA (Figure 2;

Table S5). For the L6VISA, both the initial adaptation and reversion

involved mutations in rpoB, and again during re-adaptation, two

of the replicates (#3 and #4) acquired rpoB mutations. In addi-

tion, the L6REV-VAN replicate cultures were mutated in vraTS

(#3 and #6) and vraF (#1 and #6). For L9REV-VAN, five out of 6 repli-

cate cultures were mutated in four adjacently located genes,

SAUSA300_1179, _1181, _1182, and _1183, that were also

mutated in the L3VISA and L4VISA strains and the revertant

L8REV. These genes encode two phosphodiesterases and two

subunits of a pyruvate ferredoxin oxidoreductases, respectively,

predicted to be involved in nucleotide and carbohydrate meta-

bolism24; thus, the mutations could be related to the metabolic

changes observed in VISA strains, which include increased car-

bon flow to cell wall precursor biosynthesis and increased

biosynthesis of purine and amino sugar precursors.25

Collectively, our data show that strains that once were VISA,

but lost resistance due to compensatory mutations increasing

fitness, are likely to re-adapt faster to vancomycin than naive

strains and that the genes mutated during re-adaptation appear

to depend on the initial adaptation history. These observations

indicate that in some VSSA strains, specific mutations might be

indicative of prior vancomycin adaptation, and therefore they

may be at higher risk of becoming VISA than other strains.
Current Biology 33, 3389–3397, August 21, 2023 3391



Figure 2. Mutations associated with vancomycin adaptation and reversion

Genes mutated in L1VISA–L10VISA isolates and Mu50 during vancomycin adaptation (yellow rectangle) and after return to VSSA/hVISA (blue rectangle). Genes

mutated during both vancomycin adaptation and reversion are indicated in green. Only genes/operons/adjacent genes mutated in more than one isolate are

depicted. L1REV, L6REV, and L9REV were re-adapted to vancomycin in 6 independent cultures each (clones #1, #2, #3, #4, #5, and #6) for 10 cycles, and the

resulting isolates were sequenced. The #1, #2, #3, #4, #5, and #6 designations indicate which gene is mutated in which re-adapted clone for each of the 3

revertant strains L1REV, L6REV, and L9REV.

See Tables S3–S5 for a full list of mutations acquired during reversion and re-adaptation.
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Host factors can improve stability of VISA strains
Since VISA strains are unstable during passaging in drug-free

media, we set out to examine if there are conditions where the

VISA phenotype may be stabilized. First, we tested sublethal

concentrations of vancomycin. When passaging Mu50 in the

presence of 2 mg/L of vancomycin in 3 replicate cultures for
3392 Current Biology 33, 3389–3397, August 21, 2023
10 days, we observed that the reduced vancomycin susceptibil-

ity was maintained, whereas in the absence of vancomycin, the

MIC decreased from 4.5 to 2 mg/L (Figure 4A). Vancomycin

binds to the peptidoglycan precursor, lipid II, and this molecule

is also the target for other antimicrobials including the glycopep-

tide teicoplanin; hBD-3; and nisin, a bacteriocin produced by



Figure 3. Vancomycin re-adaptation

(A) L1REV–L10REV isolates and vancomycin-naive ancestor, JE2, were passaged on increasing concentrations of vancomycin in 6 parallel replicate cultures with

genome-sequenced isolates highlighted in pink. Created with BioRender.com.

(B) Vancomycin susceptibility was recorded at each cycle (for 10 cycles, 20 days) as the highest vancomycin concentration (mg/L) to which the strains grew.

(C) Boxplot showing the increase in MIC of vancomycin for the vancomycin re-adapted strains. Triangles represent values for the 6 individual isolates adapted

from each revertant strain. Boxes show the upper and lower quartiles flanking the median. Whiskers showminimal to maximal values. Differences in vancomycin

adaptability between vancomycin-naive strain JE2 and VISA revertants were tested by one-way ANOVA, *p < 0.1, **p < 0.01, and ****p < 0.0001.

See also Figure S3.
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Figure 4. Lipid II-targeting molecules maintain the VISA phenotype

(A) The VISA strain Mu50 was passaged in vancomycin-free media and in two concentrations of lipid II-targeting compounds: one that did not affect growth of

Mu50 (Low; vancomycin, teicoplanin, nisin, and hBD-3), and one that impaired growth of Mu50 (High; teicoplanin, nisin, and hBD-3). Cultures were passaged for

10 days in 3 independent cultures. Vancomycin susceptibility of the passaged populations (gray) and a single colony from each population (black) were tested.

The symbols (lozenges) represent the 3 biological replicates for each condition. Symbols may overlap.

(B) Average growth curves of 3 replicates of each condition after 10 days passaging on each compound. Error bars represent the standard deviation.

(C) Mu50 was passaged in vancomycin-free media and in two concentrations of clindamycin, oxacillin, and daptomycin: one that did not affect growth of Mu50

(Low), and one that impaired growth of Mu50 (High). Cultures were passaged for 10 days in 3 independent cultures. Vancomycin susceptibility of the passaged

populations (gray) and a single colony from each population (black) were tested. Bars represent the average of 3 biological replicates. The symbols (lozenges)

represent the 3 biological replicates for each condition. Symbols may overlap.

(D) Susceptibility changes in Mu50 revertants. Values depicted represent hBD-3, nisin, daptomycin, and teicoplanin MIC for Mu50 and Mu50REV1–3 in mg/L.
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Lactococcus lactis.15,16 When we passaged Mu50 in the pres-

ence of teicoplanin, hBD-3, or nisin (Figure 4A) at concentrations

that did not affect growth (Low) or marginally reduced it (High)

(Figure 4B), we observed that two out of three replicates grown

in lower concentrations of teicoplanin, hBD-3, or nisin and all

replicates grown in higher concentrations of these compounds

maintained their initial level of reduced vancomycin susceptibility

when single colonies were examined (Figure 4A). For the popu-

lations, the MICs were maintained for all conditions, suggesting

that the cultures remained VISA (Figure 4A). To assess whether

only lipid II-targeting compounds maintain the VISA phenotype,

we extended our analysis and found that the b-lactam antibiotic

oxacillin, which binds penicillin-binding proteins, and the protein

synthesis inhibitor clindamycin did not maintain the phenotype

(Figure 4C). Intriguingly, the VISA phenotype was maintained

by daptomycin (Figure 4C). Daptomycin primarily interacts with

the bacterial cell membrane,26 but the bacterial response resem-

bles that of vancomycin including induction of the VraRS stimu-

lon.27 Furthermore, collateral sensitivity to daptomycin often

arises in VISA strains,28 and the phenotypic changes associated
3394 Current Biology 33, 3389–3397, August 21, 2023
with daptomycin non-susceptibility resemble those of VISA

strains, including increased cell wall thickness.29 Interestingly,

in Bacillus subtilis, the daptomycin-mediated cell membrane

damage recruits a cell division protein and redirects cell wall syn-

thesis.30 Thus, we speculate that daptomycin may interact with

lipid II and thereby enhance VISA stability.

Lastly, we examined ifMu50 and theMu50 revertants differed in

susceptibility to the compounds that stabilized the VISA pheno-

type and found that all Mu50 revertants had increased susceptibil-

ity to nisin, hBD-3, teicoplanin, and daptomycin, compared with

Mu50 (Figure4D).Collectively, our results showthat sublethal con-

centrations of compounds potentially binding lipid II stabilize the

VISA phenotype, and they suggest that in vivo, VISA strains may

be stabilized by host factors even in the absence of vancomycin.

DISCUSSION

The use of glycopeptide antibiotics is amain driver of VISA devel-

opment, but other factors are also associated with increased risk

of VISA infections, including the presence of prosthetic devices,
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antecedent vancomycin use in the 3–6 months prior to isolation,

and MRSA infections 2–3 months prior to the current infec-

tion.31–33 Treatment with cell-wall active antibiotics, including

b-lactams, also selects for VISA.34

VISA strains have previously been shown to be unstable with

regard to their resistance phenotype.6–9 Here, we found that in

the absence of vancomycin, almost all examined VISA

strains—whether arising in the clinic or during laboratory evolu-

tion—reverted toward a VSSA phenotype, showing susceptibility

to vancomycin and faster growth. In the majority of these rever-

tants, second-site compensatory mutations were acquired while

the original resistance mutations were maintained. This is in

contrast to what has been observed previously in other systems

where after acquiring second-site compensatory mutations that

increase fitness, resistance is typically maintained.1,35

Importantly, we show that prior vancomycin adaptation facili-

tates VISA development upon subsequent vancomycin treat-

ment. Thus, the susceptible progeny of VISA strains keeps ge-

netic traces of prior adaptation that potentiate the re-evolution

to VISA. This could occur, for example, by increasing fitness or

providing access to novel mutational pathways and adaptive

peaks, which results in faster and more efficient re-evolution of

VISA. The latter explanation is analogous to theobservation in un-

related systems, that cryptic variation (i.e., variation that has no

effect on phenotypes in a given genetic background or environ-

ment) may accelerate evolution by providing access to new

adaptive peaks,36 here observed as VISA. It is conceivable that

in a vancomycin-treated patient infected with MRSA, the rate

and trajectory of potential evolution toward VISA will depend on

whether the infecting strain is vancomycin-naive or genetically

pre-adapted due to previous mutations. In fact, there may

already be evidence of such prior adaptation events in literature.

A study looking intomolecularmarkers of VISA revealed that 25%

of susceptible isolates carried mutations in at least one of the

typical VISA genes, namely walKR, vraSR, graRS, and rpoB,

compared with 100% in VISA isolates.37 Systematic detection

and cataloguing of genetic signatures of VISA could potentially

allow for the identification by whole-genome sequencing of

strains that are at increased risk of adapting to vancomycin,

thereby informing the physician of which antibiotic therapy to

choose during MRSA infections to avoid VISA development.

Mutations acquired during reversion of resistance can add to

our knowledge of resistance mechanisms. VISA development in

clones L1–L10 was diverse with few trends at the mutational

level, whereas RNA sequencing revealed increased expression

of the VraR regulon in six clones.14 During VISA reversal, four of

these clones acquired a mutation in vraS, confirming the central

role of the vraSR regulon in this adaptive pathway.14 Mutations

in vraS during VISA reversal appear to be the most common

way for VISA strains to revert to VSSA both in vitro and in the

clinic.7,8,38 In Gardete et al.,8 the authors suggested that the

vraTSR operon functions as an on/off switch, where mutations

in vraT would activate the vraSR system leading to a decrease

in vancomycin susceptibility and virulence, whereas mutations

in vraS turn off the system, increasing susceptibility and viru-

lence. Our work supports this hypothesis, although we observe

that the VraSR regulon can be activated via diverse mutations14

and that mutations in vraS, among others, can counter the

phenotype.
Outside the laboratory, several factors may impact VISA sta-

bility. Bacterial competition for niche and resources with the pro-

duction of bacteriocins may help maintain resistance levels,

interspecies and intraspecies, due to common responses to

stressors. Koch and colleagues showed that S. aureus subspe-

cies could adapt to bacteriocins produced by a co-evolving

subspecies, leading to collateral decreases in vancomycin sus-

ceptibility.39 Another level of selection may be provided by anti-

microbial molecules produced by the immune system. Particu-

larly, S. aureus is a common inhabitant of the human nose, and

the nasal fluid is a hostile environment containing high concen-

trations of antimicrobial molecules, including cationic antimicro-

bial peptides such as a- and b-defensins, to which S. aureus

must adapt in order to thrive as a commensal.40,41 In line with

this, we show here that like vancomycin also the glycopeptide

teicoplanin as well as nisin, a bacteriocin, and hBD-3, a b-defen-

sin, can stabilize the VISA phenotype in vitro, i.e., these mole-

cules exert a common selective pressure that maintains VISA

variants. Curiously, the mechanisms of action of nisin and

hBD-3 differ from that of vancomycin. Vancomycin binds to lipid

II, preventing the use of the precursor for peptidoglycan synthe-

sis, whereas nisin uses lipid II as a docking molecule to form

pores in the cell membrane.16 In addition, nisin sequesters lipid

II in rafts leading to stopping of cell wall synthesis.42 The mech-

anism of action of hBD-3 is not fully elucidated, but one current

hypothesis is that the interaction of hBD-3 with lipid II creates

local inhibition of cell wall synthesis, which leads to lesions in

the cell membrane due to osmotic pressure.15 The commonality

between these threemolecules is that they need to access lipid II

to confer their inhibitory action. Thus, the physical properties of

VISA strains, including increased cell wall thickness and

decreased peptidoglycan cross-linking, are likely to impair the

access of nisin and hBD-3 to lipid II and confer a reduced sus-

ceptibility. Interestingly, we also observed that daptomycin

was able to sustain the VISA phenotype. While daptomycin pri-

marily interacts with the cell membrane, there are indications

of interactions with the cell wall synthesis apparatus,26 and

thus we propose that daptomycin may also provide its stabilizing

effect through a yet unrecognized interaction with lipid II.

In conclusion, our results show that the evolutionary history

and genetic changes selected during previous antibiotic expo-

sure can increase the rate of resistance evolution when bacteria

are re-exposed to the same antibiotic. These genetic changes

can be detected by whole-genome sequencing, suggesting

that such information can be used by clinicians to avoid using

vancomycin when treating patients infected with strains that

appear genetically pre-adapted. Whether such differences in

propensity of resistance evolution exist for other antibiotics

and bacterial species deserves further study, as it could provide

the knowledge and diagnostic tools needed to determine strain-

specific probabilities of resistance evolution.
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S. aureus strain Mu50

Hiramatsu et al.17 ATCC 700699

Heterogeneous

Vancomycin-Intermediate

S. aureus strain Mu3

Hiramatsu et al.4 ATCC 700698

Community-acquired

S. aureus strain JE2,

plasmid-cured derivative of

USA300 LAC

Fey et al.43 https://app1.unmc.edu/fgx/

tools.html

S. aureus L1, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L2, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L3, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L4, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L5, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L6, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L7, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L8, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L9, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus L10, laboratory-

adapted VISA derivative of

JE2

Fait et al.14 N/A

S. aureus JKD6000, clinical

VSSA isolate

Howden et al.44 N/A

S. aureus JKD6001, clinical

VISA isolate

Howden et al.44 N/A

S. aureus JKD6000, clinical

VSSA isolate

Howden et al.44 N/A

S. aureus JKD6001, clinical

VISA isolate

Howden et al.44 N/A

S. aureus JKD6000, clinical

VSSA isolate

Howden et al.44 N/A
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S. aureus JKD6001, clinical

VISA isolate

Howden et al.44 N/A

S. aureus JKD6000, clinical

VSSA isolate

Howden et al.44 N/A

S. aureus JKD6001, clinical

VISA isolate

Howden et al.44 N/A

S. aureus L1REV, VSSA

derivative of L1

This paper N/A

S. aureus L2REV, hVISA

derivative of L2

This paper N/A

S. aureus L3REV, VSSA

derivative of L3

This paper N/A

S. aureus L4REV, hVISA

derivative of L4

This paper N/A

S. aureus L5REV, VSSA

derivative of L5

This paper N/A

S. aureus L6REV, VSSA

derivative of L6

This paper N/A

S. aureus L7REV, VSSA

derivative of L7

This paper N/A

S. aureus L8REV, VSSA

derivative of L8

This paper N/A

S. aureus L9REV, VSSA

derivative of L9

This paper N/A

S. aureus L10REV, VSSA

derivative of L10

This paper N/A

S. aureus MU50REV1, VSSA

derivative of Mu50

This paper N/A

S. aureus MU50REV2, VSSA

derivative of Mu50

This paper N/A

S. aureus MU50REV3, VSSA

derivative of Mu50

This paper N/A

S. aureus JKD6001REV,

VSSA derivative of JKD6001

This paper N/A

S. aureus JKD6005REV,

VSSA derivative of JKD6005

This paper N/A

S. aureus JKD6008REV,

hVISA derivative of JKD6008

This paper N/A

S. aureus JKD6051REV,

VSSA derivative of JKD6051

This paper N/A

S. aureus L1REV-VAN1-6, VISA

derivatives of L1REV

This paper N/A

S. aureus L6REV-VAN1-6, VISA

derivatives of L6REV

This paper N/A

S. aureus L9REV-VAN1-6, VISA

derivatives of L9REV

This paper N/A

Chemicals, peptides, and recombinant proteins

Vancomycin hydrochloride Sigma-Aldrich CAS 1404-93-9

Nisin from Lactococcus

lactis

Sigma-Aldrich CAS 1414-45-5

hBD-3 Eurogentec Cat# AS-60741

Teicoplanin Sigma-Aldrich CAS 61036-62-2

Clindamycin hydrochloride Sigma-Aldrich CAS 58207-19-5

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oxacillin sodium salt hydrate Sigma-Aldrich CAS 7240-38-2

Daptomycin Abcam CAS 103060-53-3

Critical commercial assays

DNeasy Blood & Tissue Kit Qiagen Cat# 69504

Deposited data

Whole genome sequencing

for S. aureus isolates

L1REV-L10REV, Mu50,

Mu50REV1-REV3, L1REV-VAN1-6,

L6REV-VAN1-6 and

L9REV-VAN1-6. Raw reads.

This paper European Nucleotide

Archive: PRJEB63077

S. aureus JE2 complete

genome

NCBI NC_07793

S. aureus Mu50 complete

genome

NCBI NC_002758.1

Whole genome sequencing

for L1, L2, L3, L4, L5, L6, L7,

L8, L9 and L10 JE2-derived

VISA isolates. Raw reads.

Fait et al.14 European Nucleotide

Archive: PRJEB52876

Software and algorithms

Bioscreen C microbiological

reader

Labsystems RRID:SCR_007172

Sensititre� Nephelometer Thermo Scientific Cat# V3011

GrowthRates 3.0 Hall et al.45 N/A

NanoDrop One/OneC

Microvolume UV Vis

Spectrophotometer

Thermo Scientific RRID:SCR_023005

Thermo Fisher Qubit 2.0

Fluorometer Qubit 2.0

Thermo Fisher RRID:SCR_020553

usegalaxy.org Afgan et al.46 https://usegalaxy.org

Bowtie2 Langmead and Salzberg47 RRID:SCR_016368

http://bowtie-bio.

sourceforge.net/bowtie2/

index.shtml

Snippy Seemann48 RRID:SCR_023572

https://github.com/

tseemann/snippy

Graphpad Prism version 9 www.graphpad.com RRID:SCR_002798
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof.

Hanne Ingmer (hi@sund.ku.dk).

Materials availability
Bacterial strains generated in this study are available upon request.

Data and code availability

d Whole genome sequencing data have been deposited in the European Nucleotide Archive: PRJEB63077 and are publicly avail-

able. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The Staphylococcus aureus strains used in this study are listed in the key resources table. JE2 is a plasmid-cured derivative of the

community-associatedMRSA strain USA300 LAC.43Mu50 is a clinical MRSA/VISA strain.17 JKD6000/JKD6001, JKD6004/JKD6005,

JKD6009/JKD6008 and JKD6052/JKD6051 are four pairs of VSSA/VISA clinical strains isolated before and after vancomycin ther-

apy.44 L1-L10 are VISA derivatives of JE2 resulting from laboratory evolution.14 Bacterial strains were routinely grown on Tryptic

soy agar (TSA) and Tryptic soy broth (TSB). Overnight cultures were incubated for approximately 16 hours at 37�C with shaking at

180 revolutions per minute (rpm). Isolates were saved in 25% glycerol stocks at -80�C.

METHOD DETAILS

Stability assessment of VISA strains
Cultures of clinical and laboratory VISA isolates were passaged daily in vancomycin-free TSB for 50 days (Mu50), 55 days (JKD6001,

JKD6005, JKD6008, JKD6051) and 65 days (L1-L10). Strains were streaked on TSA and a single colony was used to inoculate 3mL of

TSB and incubated at 37�C overnight at 180rpm. The overnight cultures were diluted by 1:1000 in 10mL TSB and incubated for

approximately 24h to start the first day of passaging. The same procedure was repeated for each day of passaging. The cultures

were regularly plated on TSA to visually check for contaminants, and culture aliquots were saved in glycerol stocks every 10 days

of passaging so that the evolution can be re-started in case of contamination. JE2 was passaged for 20 days on TSB alone in five

replicate cultures to control for media adaptation.

Susceptibility testing
Minimum inhibitory concentrations (MIC) by broth microdilution was performed following Clinical and Laboratory Standards Institute

(CLSI) guidelines.49 The standard medium for susceptibility testing of S. aureus is Mueller Hinton Broth. Some of the isolates tested

have poor growth on Mueller Hinton (L5 and L8) therefore TSB was used for susceptibility testing to ensure comparison across

strains. Two-fold serial dilutions were prepared for each antibiotic. 50mL of each dilution were added to a 96 well plate. Bacterial col-

onies were added to 5ml of 0.9% saline water until reaching a turbidity equivalent to McFarland 0.5, corresponding to a culture den-

sity of approximately 1.5 x 108 cells/mL. The inocula were further diluted by 1:100 in TSB. 50mL of inocula were added to 50mL of each

antibiotic concentration in 96 well plates resulting in a bacterial density of approximately 5 x 105 CFU/mL. Vancomycin, teicoplanin

and daptomycin display narrow susceptibility ranges. Instead of two-fold dilutions, broth MIC was tested using 0.25-0.5mg/L con-

centration increments. TSB was supplemented with 1.25mMCaCl2 for daptomycin MIC testing, and 30mMNaHCO3 for hBD-3 MIC

testing. The NaHCO3 concentration was optimized for this experiment as a concentration that did not affect growth of Mu50 while

improving potency of hBD-3. MIC testing was performed in 3 biological replicates.

Population analysis profiles
Overnight cultures were serial diluted to 10-6 and dilutionswere spotted on Brain Heart Infusion agar containing a series of vancomycin

concentrations (0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10 and12mg/L). Bacterial colonieswere countedandplotted after incubation of theplates

at 37�C for 48h. The area under the curve (AUC) was calculated using Graphpad Prism 7. The reference hVISA strain Mu3was used as

control and results are displayed as PAP-AUC ratio to Mu3. Population analysis was performed in 3 to 5 biological replicates.

Growth curves and generation times
Overnight cultures were diluted to 5 X 105 CFU/ml in TSB and incubated at 37�C for 24h in a Bioscreen C microbiological reader

(LabSystems). Optical densitymeasurements at 600nm (OD600nm)were recorded every 20minutes. Doubling timeswere calculated

using the program GrowthRates 3.0 developed by Hall et al.45 Values shown represent the mean for 3-4 biological replicates with 3

technical replicates each.

Genome sequencing and mutation analysis
Chromosomal DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen). DNA purity was assessed using a nanodrop (Thermo

Scientific) ensuring a A260/280 ratio of 1.8-2.0 and concentrations were normalized using a Qubit (Invitrogen). Quality control, library

preparation and sequencing were performed by Novogene (novogene.com). Sequencing libraries were prepared with the Nextera XT

DNA sample preparation kit (Illumina). Paired-end sequencing was performed on a NovaSeq 6000 PE150 (Illumina). Analysis of output

readswasperformedusingCLCGenomicsWorkbenchversion8.0andprogramsbowtie47andsnippy48onusegalaxy.org.46Readswere

aligned either to the S. aureusMu50 reference genome (NCBI Reference Sequence: NC_002758.1) or the S. aureus USA300_FPR3757

reference genome (NC_07793). The frequency cut-off for variant calling was set at 30% and all the detected mutations were verified

manually. Variants detected in the isolates used to inoculate the adaptive laboratory evolutions were excluded in the evolved strains.

Vancomycin readaptations
JE2 and L1REV-L10REV VISA revertants were propagated daily on increasing concentrations of vancomycin in TSB for 10 days in 6

replicate cultures each. Overnight cultures were diluted to 105 CFU/ml and used to inoculate a microtiter plate containing 0.25 to

0.5mg/L increments of vancomycin. After 18h at 37�C in a fixed incubator, the plates were visually inspected for growth. The highest
Current Biology 33, 3389–3397.e1–e5, August 21, 2023 e4
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concentration to which the strains grew (subMIC) was recorded, and this culture was used to inoculate amicrotiter plate containing a

fresh gradient of vancomycin concentrations. The cultures were regularly plated on TSA to visually check for contaminants.

Vancomycin, teicoplanin, hBD-3, nisin, clindamycin, oxacillin and daptomycin evolutions
Mu50 cultures were passaged daily in TSB, in TSB supplemented with concentrations of compounds that did not affect growth of

Mu50 (Low) or impaired growth of Mu50 (High). Concentrations used were as follows: vancomycin, 2mg/L; clindamycin,

0.015mg/L and 0.5mg/L; teicoplanin; 0.5mg/L and 1mg/L; nisin, 8mg/L and 16mg/L; hBD-3, 2mg/L and 4mg/L; oxacillin, 64mg/L

and 128mg/L; daptomycin, 0.5mg/L and 1mg/L. Cultures containing hBD-3 or daptomycin were supplemented with 30mM

NaHCO3 and 1.25mM CaCl2 respectively. Cultures were passaged in 200uL, a low volume chosen due to the high cost of hBD-3

and daptomycin, in microtiter plates at 37�C.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details of statistical tests can be found in the Figure legends, including the number of technical and biological replicates. All statistical

tests and plots were generated using GraphPad Prism version 9 for Mac, GraphPad Software, www.graphpad.com. The Pearson

correlation coefficient was used to determine the correlation between vancomycin susceptibility and doubling time of VISA strains

before and after passage in vancomycin-free medium (Figure 1C). The difference in vancomycin adaptability between vancomycin

naı̈ve strain JE2 and VISA revertants was tested by one way ANOVA (Figure 3C). Error bars throughout the study represent standard

deviations.
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