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SUMMARY
Microbiota promote host health by inhibiting pathogen colonization, yet how host-resident fungi or myco-
biota contribute to this process remains unclear. The human skin mycobiota is uniquely stable compared
with other body sites and dominated by skin-adapted yeasts of the genusMalassezia. We observe that colo-
nization of human skin by Malassezia sympodialis significantly reduces subsequent colonization by the
prominent bacterial pathogen Staphylococcus aureus. In vitro,M. sympodialis generates a hydroxyl palmitic
acid isomer from environmental sources that has potent bactericidal activity against S. aureus in the context
of skin-relevant stressors and is sufficient to impairS. aureus skin colonization. Leveraging experimental evo-
lution to pinpoint mechanisms of S. aureus adaptation in response to antagonism by Malassezia, we identi-
fied multiple mutations in the stringent response regulator Rel that promote survival against M. sympodialis
and provide a competitive advantage on human skin whenM. sympodialis is present. Similar Rel alleles have
been reported in S. aureus clinical isolates, and natural Rel variants are sufficient for tolerance to
M. sympodialis antagonism. Partial stringent response activation underlies tolerance to clinical antibiotics,
with both laboratory-evolved and natural Rel variants conferring multidrug tolerance in a manner that is
dependent on the alternative sigma factor SigB. These findings demonstrate the ability of the mycobiota
to mediate pathogen colonization resistance through generation of a hydroxy palmitic acid isomer, identify
new mechanisms of bacterial adaptation in response to microbiota antagonism, and reveal the potential
for microbiota-driven evolution to shape pathogen antibiotic susceptibility.
INTRODUCTION

Staphylococcus aureus is the primary cause of skin and soft tis-

sue infections, resulting in approximately 500,000 hospitaliza-

tions annually in the United States,1 and in 2019 was associated

with more than one million deaths globally.2 Despite the ability of

S. aureus to thrive within wounds and to colonize the nares,

colonization of most healthy skin sites occurs transiently.3,4 Fea-

tures of healthy skin contribute to this colonization deficiency,

including acidic pH, antimicrobial fatty acids, and host-produced

antimicrobial peptides (AMPs).5–7 Additionally, skin-resident

bacteria inhibit pathogen colonization, a process referred to as

colonization resistance.8 Microbial factors inhibit S. aureus
All rights are reserved, including those
directly,9,10 disrupt biofilm formation,11 activate host defenses,12

or modulate S. aureus virulence.13,14 The application of a natu-

rally antagonistic skin-resident bacteria is in clinical trials to treat

S. aureus colonization in atopic dermatitis.15

Despite examples of bacteria-mediated colonization resis-

tance,8 and the critical need for novel antimicrobials,16 little is

known about how skin-resident fungi contribute to pathogen

defense. Human skin contains a larger proportion of fungi

compared with other body sites.17,18 This skin mycobiota is

largely dominated by a single genus of yeast, Malassezia.19,20

Ubiquitous colonizers of mammalian skin, Malassezia are well-

adapted to the dermal environment. They have some of the

smallest genomes of free-living fungi, a characteristic of host
Current Biology 35, 1–16, May 19, 2025 ª 2025 Elsevier Inc. 1
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niche specialization.21,22 They have horizontally acquired ge-

netic material from skin-resident bacteria, which may contribute

to niche-specific adaptation.21,23 And, they have lost the ability

to produce fatty acids de novo and are dependent on exogenous

lipid sources, such as those abundant on skin.21,24 As these

yeasts likely adapted to colonize skin in the presence of othermi-

crobes, we hypothesized that Malassezia have evolved strate-

gies to thrive in polymicrobial communities. Consistent with

this hypothesis,Malassezia globosa secretes a protease capable

of disrupting S. aureus biofilms,25 and recent studies suggest a

possible protective role for Malassezia against colonization by

the fungal pathogenCandida auris.26,27 Beyond these examples,

it is unknownwhetherMalassezia produce other antimicrobial ef-

fectors capable of inhibiting bacterial colonization or how patho-

gens adapt to antagonists within the microbiota.

Here, we use human skin biopsies from healthy donors and

in vitro host-like conditions to investigate the ability ofMalassezia

to inhibit S. aureus growth and skin colonization. We further

investigate the potential for microbiota antagonism to shape

pathogen evolution by selecting for tolerance in S. aureus

exposed to Malassezia antimicrobial products. We report that

Malassezia sympodialis antagonizes S. aureus through genera-

tion of 10-hydroxy palmitic acid (10-HP). Long-term exposure

to M. sympodialis antagonism selects for heritable tolerance in

S. aureus through activation of the stringent response (SR) that

concomitantly results in tolerance to clinical antibiotics. This

work proposes that skin-resident fungi contribute to colonization

resistance by transforming environmental lipids to antimicrobial

hydroxy fatty acids, highlighting the important role that often-

overlooked fungi play at the interface of the microbiota and

host health. Furthermore, our findings illustrate the potential for

intermicrobial antagonism to shape pathogen evolution, with

consequences for antibiotic susceptibility.

RESULTS

M. sympodialis inhibits S. aureus growth in vitro

To determine whetherMalassezia can alter S. aureus growth, we

selected a clinical isolate of S. aureus, NRS193, as our wild-type

(WT) strain. This community-associated, methicillin-resistant

S. aureus (CA-MRSA) strain was selected because it is closely

related to the reference strain MW2, is not laboratory adapted,

and did not originate from a skin infection.28 We inoculated

NRS193 adjacent to 72 h colonies ofM. sympodialis,Malassezia

furfur, or Malassezia pachydermatis grown on mDixon. This me-

dia is used to culture fastidiousMalassezia and recapitulates the

lipid-rich skin environment. After 24 h, only M. sympodialis in-

hibited S. aureus growth (Figure 1A). M. sympodialis is one of

the three most prevalent Malassezia species on healthy human

skin, whereas M. furfur is less prevalent but more easily cultura-

ble.21 M. pachydermatis commonly colonizes non-human mam-

mals.29 M. sympodialis did not impact growth of Escherichia coli

or the skin commensal Staphylococcus hominis (Figure 1B). To

determine whether Malassezia impacts S. aureus growth when

inoculated simultaneously, we establishedmixed colony biofilms

on mDixon of S. aureus with M. sympodialis, M. furfur, or

M. pachydermatis. Only co-culture with M. sympodialis signifi-

cantly reduced S. aureus recovery compared with S. aureus

monoculture after 6 days (Figure 1C). Similar results were
2 Current Biology 35, 1–16, May 19, 2025
observed with modified potato dextrose agar (mPDA)30 (Fig-

ure S1A). Collectively, we conclude that M. sympodialis can

antagonize S. aureus in vitro.

M. sympodialis inhibits S. aureus colonization of human
skin
We hypothesized thatM. sympodialis colonization of human skin

would reduce subsequent S. aureus colonization. Human skin

biopsies are used to study host-microbe interactions, including

host-Malassezia interactions.31–33 These biopsies are viable,

full-thickness human skin that contain skin appendages and tis-

sue-resident leukocytes.32 Presurgical sterilization abolishes the

existing microbiome, as plating on non-selective media showed

no microbial growth. We inoculated biopsies, prepared from

abdominal skin of four donors, withM. sympodialis or the vehicle

PBS (Figure 1D).M. sympodialiswas labeled with a cell wall stain

to visualize colonization (Figures 1E and S1B). 6 days after

M. sympodialis or PBS inoculation, all biopsies were inoculated

with S. aureus-expressing GFP. After 24 h of S. aureus coloniza-

tion, biopsies were physically disrupted to remove S. aureus.

Biopsies pre-colonized with M. sympodialis had significantly

less S. aureus colonization compared with biopsies with PBS

(Figures 1F and 1G). These findings suggest, consistent with

our in vitro observations, that M. sympodialis antagonizes

S. aureus on skin.

M. sympodialis produces potent bactericidal products
active against S. aureus
Skin-resident bacteria secrete antimicrobial compounds

capable of inhibiting S. aureus growth9,10,15,34 and reducing

virulence.13,14 Initial in vitro experiments suggest the

M. sympodialis antimicrobial effector is extracellular (Figure 1A).

To confirm this, we grew M. sympodialis in monoculture and

collected cell-free supernatant (CFS) after 96 h. Compared

with pH-matched media controls, M. sympodialis-CFS from

mDixon showed dose-dependent antimicrobial activity against

S. aureus after 2 h (Figure 2A), with �1,000-fold reduction in

viability with 50% M. sympodialis-CFS. When M. sympodialis

is grown in modified potato dextrose broth (mPDB) or synthetic

sebum media, a 24 h M. sympodialis-CFS treatment reduces

S. aureus colony-forming units (CFUs) by 1,000-fold relative

to controls (Figures S1C and S1D). This suggests that media

components can alter antimicrobial production or exacerbate

in vitro potency.

We opted to continue with M. sympodialis-CFS prepared

from mDixon and monitored antibacterial activity of 50%

M. sympodialis-CFS over 24 h with four S. aureus strains.

With two methicillin-sensitive (MSSA) and two methicillin-resis-

tant (MRSA) S. aureus strains, we observed rapid killing during

the first 2 h of 50% M. sympodialis-CFS treatment (100- to

1,000-fold reduction), followed by a gradual reduction in

viability from 2 to 24 h (Figure 2B). We observed no S. aureus

growth in pH-matched media (pH 5.5) over 24 h, despite

S. aureus growing in mDixon at pH 6 (Figure S1E). Because

we observed reproducible, rapid killing in the first 2 h of treat-

ment, we selected 2 h treatment with 50% M. sympodialis-

CFS for future experiments.

We next assessed whether M. sympodialis-CFS can reduce

S. aureus colonization on human skin. We inoculated human



Figure 1. Malassezia sympodialis inhibits S. aureus in vitro and on human skin

(A and B) Representative images of S. aureusNRS193, E. coliNissle, or S. hominis SK119 24 h growth adjacent toM. sympodialis,M. furfur, or M. pachydermatis

grown on mDixon for 72 h.

(C) S. aureus NRS193 CFUs after 6 days of colony biofilm growth alone or withM. sympodialis,M. furfur, orM. pachydermatis. One-way ANOVA with Dunnett’s

multiple comparisons test. Data pooled from three separate experiments; each point represents one biofilm (n = 9 per condition). Four biofilms with

M. sympodialis had no recovered S. aureus above the limit of detection (200 CFUs/mL).

(D) Experimental design for M. sympodialis and S. aureus co-colonization of human skin biopsies.

(E) Representative maximum projection images of day 7 skin surface colonized with M. sympodialis (cyan) and/or S. aureus (green).

(F) Recovered S. aureus CFUs per human skin biopsy from four skin donors. Each point is the average for each condition for each donor. Colors correspond to

donor. Paired t test.

(G) Recovered S. aureus CFUs per human skin biopsies separated by individual donors; each point represents a biopsy. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. Error bars indicate SEM. See also Figures S1A and S1B.
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skin biopsies with S. aureus for 24 h before treating with pH-

matched media or M. sympodialis-CFS for 24 h. Biopsies

were disrupted to recover S. aureus, and we observed a signif-

icant reduction in S. aureus from biopsies treated with

M. sympodialis-CFS compared with the control (Figure 2C).

Of note, the skin colonization experiment was performed with

an S. aureus strain expressing red fluorescent protein (RFP),

which is susceptible to M. sympodialis-CFS (Figure S2A), but

similar results are observed with S. aureus NRS193 (Figure
S2B). Together, these data indicate that M. sympodialis

cultured in vitro produces extracellular antimicrobials with

bactericidal activity against S. aureus that can reduce coloniza-

tion on human skin.

Skin commensal staphylococci have reduced
susceptibility to M. sympodialis extracellular products
S. aureus only transiently colonizesmost healthy epidermal sites,

and stable colonization occurs predominantly in the anterior
Current Biology 35, 1–16, May 19, 2025 3



Figure 2. M. sympodialis produces bactericidal products with activity against S. aureus

(A) S. aureus NRS193 CFUs after treatment with CFS collected from M. sympodialis (Ms-CFS). Data from three experiments.

(B) S. aureus CFUs from four strains (2 MSSA: diamond, square; 2 MRSA: triangle, circle) over 24 h in of 50% Ms-CFS (orange) or pH-matched media control

(gray).

(C) S. aureus CFUs (RFP-expressing strain) recovered from skin biopsies after 24 h colonization followed by 24 h treatment with Ms-CFS or pH-matched media.

Each point represents the average across biopsies for a single donor. n = 4 donors. Paired t test.

(D) Log transformed ratio of staphylococcal CFUs from 2 h Ms-CFS treatment relative to control (media). Rows correspond to CFS from five M. sympodialis

strains. Columns correspond to different staphylococci. Dark gray squares indicate where CFUs from the Ms-CFS treatment were below the limit of detection.

(E) S. aureus CFUs after 2 h MS-CFS treatment (orange) or pH-matched media (gray) from pH 5.5 to 6.0. Data from three experiments. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. Error bars indicate SEM.

See also Figures S1C–S1E and S2.
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nares, axillae, and groin.3,4 In contrast, coagulase-negative

staphylococci are members of the healthy skin microbiota,

including Staphylococcus epidermidis, Staphylococcus capitis,

and S. hominis.35 As Malassezia are the dominant fungal

colonizers of most skin sites, these yeasts likely coexist with

commensal staphylococci.19 Thus, we hypothesized that

commensal staphylococci would survive exposure to

M. sympodialis-CFS. We treated two S. hominis strains, two

S. capitis strains, six S. epidermidis strains, and eleven

S. aureus strains with M. sympodialis-CFS prepared from five

M. sympodialis strains. Most S. aureus strains showed greater

than 100-fold reduction in viability after 2 h M. sympodialis-

CFS treatment (Figure 2D). Only vancomycin intermediate

S. aureus (VISA) strains showed less than 100-fold reduction in

viability. In contrast, S, hominis and S. capitis were largely unaf-

fected byM. sympodialis-CFS, with less than a 10-fold reduction

in viability observed. S. epidermidis sensitivity varied, with some

strains experiencing�10-fold reduction, whereas others pheno-

typically resembledS. aureus (Figure 2D). These data are consis-

tent with the model that skin-resident staphylococci have strate-

gies to coexist with M. sympodialis.
4 Current Biology 35, 1–16, May 19, 2025
The antimicrobial activity of Malassezia extracellular
products requires an acidic environment
Skin is highly acidic compared with most other body sites, and

sebaceous sites in particular have a surface pH < 5.36 Acidity

contributes to the innate barrier defense of the epidermis against

S. aureus.6 M. sympodialis acidifies mDixon over 96 h, and prior

experiments with M. sympodialis-CFS were adjusted to pH 5.5

with a pH-matched media control. As shown in Figure 2B, S.

aureus viability gradually decreases over 24 h in mDixon media

at pH 5.5. We hypothesized this was due to the acidity, as

S. aureus grows in mDixon at pH 6 (Figure S1E). To alleviate

the media toxicity, we adjusted M. sympodialis-CFS and

pH-matched media to pH 6. Surprisingly, M. sympodialis-CFS

toxicity was abolished at pH 6 (Figure S2C). When tested over

a pH range from pH 5.5 to 6.0, 2 hM. sympodialis-CFS treatment

only reduced S. aureus viability by greater than 10-fold between

pH 5.5 and 5.6 (Figure 2E). Based on this result, we conclude that

M. sympodialis-CFS toxicity requires an acidic environment like

that which occurs on skin.

We suspect previous studies investigating Malassezia-

S. aureus interactions did not observe antagonism due to this
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unique pH sensitive activity.36–40 We thus revisited Malassezia

species unable to inhibit S. aureus when cultured together (Fig-

ure 1). M. furfur and M. pachydermatis do not acidify the CFS

to the same extend as M. sympodialis, but, when adjusted to

pH 5.5, the CFS from these species, as well as the two most

prevalent species, M. globosa and Malassezia restricta, are

able to kill S. aureus (Figures S2D and S2E). These data suggest

that antagonism of S. aureus through antimicrobial extracellular

products is conserved across multiple Malassezia species

and that the activity is uniquely active within the acidic skin

microenvironment.

M. sympodialis antimicrobial activity perturbs the cell
membrane and is exacerbated by skin-relevant
membrane stressors
Rapid killing of S. aureus by M. sympodialis-CFS appears to be

independent of bacterial growth, as S. aureus CFUs do not in-

crease within the 2-h exposure to the pH-matchedmedia control

(Figure 2B). Antimicrobials with rapid activity against non-

growing cells often target non-biosynthetic processes, such as

lipid membrane homeostasis.41 Additionally, acidic conditions

can exacerbate membrane stress.42 Thus, we hypothesized

that the M. sympodialis-CFS results in membrane perturbation.

As membranes become permeabilized, ATP and other cyto-

plasmic contents leak from the cell into the extracellular milieu.

Wemeasured the ratio of extracellular ATP (eATP) to intracellular

ATP (iATP) during 1 h exposure of S. aureus to M. sympodialis-

CFS. As S. aureus killing occurred, eATP/iATP increased,

consistent with membrane perturbation and cytoplasmic

leakage (Figure S2F). M. sympodialis-CFS-treated cells also

uptake the typically membrane-impermeable dye propidium

iodide (PI), indicative of compromised membrane integrity

(Figure S2G).

In addition to its acidity, the epidermis contains sodium

chloride from sweat and free fatty acids (FFAs) from sebum

that can impact bacterial membrane homeostasis.43 We sought

to determine whether these innate skin features impact

M. sympodialis-CFS toxicity to S. aureus. We applied a low,

nontoxic dose ofM. sympodialis-CFS (20%) over 2 h and added

subinhibitory concentrations of the FFAs lauric acid (LAU) or lino-

leic acid (LA). The addition of either FFA significantly enhanced

killing of S. aureus by the M. sympodialis-CFS but not in the

pH-matched media control (Figure S2H). Differences in FFA

abundance between media types could contribute to variation

in M. sympodialis-CFS potency. Similarly, addition of 100 mM

NaCl in 20% M. sympodialis-CFS significantly increased the

toxicity of the M. sympodialis-CFS treatment (Figure S2H).

Together, these data suggest that M. sympodialis antagonism

of S. aureus is especially potent within the skin microenviron-

ment and that the activity is exacerbated by membrane

stressors.

M. sympodialis produces an antimicrobial HP isomer
We next sought to identify the M. sympodialis antimicrobial

effector. The activity was not impacted by boiling, denaturing,

or protease treatment (Figure 3A). Thus, we hypothesized that

the effector was not proteinaceous. We attempted to estimate

the effector size using molecular weight cutoffs. Surprisingly,

pH altered the fraction where activity eluted. At pH �5.5,
M. sympodialis-CFS activity was retained >10 kDa, but at pH

7, M. sympodialis-CFS activity eluted <10 kDa (Figure S3A).

This suggested that the effector is less soluble at low pH and

that acid precipitation could be applied to precipitate the effector

for analysis by liquid chromatography-tandem mass spectrom-

etry (LC-MS/MS).

Hydrochloric acid was added to media orM. sympodialis-CFS

and the precipitate collected through centrifugation (Figure S3B).

The remaining liquid fraction, now termed the acid-precipitated

(AP-) fraction (AP-media or AP-CFS), was readjusted to pH 5.5

and assessed for antimicrobial activity. AP-media resembled

the media control with little impact on S. aureus viability. AP-

CFS was no longer toxic to S. aureus, indicating removal of

the effector in the precipitate (Figure 3B). To test whether

acid treatment compromised the effector, precipitates from

M. sympodialis-CFS (CFS-P) or media (media-P) were resus-

pended in DMSO and spiked into the media, AP-media, or AP-

CFS at 1% v/v. CFS-P, but not media-P, reduced S. aureus

viability by at least 1,000-fold (Figure 3C). Based on these re-

sults, LC-MS/MSwas performed to identify compound(s) specif-

ically enriched in CFS-P.

We detected a peakwith a higher intensity in CFS-P compared

with AP-CFS, whichwas also present inM. sympodialis-CFS and

absent in media controls (m/z 271.22, 9.5 min) (Figures S3C and

S3D). This peak was hypothesized to be a HP isomer, as sug-

gested by the LC-MS/MS dereplication tool, SIRIUS. To validate

that this compound was associated with CFS-P activity, we ob-

tained extracted ion chromatograms (EICs) for all samples atm/z

271.22 and identified peaks with the same mass at different

retention times in inactive samples, indicating the presence of

a different isomer in themedia (Figure S3D).We acquired purified

HPs and compared their mass fragment patterns and retention

times under identical LC-MS/MS analysis conditions. The isomer

detected in the media was confirmed to be 16-HP, abundant

in plant cuticles and likely introduced through malt extract in

the media (Figures S3E and S3G). The isomer unique to

M. sympodialis-CFS and CFS-P conditions was identified as

10-HP, as confirmed through comparative analysis with a

10-HP standard (Figures S3F and S3H). When spiked into AP-

CFS (where the effector was removed), 10-HP is antibacterial

against S. aureus at concentrations as low as 6.25 mg/mL after

4 h (Figure 3D). In contrast, palmitic acid or 16-HP at concentra-

tions 43 higher have negligible impacts on S. aureus viability

(Figures 3E and 3F).

Because S. hominis andS. capitis can tolerateM. sympodialis-

CFS (Figure 2D), we hypothesized that they would be tolerant to

10-HP. Exposure to purified 10-HP spiked into AP-CFS does not

impact either species over 4 h (Figure 3G). We next sought to

determine whether 10-HP could reduce S. aureus skin coloniza-

tion similar to M. sympodialis-CFS. After 24 h of S. aureus colo-

nization on skin, 10-HP was added for 24 h before S. aureus

was recovered. 10-HP treatment, but not 16-HP (Figure S3I),

significantly reduced S. aureus colonization; however, the

magnitude was less than observed forM. sympodialis-CFS (Fig-

ure 2C) or when co-colonized with M. sympodialis (Figures 1F

and 1G). We hypothesized additional stressors present in

M. sympodialis-CFS or induced byM. sympodialis on skin exac-

erbate 10-HP antibacterial activity. The exacerbation of

M. sympodialis-CFS toxicity by acidity, high salinity, and FFAs
Current Biology 35, 1–16, May 19, 2025 5



Figure 3. M. sympodialis produces antimicrobial 10-HP in vitro

(A) S. aureus CFUs following 2 h M. sympodialis-CFS (Ms-CFS) exposure or pH-matched control. PK, proteinase K.

(B) S. aureus CFUs following 2 h Ms-CFS exposure or pH-matched control after acid precipitation (precipitate removed) or untreated.

(C–F) (C) S. aureusCFUs following 2 h exposure tomedia, acid-precipitatedmedia (AP-media), or AP-CFSwith or without precipitate fromAP-media (media-P) or

AP-CFS (CFS-P). Percent survival of S. aureus recovered after 2 or 4 h exposure to 10-HP (D), PA (E), or 16-HP (F) relative to vehicle control in AP-CFS.

(G) Staphylococcus CFUs following 4 h 10-HP exposure in AP-CFS. Data from three experiments. One-way ANOVA with Dunnett’s multiple comparisons test.

(H) S. aureus CFUs recovered from skin biopsies after 24 h 10-HP treatment. Points represent biopsy average per donor; n = 3 donors. Paired t test. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars indicate SEM. See also Figures S3 and S4.
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supports this hypothesis (Figures 2E and S2H). Indeed, treat-

ment in tryptic soy broth (TSB), a lipid poor media, at neutral

pH only reduces S. aureus viability with 100 mg/mL 10-HP. In

contrast, S. aureus growth and viability are significantly reduced

with 25 mg/mL 10-HP in TSB at pH 5.5 (Figures S3J and S3K). In

further support of our hypothesis that 10-HP is exacerbated by

additional stressors in AP-CFS, cells in AP-CFS are positive for

PI staining for loss of membrane integrity in the absence of a

loss of viability (Figure S2G). Positive staining then significantly

increases with the addition of 10-HP.

Together, these data indicate that M. sympodialis produces

10-HP in vitro and that 10-HP has antimicrobial activity in the

presence of additional stressors. Notably, S. aureus has been

observed to generate 10-HP from palmitoleic acid (C16:1n � 7)

through its oleate hydratase.44 The authors expose S. aureus

to 30 mM 10-HP in standard laboratory conditions without

evident toxicity, and this is consistent with our observations

with 25 mg/mL 10-HP (�91 mM) in TSB pH 7.
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Spontaneous tolerance of S. aureus to M. sympodialis

coincides with tolerance to 10-HP and a competitive
advantage on Malassezia-colonized skin
Having identified 10-HP as the antimicrobial effector, we sought

to investigate its role in colonization resistance against S. aureus

on human skin (Figure 1). Genetic tools to characterize

M. sympodialis gene(s) involved in 10-HP production remain

limited. Therefore, we opted to use an isogenic S. aureus strain

set with and without sensitivity to 10-HP and compete these

strains on human skin in the presence and absence of

M. sympodialis. We isolated a strain of S. aureus NRS193

(named EVOL-D) that evolved spontaneous tolerance to

M. sympodialis in a 6-day mixed biofilm (Figure S4A). EVOL-D

also survives M. sympodialis-CFS treatment (Figure S4B),

suggesting toxicity is the same in mixed biofilms and

M. sympodialis-CFS. Importantly, when challenged with

10-HP, EVOL-D survives significantly better than the ancestral

strain (Figure 4A). EVOL-D colonies are small, hyperpigmented,



Figure 4. S. aureus mutations that activate the SR result in tolerance to Malassezia antimicrobial activity

(A) S. aureus percent survival following 4 h 10-HP treatment relative to control. Data from three experiments. One-way ANOVA with Dunnett’s multiple com-

parisons test.

(B) Competitive index for EVOL-D vs. WT (1:1) in vitro with M. sympodialis-CFS (Ms-CFS) (30%) and ex vivo on skin biopsies with and without M. sympodialis.

Ex vivo points represents biopsy average per donor. Paired t test.

(C) S. aureus CFUs from serial passaging in pH-matched mDixon (control) or Ms-CFS (Rep A–C).

(D) S. aureus CFUs from WT or evolved isolates after exposure to media or Ms-CFS. Data from three experiments.

(E) Diagram of S. aureus Rel with approximate locations of evolved Rel alleles.

(F) S. aureus CFUs following 2 h Ms-CFS treatment from exponential or stationary phase. Data from two experiments.

(G) Survival of S. aureus after 2 h Ms-CFS treatment in the presence or absence of mupirocin. Data from two experiments.

One-way ANOVA with Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars indicate SEM. See also Figures S4 and

S5A–S5F and Table S1.
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and easily distinguishable from WT (Figure S4C). We mixed

WT and EVOL-D 1:1 and treated them with a low concentration

of M. sympodialis-CFS (30%) for 2 h. As expected, EVOL-D

had a significant competitive advantage against WT in

M. sympodialis-CFS compared with controls (Figure 4B). When

the strains were competed 1:1 on human skin in the presence

or absence of M. sympodialis, EVOL-D showed a significant

competitive advantage over WT on Malassezia-colonized skin

compared with the control (Figure 4B). These data support the

hypothesis that 10-HP contributes toMalassezia-mediated colo-

nization resistance on human skin.

S. aureus evolves tolerance to M. sympodialis

antagonism through mutations in the SR regulator Rel
To dissect the mechanism of tolerance to M. sympodialis and

10-HP, we applied experimental evolution to select for

S. aureus tolerance to M. sympodialis-CFS. Here, S. aureus

NRS193 was exposed to M. sympodialis-CFS for 12 passages,
where surviving cells were recovered between each passage in

TSB. This was performed with three independent populations

(Rep A, Rep B, and Rep C) (Figure 4C). A control population seri-

ally exposed to pH-matched media was performed in parallel.

From passage 12, we isolated M. sympodialis-CFS tolerant col-

onies from each population (Rep A: EVOL-A, Rep B: EVOL-B,

Rep C: EVOL-C) (Figure 4D). EVOL-A was also more tolerant to

mPDBM. sympodialis-CFS and CFS from otherMalassezia spe-

cies (Figures S4D and S4E), suggesting that underlying toxicity is

similar regardless of media type or Malassezia species.

We next performed genome sequencing to identify mecha-

nisms underlying phenotypic tolerance. In each M. sympodialis-

CFS-evolved tolerant strain, we identified mutations in the C-ter-

minal regulatory domain of the SR regulator Rel (Figure 4E;

Table S2). EVOL-D also had a Rel mutation in the N-terminal

hydrolase domain (Figure 4E). Notably, isolates from the final

passage of the Rep A population lacking M. sympodialis-CFS

tolerance encoded the ancestral rel allele (Figure S4F). We
Current Biology 35, 1–16, May 19, 2025 7
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performed the same evolution experiment with a USA300 clinical

isolate and again observed a mutation in rel associated with toler-

ance (Figures S4G and S4H) (Table S2). Like EVOL-D, evolved

M. sympodialis-CFS tolerance in EVOL-A coincided with 10-HP

tolerance (Figure 4A). Together, these data suggest thatmutations

in the SR regulator Rel contribute to S. aureus survival during

M. sympodialis antagonism.

Partial activation of the SR results in S. aureus tolerance
to M. sympodialis antagonism
SR is typically activated in response to starvation, where Rel

interacts with stalled ribosomes, allowing for synthesis of

50-diphosphate 30-diphosphate (ppGpp) or 50-triiphosphate
30-diphosphate (pppGpp), also referred to as (p)ppGpp or alar-

mones.45 In S. aureus, rel is a conditionally essential gene due

to the requirement for a functional hydrolase domain that re-

duces the alarmone pool, which, if too high, stalls bacterial

growth.46,47 Mutations that partially activate SR have been

described previously to mediate antibiotic tolerance; however,

we are unaware of reports where SR facilitates tolerance to inter-

microbial antagonism or antimicrobial fatty acids.48

Stationary phase growth or treatment with mupirocin during

the exponential phase activate SR in S. aureus.49–51 Prior

experiments were performedwith S. aureus from the exponential

phase. To determine whether SR activation promotes S. aureus

tolerance to M. sympodialis-CFS, we exposed WT stationary

phase cells and exponential phase cells induced with mupirocin

to M. sympodialis-CFS. Stationary phase cells tolerated

M. sympodialis-CFS treatment, with only �10-fold reduction in

viability (Figure 4F). Similarly, exponential phase cells treated

with increasing levels of mupirocin were able to now tolerate

M. sympodialis-CFS (Figure 4G), suggesting SR activation is suf-

ficient for M. sympodialis-CFS tolerance.

SR activation in MRSA strains results in homogeneous resis-

tance to b-lactams, evident by increased population growth at

higher doses of b-lactams.52 The minimum inhibitory concentra-

tion (MIC) of oxacillin for NRS193 is 2–4 mg/mL, whereas the MIC

for EVOL-A and EVOL-D is 16–32 mg/mL oxacillin. Additionally,

M. sympodialis-CFS-tolerant strains grow significantly more

than WT with 4 mg/mL oxacillin (Figures S5A and S5B). These

data support the hypothesis that SR is partially activated under

basal conditions in EVOL-A and EVOL-D. Homogeneous resis-

tance relies on increased MecA expression, so we deleted

mecA in EVOL-A to assess its role in M. sympodialis-CFS toler-

ance.53 Although loss of mecA reduced growth with oxacillin,

M. sympodialis-CFS tolerance was unaffected (Figures S5C

and S5D).

We next quantified pppGpp at basal state and after SR

induction.49 Under basal conditions, pppGpp was below the

level of detection in all strains, but, after induction, EVOL-D

showed a significant increase in pppGpp compared with WT

(Figures S5E and S5F). This is consistent with another character-

ized rel allele (F128Y) that leads to SR activation and alarmone

accumulation.48 In contrast, EVOL-A, with a truncated C termi-

nus, did not produce pppGpp at levels increased from WT after

induction (Figures S5E and S5F), most likely because Rel can no

longer interact with ribosomes to sense and respond to amino

acid starvation. The observation that all strains had undetectable

alarmone levels at basal state reflects the sensitivity of the assay
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and that even elevated alarmones in tolerant strains must be low

enough to allow S. aureus growth. Based on the phenotyping

data, we conclude the evolved tolerant strains have a constitu-

tive, partial SR activation.

Laboratory-evolved rel alleles are necessary and
sufficient for S. aureus tolerance to M. sympodialis

extracellular products
To confirm that themutated rel alleles are necessary and sufficient

for M. sympodialis-CFS tolerance, we generated allele swaps.

When the ancestral WT rel allele was replaced with the EVOL-A

allele (Q672*, WTRel-A) or the EVOL-D allele (L127V, WTRel-D), the

strains survived significantly better in M. sympodialis-CFS (Fig-

ure 5A) and displayed homogeneous b-lactam resistance (Fig-

ure S5G). Similarly, when EVOL-A and EVOL-D rel alleles were re-

placed with WT (EVOL-ARel-WT and EVOL-DRel-WT) there was a

significant reduction in M. sympodialis-CFS survival (Figure 5A)

and a concomitant loss of homogeneous b-lactam resistance

(Figure S5G). These data indicate that the evolved rel alleles

are necessary and sufficient for survival when exposed to

M. sympodialis products.

Rel alleles from natural S. aureus strains confer
tolerance to M. sympodialis antagonism
Rel mutations have been identified in S. aureus clinical

strains.48,54,55 One of the first characterized natural Rel

mutations, F128Y, was identified from a case of persistent

bacteremia and associated with multidrug tolerance.48 F128Y

is one position away from the L127V mutation in EVOL-D (Fig-

ure 5B). We sought to determine whether natural Rel variants

impacted M. sympodialis-CFS and 10-HP tolerance. As ex-

pected, based on similarity to EVOL-D, replacing the ancestral

allele with the F128Y allele in NRS193 increased growth in

oxacillin (Figure S5H), increased survival in M. sympodialis-

CFS (Figure 5C), and reduced 10-HP sensitivity (Figure 5D). In

the case of F128Y and L127V, we expect that these alleles

reduce hydrolase activity, resulting in elevated (p)ppGpp.48

Natural Rel variants with mutations near or within the C-termi-

nal ACT domain (Figure 5B) have also been described recently.55

Truncation of the ACT domain may lead to SR activation by abol-

ishing ligand binding, which modulates hydrolase activity.56–58

We queried the NCBI Identical Protein Groups database for

Rel alleles with C-terminal truncations (Table S3). We selected

three truncation alleles, A567*, E657*, and D11 bp, which results

in truncation at position 658 (D11 bp, 658*) (Figure 5B). We re-

placed the NRS193 WT rel allele with these variants and all three

increased survival in oxacillin, M. sympodialis-CFS, and 10-HP

(Figures 5C, 5D, and S5H). The fact that these natural Rel vari-

ants lead to S. aureus tolerance to M. sympodialis antagonism

suggests that SR activation could concomitantly result in

S. aureus overcoming microbiota-mediated colonization resis-

tance or that microbiota antagonism can select for mutations

conferring SR activation, with consequences for antibiotic

treatment.59

Laboratory-evolved rel alleles increase S. aureus

tolerance to clinical antibiotics
We sought to determine whether the evolved Rel alleles, Rel-A

(Q672*) and Rel-D (L127V), impacted antibiotic tolerance similar



Figure 5. Natural Rel variants that activate the SR confer tolerance to Malassezia, 10-HP, and clinical antibiotics

(A) S. aureus CFUs following 2 h M. sympodialis-CFS (Ms-CFS) treatment (orange) or pH-matched media control (gray). Rel-WT: NRS193 allele, Rel-A: EVOL-A

Q672* allele, and Rel-D: EVOL-D L127V allele. Data from three experiments.

(B) Diagram of S. aureus Rel with natural alleles.

(C) S. aureus CFUs following 2 h Ms-CFS treatment (orange) or exposure to pH-matched media controls (gray). Alleles correspond to natural Rel alleles in (B).

(D) S. aureus CFUs following 4 h 10-HP treatment (orange) or vehicle control (gray). Data pooled from three experiments.

(E) Time-kill assays for S. aureus strains exposed to vancomycin (1 mg/mL), ciprofloxacin (0.5 mg/mL), or daptomycin (100 mg/mL). Dashed lines indicate the

percent survival at which MDK was calculated. Data represent the mean from three or four experiments.

(F) MDK values from curves in (E).

One-way ANOVA with Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars indicate SEM. See also Figures S5G and

S5H and Table S2.
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to F128Y.48 We also included the natural variant E657*, as C-ter-

minal Rel mutations have an unclear role in multidrug tolerance.

We calculated the minimum duration of killing (MDK), the gold

standardmethod for quantifying antibiotic tolerance.60,61 As pre-

viously reported, F128Y is sufficient to significantly increase

tolerance to vancomycin (MDK90), ciprofloxacin (MDK90), and

daptomycin (MDK99) (Figures 5E and 5F).48,61 Our laboratory-

evolved hydrolase allele, Rel-D/L127V, similarly increased
tolerance to each antibiotic (Figures 5E and 5F). The C-terminal

alleles also significantly increased tolerance to all three antibi-

otics, and although the magnitude of tolerance was similar be-

tween them, the C-terminal truncations appear to be marginally

less tolerant than the N-terminal hydrolase alleles (Figures 5E

and 5F). These data demonstrate that truncations at the C termi-

nus of S. aureus Rel, as small as 57 amino acids (Q672*), are suf-

ficient for multidrug tolerance. Additionally, our findings extend
Current Biology 35, 1–16, May 19, 2025 9



Figure 6. Increased SigB activity contributes to 10-HP and antibiotic tolerance in strains with partial SR activation

(A) S. aureus CFUs following 4 h 10-HP treatment or vehicle control for WT, DcodY, or DsigB. Data from three experiments.

(B–C) Activity of SigB transcriptional reporter (Pasp23-YFP). Data from six experiments.

(D) S. aureus CFUs following 4 h 10-HP treatment or vehicle control. Data from three experiments.

(E) Time-kill assays for S. aureus exposed to vancomycin (1 mg/mL) or daptomycin (100 mg/mL). Dashed lines indicate percent survival where MDK was

calculated. Data represent mean from three experiments.

(F) MDK values extrapolated from curves in (E).

One-way ANOVA with Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All error bars indicate SEM. See also Figure S6.
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this tolerance from clinical antibiotics to include microbiota-

derived antimicrobials.

Activation of the alternative sigma factor SigB is
necessary for 10-HP and antibiotic tolerance in partially
stringent strains
SR-induced multidrug tolerance was previously suggested to

result from extended lag phase, amechanism that underlies anti-

biotic tolerance across diverse bacteria.60 Rel-A and Rel-D

marginally reduce the S. aureus growth rate compared with

WT in TSB during the first 4 h of growth (Figure S6A). Yet,

M. sympodialis-CFS killing occurs rapidly without measurable

S. aureus growth. Thus, we sought to determine what factors

downstream of SR activation contribute to S. aureus tolerance

to 10-HP and clinical antibiotics. A hallmark of SR in S. aureus

is de-repression of the transcriptional repressor CodY,62

but deletion of codY in the WT strain does not impact

M. sympodialis-CFS (Figure S6B) or 10-HP sensitivity (Figure 6A).

SR activation of alternative sigma factors is characteristic of
10 Current Biology 35, 1–16, May 19, 2025
Gram-negative bacteria, but it remains unclear how SR in

Gram-positive bacteria impacts alternative sigma factors (e.g.,

SigB).46 In S. aureus, SigB regulates production of the pigment

staphyloxanthin, but although the evolved strains are hyperpig-

mented, the pigment itself is not necessary for M. sympodialis-

CFS or 10-HP tolerance (Figures S6C–S6E).63 We hypothesized

that hyperpigmentation indicates elevated SigB activity and that

this activity contributes to the tolerant state. In support of this,

loss of sigB in the WT strain increases 10-HP sensitivity

(Figure 6A).

We generated a transcriptional reporter for SigB activity using

the asp23 promoter.63 In EVOL-A, at basal state, SigB activity is

significantly increased compared with WT and EVOL-A lacking

sigB (Figure 6B). Similarly, SigB activity is significantly increased

in strains with natural Rel variants (WTE657* and WTF128Y) (Fig-

ure 6C). To determine whether increased SigB activity contrib-

utes to 10-HP andM. sympodialis-CFS tolerance, we generated

sigB deletions in each Rel mutant background. When challenged

with 10-HP (Figure 6D) or M. sympodialis-CFS (Figure S6F),
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strains lacking sigB were resensitized and resembled WT. Simi-

larly, in WTF128Y, sigB is necessary for the enhanced tolerance to

vancomycin and daptomycin (Figures 6D and 6E) but not cipro-

floxacin (Figures S6G and S6H). SigB activity has previously

been linked to antibiotic tolerance, and our data now highlight

its important contribution to tolerance during partial SR activa-

tion.64 Together, these results demonstrate the ability of skin-

resident fungi to promote colonization resistance against

S. aureus, as well as genetic mechanisms by which S. aureus

adapts in the face of fungal antagonism.

DISCUSSION

Recent studies reveal that host-resident fungi, despite their rela-

tively low abundance, have major impacts on host health.65 But

although several studies have identified mycobiota impacts on

bacterial communities or dysbiosis in animals,66,67 few studies

report a role for fungi in colonization resistance.25,68 This is

despite examples in other systems, such as the cheese micro-

biota, where fungi have been observed to impact bacteria

growth, survival, and antimicrobial susceptibility.69,70

Human skin hosts a uniquemycobiota dominated byMalasse-

zia.20 Although Malassezia have been associated with several

skin diseases, such as pityriasis versicolor and seborrheic

dermatitis,71 they typically colonize skin without inducing dis-

ease. This has led many to hypothesizeMalassezia have a mutu-

alistic relationship with the host, where these lipid-dependent

yeasts thrive within the lipid-rich niche and benefit the host by

inducing AMPs.72,73 In addition to host-fungal interactions, ob-

servations support an important role for Malassezia interactions

with othermicrobes. For example, in atopic dermatitis, an inflam-

matory disease associated with S. aureus skin colonization,

non-Malassezia fungal diversity is reportedly increased relative

to healthy controls.74 Additionally, M. globosa secretes a prote-

ase capable of degrading S. aureus biofilms.25 Our results iden-

tify a beneficial role for Malassezia on human skin, where

M. sympodialis colonization significantly reduces the ability of

S. aureus to colonize the human epidermis (Figure 1). Given

the prevalence of Malassezia within the mammalian skin micro-

biota, we are likely just scratching the surface of its roles in

shaping microbial interactions and colonization resistance in

this niche.

As Malassezia lack the ability to generate fatty acids de novo,

the production of 10-HP must require transformation of exoge-

nous lipids. Thus, 10-HP production is likely dependent on the

lipid environment and may differ between in vitro media and

skin microenvironments. It is noteworthy that the generation of

extracellular hydroxy fatty acids has been reported previously

for M. furfur (then Pityrosporum ovale), where 9-HP and

9-hydroxy stearic acid are produced from stearic acid.75 Like

10-HP, we found that 9-HP has antimicrobial activity that is pH

dependent (Figures S3L and S3M). Future work will focus on

characterizing lipid precursors and yeast genes necessary for

10-HP production.

Transformation of host metabolites, such as lipids, into medi-

ators of intermicrobial antagonism, such as 10-HP, is consistent

with colonization resistance through niche modification.76 To

date, most colonization resistance mechanisms described on

skin are examples of active antagonism through the production
of proteases, AMPs, or antibiotics.9,25,76 FFAs on skin result

from lipolysis by the microbiota, and these can impact microbial

colonization and skin barrier integrity.77 We propose thatMalas-

sezia mediate colonization resistance through chemical modifi-

cation of these FFAs, introducing a new layer to this model that

likely has implications for other skin residents. Analogous niche

modification mechanisms are well documented at other body

sites with impacts on microbiota and host cell functions. For

example, the intestinal microbiota modifies host bile acids,

generating diverse, chemically distinct compounds that

contribute to colonization resistance, promote host health, and

drive disease.78 How host state, skin microenvironment, and mi-

crobiota composition impact the transformation of skin lipids

into bioactive compounds, such as hydroxy fatty acids, and

the impacts of these compounds on overall health are areas of

future research.

The pH-dependent activity of 10-HP, and 9-HP, might

contribute to the observation that S. aureus and Malassezia

can co-colonize the anterior nares and the skin of atopic derma-

titis patients, where the pH is less acidic than other, healthy

epidermal regions.36,74,79,80 The contribution of pH to 10-HP

toxicity remains unclear, but possible explanations are that acid-

ity induces membrane stress or facilitates interaction of 10-HP

with the membrane. The pH requirement likely explains

why 10-HP has not been reported as antimicrobial and why

S. aureus can produce 10-HP itself through oleate hydratase ac-

tivity in the presence of palmitoleic acid.44 Notably, palmitoleic

acid is more toxic to S. aureus at low pH.81 It is tempting to

speculate that this is due to oleate hydratase detoxification

generating 10-HP, which is itself toxic in these conditions. The

conditional toxicity of 10-HP builds upon a growing literature of

antimicrobials with limited activity in standard laboratory

conditions.82–84

The observation that skin residentsS. hominis andS. capitis are

not sensitive toM. sympodialis or 10-HP presents an opportunity

to investigate the antimicrobial mechanism. The SR is highly

conserved, and Rel sequences of S. aureus, S. capitis, and S.

hominisdonot reveal obvious differences thatwould impact activ-

ity (e.g., truncations). As tolerance to M. sympodialis-CFS and

10-HP in our evolved strains depends on SigB, it is likely that other

mechanisms downstream of Rel/SigB differ between these spe-

cies. One area of interest is the fates of extracellular fatty acids.

Recently, a b-oxidation pathway for fatty acid catabolism was

described in S. aureus with a preference for palmitic acid.85

BLAST analyses reveal that homologs of these genes (fadXDEBA)

are likely absent from many other staphylococci, including

S. hominis andS. capitis. Exogenous fatty acids can also be incor-

porated into phospholipids through the action of fatty acid kinase

(FakA).86 Although FakA is conserved across staphylococci, in-

duction of Rel synthetase activity in S. aureus was previously

shown to significantly reduce mRNA expression of fakA and in-

crease fadX expression.46 This suggests that the fates of extracel-

lular fatty acids differ between staphylococci and during SR, and

this may directly impact 10-HP sensitivity.

Antibiotic tolerance describes the ability of a microorganism

to survive during transient exposure to a high dose of an anti-

biotic.61 Transient, non-heritable antibiotic tolerance in S. aureus

is known to be induced by several host-relevant conditions in

the absence of clinical antibiotics, including human serum,87 the
Current Biology 35, 1–16, May 19, 2025 11
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macrophage phagolysosome,88 and growth as a biofilm.89 Addi-

tionally, co-culture of S. aureus with C. albicans in a dual species

biofilm was observed to significantly increase S. aureusmultidrug

tolerance compared with S. aureus mono-species biofilms.90,91

Inducers of heritable antibiotic tolerance in S. aureus are less

well characterized, and it remains an open question whether,

and to what degree, antagonism by other microbes selects for

heritable antibiotic tolerance in the absence of antibiotics. A pre-

vious study observed that bacteriocin-producing subpopulations

of S. aureus could select for vancomycin tolerance in bacteriocin

non-producers.92 Our in vitro studies build upon this literature to

support the hypothesis that intermicrobial antagonismhas the po-

tential to select for stable, heritable antibiotic tolerance in bacterial

pathogens such as S. aureus.

Although additional studies are necessary to determine how

Malassezia shapes S. aureus adaptation on a host, our results

suggest that natural variation, evident in S. aureus strains and

genomic data, is sufficient for tolerance to a broad range of an-

timicrobials. This poses the question of how broad tolerance

mechanisms could evolve from intermicrobial antagonism, with

consequences for antibiotic treatment. Additionally, how Malas-

sezia shapes the skin microbiota remains an open question, but

the observation thatS. hominis andS. capitis can tolerate growth

with M. sympodialis and 10-HP suggests that mechanisms of

tolerance exist that allow these organisms to co-colonize.

Collectively our findings support a model whereby the skin-resi-

dent yeast M. sympodialis transforms environmental lipids into

antimicrobial hydroxy fatty acids, such as 10-HP, that contribute

to colonization resistance against S. aureus and simultaneously

select for broad antibiotic tolerance.
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Staphylococcus aureus NRS193, EVOL-A DmecA This paper N/A

Staphylococcus aureus NRS193, WTRel-A This paper N/A

Staphylococcus aureus NRS193, WTRel-D This paper N/A

Staphylococcus aureus NRS193, EVOL-ARel-WT This paper N/A

Staphylococcus aureus NRS193, EVOL-DRel-WT This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Staphylococcus aureus NRS193, WTF128Y This paper N/A

Staphylococcus aureus NRS193, WTA567* This paper N/A

Staphylococcus aureus NRS193, WTE657* This paper N/A

Staphylococcus aureus NRS193, WTD11bp, 658* This paper N/A

Staphylococcus aurues NRS193, S. aureusGFP This paper N/A

Staphylococcus aureus HFH-29568, USA300 CFSR This paper N/A

Staphylococcus aureus NRS193, DcodY This paper N/A

Staphylococcus aureus NRS193, EVOL-A DcrtM This paper N/A

Staphylococcus aureus NRS193, WT Pasp23-YFP This paper N/A

Staphylococcus aureus NRS193, EVOL-A Pasp23-YFP This paper N/A

Staphylococcus aureus NRS193, EVOL-A DsigB Pasp23-YFP This paper N/A

Staphylococcus aureus NRS193, EVOL-A DsigB This paper N/A

Staphylococcus aureus NRS193, WTF128Y Pasp23-YFP This paper N/A

Staphylococcus aureus NRS193, WTE657* Pasp23-YFP This paper N/A

Staphylococcus aureus NRS193, WTF128Y DsigB This paper N/A

Staphylococcus aureus NRS193, WTE657* DsigB This paper N/A

Staphylococcus aureus NRS193, DsigB This paper N/A

Biological samples

Human skin biopsies: NativeSkin access 11 mm –

Custom (no antifungals or antibiotics)

Genoskin N/A

Chemicals, peptides, and recombinant proteins

Tryptic Soy Agar (TSA) BD Difco Cat# 236950

Tryptic Soy Broth (TSB) BD Difco Cat# 211822

Potato Dextrose Broth (PDB) Sigma-Aldrich Cat# P6685

Potato Dextrose Agar (PDA) Sigma-Aldrich Cat# 70139

Lysogeny Broth (LB) Fisher Scientific Cat# 611895000

Ampicillin Sigma-Aldrich Cat# A9518

Chloramphenicol Sigma-Aldrich Cat# C0857

Anhydrotetracycline hydrochloride Sigma-Aldrich Cat# 37919

Synthetic sebum Fisher Scientific Cat# NC1769280

Malt Extract N/A

Ox-Bile, dehydrated Sigma-Aldrich; HiMedia

Laboratories

Cat# 70168; Cat# CR010

Tween40, viscous liquid Sigma-Aldrich Cat# P1504

Tween20 Fisher Scientific Cat# BP337

Peptone Sigma-Aldrich Cat# 70173

Glycerol Sigma-Aldrich Cat# G7757

Oleic Acid Millipore Sigma Cat# 364525

Agar BD Difco Cat# DF0882

Tween60, nonionic Sigma-Aldrich Cat# P1629

Glycerol monostearate Spectrum Chemical Cat# GL149

M9 Minimal Salts Sigma-Aldrich Cat# M6030

Dextrose Fisher Scientific Cat# D16500

Casamino acids Research Products

International

Cat# C45000

MgSO4 Sigma-Aldrich Cat# 208094

CaCl2 Sigma-Aldrich Cat# C4901

Calcium pentothenate Acros Organics Cat# 2433000

Thiamine-HCl Cayman Chemical Cat# 25656

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Nicotinamide Thermo Fisher Cat# J60387

Tween80, viscous liquid Sigma-Aldrich Cat# P1754

PBS Sigma-Aldrich Cat# 11666789

Calcofluor white (Fluorescent Brightener 28) MP Biomedicals Cat# 0215806701

Dithiothreitol Thermo Fisher Cat# R0861

Proteinase K Thermo Fisher Cat# EO0491

Propodium iodine Sigma-Aldrich Cat# P4170

DMSO EMD Millipore Cat# 317275

Lysostaphin Sigma-Aldrich Cat# L9043; SAE0091

Mupirocin Selleck Chemicals Cat# S4297

Oxacillin Sigma-Aldrich Cat# O1002

Phusion polymerase NEB Cat# M0530S

T4 Polynucleotide Kinase NEB Cat# M0201S

SmaI NEB Cat# R0141S

EcoRV NEB Cat# R0195L

XbaI NEB Cat# R0145S

Novagen Pellet Paint Co-precipitant EMB Millipore Cat# 69049-3

Quick Ligation Kit NEB Cat# M2200L

Shrimp Alkaline Phosphatase NEB Cat# M0371L

Mueller-Hinton Broth Sigma-Aldrich Cat# 70192

Vancomycin Cayman Chemical Cat# 15327

Daptomycin Selleck Chemicals Cat# S1373

Ciprofloxacin Sigma-Aldrich Cat# 17850

2-hydroxy hexadecanoic acid Ambeed Inc. Cat# A621632

3-hydroxy hexadecanoic acid Cayman Chemicals Cat# 19934

4-hydroxy hexadecanoic acid Ambeed Inc. Cat# A1505121

7-hydroxy hexadecanoic acid Ambeed Inc. Cat# A150507

9-hydroxy hexadecanoic acid Ambeed Inc. Cat# A150507

10-hydroxy hexadecanoic acid Ambeed Inc. Cat# A1165700

11-hydroxy hexadecanoic acid TargetMol Cat# T32253

16-hydroxy hexadecanoic acid Sigma-Aldrich Cat# 177490

Critical commercial assays

BacTiter Glo� Microbial Cell Viability Assay Promega Cat# G8230

Qiagen DNeasy Blood and Tissue kit Qiagen Cat# 69504

Zymo DNA Clean Concentrator kit Zymo Research Cat# D4004

Zymopure II Plasmid Midiprep kit Zymo Research Cat# D4201

Q5 Site-Directed-Mutagenesis kit NEB Cat# E0552S

Deposited data

S. aureus NRS193 genome sequence NCBI GenBank: GCA_045348275.1

DNA sequence reads from evolved S. aureus NCBI BioProject: PRJNA1107622

Oligonucleotides

See Table S3 for primers IDT N/A

Recombinant DNA

pIMAY Monk et al.94 Addgene plasmid #68939

pTH3 de Jong et al.95 Addgene plasmid #84453

pGFP-pH This paper N/A

pRel-swap This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

breseq Deatherage and Barrick96 RRID: SCR_01081

GraphPad Prism 10 GraphPad RRID: SCR_002798

SnapGene SnapGene RRID: SCR_015052

NIS-Elements Nikon RRID: SCR_014329

Gen5 Agilent RRID: SCR_017317

SIRIUS 5 Dührkop et al.97 https://bio.informatik.uni-

jena.de/software/sirius/

MSconvert Chambers et al.98 https://bio.tools/msconvert

MZmine3 Schmid et al.99 https://github.com/mzmine/

ImageQuant TL Cytiva RRID: SCR_018374

Microsoft Excel Microsoft RRID: SCR_016137

Other

Mattek 35 mm Dish, No. 1.5 coverslip, uncoated MatTek Cooperation Cat# P35G-1.5-10-C

Black-walled 96 well paltes Corning Cat# 3601

PEI-cellulose F thin-layer chromatography (TLC) plates Merck Millipore Cat# 105579

Syringe filter: MCE membrane (0.22 mm) Fisher Scientific Cat# SLGL0250S

10 kDa MWCO spin column Thermo Fisher Cat# 88517
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Healthy human skin biopsies were sourced as NativeSkin Access 11mm biopsies from Genoskin (Salem, MA, USA). Genoskin rep-

resents the widest network of IRB-approved skin sourcing across Europe and the United States. The biopsies are prepared from

discarded tissue following surgery and collected with patient informed consent in respect of the Declaration of Helsinki and approval

of the French Ministry of Research and Higher Education and French Ethics Committee. The use of NativeSkin human skin biopsies

falls within the category of ‘unidentifiable biospecimens obtained from aprovider’ and are not considered human subject research. All

biopsies obtained for this study were from abdominal skin of female donors. Skin from males was not included because most avail-

able tissue is from female patients, and this is a limitation of this study. Biopsies are embedded in amatrix andmaintainedwith culture

media that is free of antibiotics and antifungals. Biopsies remain viable at 37�C with 5% CO2 for up to 10 days according to the pro-

vided protocols.

METHOD DETAILS

Bacterial and yeast culture conditions
S. aureus and other staphylococci were maintained on tryptic soy agar (TSA) or broth (TSB) at 37�C. Unless otherwise noted, staph-

ylococci were cultured overnight to stationary phase (�16-h) and sub-cultured 1:10 in TSB for 1-h corresponding to early exponential

phase. The wild type (WT) S. aureus strain used in this study is the ST1, USA400 isolate NRS193. This isolate was selected because it

did not originate from a skin infection, is available through BEI Resources, and is closely related to the USA400 reference strain MW2.

The sequenced and annotated genome for NRS193 has been deposited in NCBI as part of this study (GenBank: GCA_045348275.1).

E. coli strains were maintained in LB with antibiotic as needed: 100 mg/mL ampicillin or 25 mg/mL chloramphenicol. S. aureus was

cultured with 10 mg/mL chloramphenicol when necessary.

Malassezia species were maintained on mDixon media (36 g/L Malt Extract, 20 g/L Ox-bile, 10 mL/L Tween40, 6g/L peptone (from

casein and other animal proteins), 2mL/L glycerol, 2mL/L oleic acid, 15 g/L agar, adjusted to pH 6with HCl). Some experiments were

performed with Ox-Bile sourced from Hi-Media, and this was used at 10 g/L. For M. globosa and M. restricta, Tween60 replaced

Tween40 and 0.5 g/L glycerol monostearate was added. All Malassezia were grown at 30�C. Unless otherwise noted the strain of

M. sympodialis used is KS269.93 When noted mPDA (modified potato dextrose agar) was utilized and contains PDA with 4g/L Ox-

bile (2 g/L Hi-Media), 4 mL/L Tween60, and 1 mL/L Tween20 as previously described.30 For modified potato dextrose broth

(mPDB), the recipe was the same as mPDA except mPDB base was used. Synthetic sebum media is based on SSM9PR media

described previously with 0.1% synthetic sebum.100 It was prepared as follows: 11.28g/LM9 Salts, 10 g/L dextrose, 10 g/L casamino

acids, 2 mM MgSO4, 0.1 mM CaCl2, 1 mg/L calcium pantothenate, 1 mg/L thiamine-HCl, 1 mg/mL nicotinamide, 1 mL/L synthetic

sebum, 3 mL/L Tween80. Tween80 and synthetic sebumwere first mixed 3:1 and autoclaved separately. Ms-CFS collected from the

synthetic sebum was after 120-h of M. sympodialis KS269 growth.
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Adjacent colony assay and mixed biofilms
For adjacent colony assays, Malassezia species were collected from a 96-h culture from 30�C and washed in fresh mDixon media.

The OD600 was adjusted to 1 and 10 mLwas spotted in triplicate onmDixon agar and incubated at 30�C for 72-h. S. aureusNRS193 or

S. hominis SK119were cultured overnight in TSB and subcultured as described above before cells were pelleted and resuspended in

mDixon. The OD600 was adjusted to 0.1 in mDixon, and 10 mL was spotted adjacent to the 72-h Malassezia colonies. Plates were

returned to 30�C for 24-h and then photographed. The protocol was similar for E. coli, except it was grown in LB. Representative

images shown from a minimum of three independent experiments.

For mixed biofilm assays S. aureus and Malassezia were prepared similarly as above but were adjusted to OD600 of 0.2 and 2 in

mDixon respectively. For the co-culture condition, S. aureus andM. sympodialis were mixed 1:1 and 15 mL was spotted on mDixon

agar. For monoculture conditions, S. aureus was mixed 1:1 with mDixon (final OD600=0.1) and 15 mL was spotted on mDixon agar.

Plates were incubated for 6 days at 30�C, after which entire colony biofilms were scraped up and resuspended in 500 mL of mDixon.

After vigorous vortexing (maximum power, 1 min.) to disrupt aggregates, the suspension was serially diluted to plate for S. aureus

viable counts on TSA at 37�C.When performed with mPDA, the protocol was the same except mDixon broth and agar were replaced

by mPDB and mPDA respectively. Data points indicate individual biofilms from three independent experiments.

Co-colonization of human skin biopsies
M. sympodialis KS269 cells were grown at 30�C for 72-h in mDixon, washed twice with sterile PBS and resuspended in PBS with

10 mg/mL calcofluor white (CFW) for 30 min. at room temperature with agitation. We confirmed this concentration of CFW was

nontoxic as yeast viable counts do not decrease after labeling (Figure S1B). Yeast were pelleted, resuspended in PBS, and enumer-

ated with a hemocytometer. 5x105 yeast were inoculated per biopsy in 10 mL of PBS. Control biopsies received 10 mL of PBS. After

6-days of incubation at 37�C, 5%CO2, S. aureus expressing GFP was inoculated as follows. S. aureus constitutively expressing GFP

on a plasmid was cultured in TSB with 10 mg/mL chloramphenicol to stationary phase and then subcultured 1:10 for 1-h in the same

conditions. Cells were washed twice in PBS and resuspended in PBS with 10 mg/mL chloramphenicol at an OD600=0.5 that corre-

sponds to �5x106 CFUs/10 mL inoculum. Each biopsy was inoculated with 10 mL S. aureus suspension. After 24-h at 37�C, 5%
CO2, one biopsy from each group was removed from the transwell and O-ring with sterile tweezers and inverted into a MatTek glass

bottom imaging dish with 200 mL of PBS. Biopsies could then be imaged on an inverted Nikon CSU-W1 SoRa spinning disk micro-

scope using NIS-Elements software. The skin surface is auto- fluorescent with 561 nm excitation which was used to locate the skin

surface. TheCFW-labeled yeast were visible with excitation at 405 nm andS. aureusGFPwas visible with excitation at 488nm. Imaging

was performed with a 40X water immersion objective. Max projection images were generated in NIS-Elements.

To collect CFUs from the skin biopsies, skin was removed from the transwell and O-ring with sterile tweezers. Sterile scissors were

used to cut the skin into four pieces. Skin pieces were placed in 1mL sterile PBS and vortexed atmaximum speed for 3min. to disrupt

the attachedmicroorganisms. Biopsies were then shaken at 250 rpm for 2-h after which they were again vortexed atmaximum speed

for 2 min. The disrupted skin is allowed to settle briefly, and the PBS is removed, diluted, and plated on TSA for S. aureus CFUs.

Percent colonization is calculated based on recovered S. aureus CFUs relative to the calculated inoculum. The experiment was

repeated with biopsies from 4 separate donors. All skin biopsies were from female abdominal tissue.

S. aureus competition on human skin biopsies
For competition experiments, skin biopsies were colonized with unlabeled M. sympodialis KS269 or PBS as the vehicle control for

6 days as described above before inoculation with S. aureus. S. aureus was inoculated as a 1:1 mixture of WT (NRS193) to EVOL-D

cells prepared as described above for the co-culturing experiments on skin biopsies. After 24-h, biopsies were disrupted and recov-

ered S. aureus CFUs were serially diluted and plated on TSA. Plates were incubated at 37�C for 24-h and then room temperature for

24-h to allow the colony pigmentation to develop. Smaller bright yellow colonies corresponded to EVOL-D, where larger white col-

onies corresponded to WT. The same 1:1 strain mixtures were also treated in vitro with 30%Ms-CFS for 2-h and plated in the same

manner to differentiate colony morphotypes.

CFS preparation and treatment
Five to 10 large M. sympodialis colonies from a 72-h mDixon agar plate were used to inoculate mDixon broth. Cultures were incu-

bated at 30�C with shaking at 200 rpm for 96-h. Yeast were pelleted for 2 min. at 5000 rcf and the supernatant decanted. The

pH where noted was adjusted to the desired pH with HCl or NaOH. A pH matched media control was also generated. Both media

control and supernatant were filter-sterilized with a syringe tip filter through a 0.22 mmMCE filter. This sterilized cell-free supernatant

(CFS) and control media were stored at 4�C and before use in experiments were warmed in a 37�C water bath for 10 min.

Unless otherwise noted, all experiments were performed with 50% CFS that was generated by mixing the CFS 1:1 with the pH

matched media control. S. aureus and other staphylococci were cultured as described above in TSB before cells were pelleted

and resuspended in mDixon (pH 6). S. aureus and other staphylococci were inoculated into the 50% CFS or pH-matched controls

at a final OD600=0.02. After treatment, cells were serially diluted and plated on TSA to calculate viability.

Treatment of human skin biopsies
S. aureus expressing red fluorescent protein (RFP) on a plasmid (S. aureusRFP) and shown to be sensitive to M. sympodialis CFS

in vitro (Figure S2A), was cultured overnight in TSB with 10 mg/mL trimethoprim and subcultured as described above. Cells were
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washed and resuspended in sterile PBS. In 12 mL,�2.5x107 cells were inoculated onto the surface of the skin biopsies and incubated

at 37�C, 5%CO2 for 24-h. After 24-h, control biopsies were treated with pH-matched mDixon and the test biopsies were treated with

50%CFS collected fromM. sympodialis in vitro cultures as described above. After 24-h of treatment, the biopsies were removed and

disrupted as described above to enumerate the recovered S. aureus CFUs/biopsy as a metric of colonization. The experiment was

repeated with biopsies from four separate donors. The experiment was also repeated as just described with biopsies from a single

donor with the S. aureus strain NRS193 (Figure S2B).

Processing of cell-free supernatant
M. sympodialis CFS was collected from 96-h monocultures as described above. The Ms-CFS was adjusted to pH 5.6 or pH 7 using

HCl and NaOH. Five mLs of undiluted Ms-CFS at both pH values were separated across a 10 kDa molecular weight cutoff filter by

centrifuging in a fixed-angle rotor for 5 min. at 7,000 xg per the manufacturer’s protocol. The <10 kDa and >10 kDa fractions were

brought to 5 mL volume with sterile water. The pH was adjusted to pH 5.5 with HCl or NaOH and filter sterilized as described above.

S. aureus was treated with the individual fractions for 4h and CFUs were plated to enumerate survival.

For boiling experiments, 1mL ofMs-CFS pH 5.5 ormDixon pH 5.5were incubated at 95�C for 15min. in the presence or absence of

1 mM DTT. S. aureus was exposed to the Ms-CFS or media control for 2-h as described above, and viable counts enumerated. For

proteinase K treatment, 1 mL of Ms-CFS or mDixon were treated with proteinase K (500 mg/mL) for 2h at 37�C. Mock PK treatment

includes exposure to buffer and incubation but in the absence of PK.

Identification of antimicrobial effector
Acid precipitation was performed by adding 0.5N HCl to static volumes of Ms-CFS or mDixon to a pH �2.5 measured using pH in-

dicator paper. Precipitate was pelleted by centrifugation at top speed for 5min. at room temperature. The supernatant was decanted

and readjusted to pH 5.5 and used in assays as the acid-precipitated CFS (AP-CFS) or acid-precipitated media (AP-Media). The pel-

leted precipitate was washed once with sterile water and resuspended in DMSO at approximately 12X. The precipitate from the Ms-

CFS (CFS-P) or mDixon media (Media-P) were added back to the AP-CFS or AP-Media at 1% vol./vol. to treat S. aureus for 2 h and

measure viability.

To identify the antimicrobial effector enriched in the CFS-P, three replicate cultures ofM. sympodialis KS269 were grown for 96h at

30�C and the acid precipitation was performed as described above. The AP-CFS, CFS-P, Ms-CFS, mDixon (Media), AP-Media, and

Media-P were prepared for analysis by LC-MS/MS as follows.

All prepared samples’ MS/MS spectra were acquired using high-resolution electrospray ionization (HR-ESI) and collision-induced

dissociation (CID) MS/MSwith an Agilent 6550 LC-qTOFmass spectrometer coupled to an Agilent 1290UHPLC system.Metabolites

were separated on an Agilent ZORBAX Eclipse Plus C18 column (100 3 2.1 mm) under the following chromatographic conditions:

98% solvent A (0.1% formic acid in water) from 0 to 0.5min, followed by a linear gradient to 95% solvent B (0.1% formic acid in aceto-

nitrile) over 10 min, at a flow rate of 0.4 mL/min. A mass range of m/z 100–1700 was measured in negative ESI mode for all spectra.

Data from Agilent LC-MS instruments were converted into mass spectrometry data formats compatible with SIRIUS 5 (ver. 5.8.6)

dereplication tool97 using MSConvert software.98 Comparative analysis of the TIC chromatograms for all samples was conducted

using Mzmine3 software (https://github.com/mzmine/).99

ATP measurements
Intracellular and extracellular ATP, iATP and eATP respectively, were quantified using the BacTiter Glo� Microbial Cell Viability

Assay. S. aureus was cultured in TSB as described above and adjusted to a final OD600=0.1 in 5 mL of M. sympodialis 50% CFS

or pH matched mDixon control and incubated at 37�C, 250 rpm. At 0, 15, 30, and 60 min., 1 mL aliquots were centrifuged for

1 min. at 5,000 rcf and 0.01 mL aliquots were used for serial dilutions of viable counts. The supernatant was transferred to a new

tube for quantification of eATP, and cells were resuspended in mDixon for quantification of iATP. The BacTiter Glo� reagent was

prepared according tomanufacturer’s protocol andmixed 1:1 with the supernatant or cell suspension. Luminescence wasmeasured

using a BioTek Synergy H1 monochromator-based multi-mode microplate reader with black-walled, glass-bottom 96-well plates

with 0.8s integration time per well. Luminescence for iATP was normalized to OD600.

Propidium iodide staining
S. aureus NRS193 was inoculated into Ms-CFS or pH-matched mDixon media OD600=0.1 and incubated at 37�C for 4-h. After, cells

were centrifuged at 5000 rcf for 5 min and resuspended in 100 mL PBS with 5 mM propidium iodide. After 15 min. incubation at room

temperature, cells were pelleted again and resuspended in 75 mL PBS and inoculated into black-walled, glass-bottom 96-well plates.

Absorbance (OD600) and fluorescence (535 nm, 617 nm) were measured using a BioTek Synergy H1 monochromator-based multi-

mode microplate reader. The above protocol was repeated for 10-HP, except that cells were inoculated into AP-CFS with DMSO

(vehicle) or 10-HP (25 mg/mL) for 4-h.

Serial passaging experimental evolution
S. aureus (NRS193 (WT) or HFH-29568) were cultured in TSB as described above before the OD600 was adjusted to 0.02 in 50%

M. sympodialis CFS (3 populations) or pH-matched mDixon (1 population). After 8-h of exposure, a 10 mL aliquot was removed to

enumerate viable counts from the four populations and the remaining volume of 190 mL was inoculated into 5 mL of TSB to facilitate
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growth of surviving cells overnight at 37�C. The following day a portion of the recovered population was cryopreserved, the subcul-

ture in TSB to exponential phase performed as described above, and then inoculated in 50% CFS or pH-matched mDixon at

OD600=0.02 for 8-h. This was repeated for 12 passages. From the viable counts surviving passage 12, individual colonies were iso-

lated and tested for their tolerance to 2-h exposure to the Ms-CFS. One representative tolerant isolate was selected from each of the

Ms-CFS-exposed populations of the USA400 WT strain NRS193 (EVOL-A, EVOL-B, and EVOL-C).

S. aureus genomic DNA preparation
S. aureus genomic DNAwas prepared using the Qiagen DNeasy Blood and Tissue kit with the following modifications. From a freshly

inoculated TSA plate, 10-20 S. aureus colonies were inoculated into 0.1 mL TE buffer with 20 mg/mL lysostaphin and incubated at

37�C for 15-30 min. or until visibly cleared. The lysis buffer for Gram positive bacteria described in the DNeasy Qiagen Blood and

Tissue protocol was prepared 2X and without lysozyme (40 mM Tris-HCl pH 8, 4 mM Na2EDTA, 2.4% (v/v) triton X-100) and diluted

to 1X by mixing with the lysostaphin-treated cells. The Qiagen protocol was then followed as instructed.

Whole genome sequencing and variant calling
All genome sequencing data can be accessed at the NCBI Bioproject PRJNA1107622 ‘‘Staphylococcus aureus strain: NRS193

Genome sequencing’’. Whole genome sequencing, assembly, and annotation of S. aureus NRS193 (GenBank:

GCA_045348275.1) was performed by Plasmidsaurus. Genomic DNA was prepared as described above. Long-read sequencing

was performed using Oxford Nanopore Technologies with V14 library preparation and R10.4.1 flow cells. Genome Assembly was

performed using Filtlong v0.2.1,Miniasm v0.3, Flye v2.9.1, andMedaka v1.8.0. Genome annotationwas performedwith Bakta v1.6.1.

Genomesequencing of the evolved strainswas performed using SeqCenter IlluminaWholeGenomeSequencing. GenomicDNAwas

prepared as described above and the Illumina DNA Prep kit with bead-based tagmentation was utilized for library preparation. The Illu-

mina sequence data (fastq) was used with the NRS193 reference genome to identify variants using breseq with default settings.96

Mupirocin treatment
S. aureuswas cultured overnight in TSB and then subcultured 1:20 in TSBwith 0, 1, 2, or 4 mg/mLmupirocin for 2-h. Cells were centri-

fuged, washed with mDixon, and inoculated intoM. sympodialis 50%CFS or pH-matched media control with 0, 1, 2, or 4 mg/mL mu-

pirocin at OD600=0.02. After 2-h treatment, S. aureus cells were serially diluted to enumerate viable counts.

Bacterial growth curves
Growth curves were performed using a BioTek Synergy H1 monochromator-based multi-mode microplate reader with non-treated,

sterile, polystyrene 96-well plates with lids. Unless otherwise noted, growth curves were performed for 20-h with OD600 measured at

10 min. intervals with incubation at 37�C and continuous orbital shaking between intervals. Each experiment included three to four

technical replicates for each condition. For all conditions, S. aureus was inoculated at an OD600=0.02. The control condition for all

experiments was TSB. Oxacillin was added at 4 or 6 mg/mL and diluted from a working stock of 50 mg/mL in water. The final volume

per well was 150 mL. Data was collected using the BioTek Gen5 software and analyzed in Microsoft Excel and GraphPad Prism 10.

Representative curves of a minimum of three replicate experiments are shown but area under the curve (AUC) is calculated from total

replicate experiments.

Genetic manipulation of S. aureus
For allelic replacement and in-frame deletions we generated constructs using the pIMAY system as previously described.94 All

primers used are in Table S3. Briefly, knockout constructs were generated by amplifying 500-1000bp upstream and downstream

of the gene of interest. Primers P1 and P2 amplified the 5’ flank and primers P3 and P4 amplified the 3’ flank, where P3 includes ho-

mology to P2. Overlap extension PCRwith primers P5 and P6 set�100 bp inside of P1 and P4, respectively, was performed to stitch

together the flanks. For the rel allele swaps, the allele of interest was amplified from genomic DNA using Rel_swap_P1 and

Rel_swap_P2 primers. PCR fragments and the fused construct were column purified. The purified construct was phosphorylated

with T4 polynucleotide kinase according to the manufacturer’s protocol. pIMAY, purchased from Addgene, was prepared from

E. coli DH5a using the ZymoPure II Plasmid Midiprep kit, digested with SmaI, and treated with shrimp alkaline phosphatase accord-

ing to the manufacturer’s protocol. The purified fusion construct was ligated into SmaI-digested pIMAY with Quick Ligation Kit and

transformed into chemically competent E. coli DC10B.94 Colonies were isolated on 25 mg/mL chloramphenicol and the insertion into

pIMAY confirmed with primers IM51 and IM51. Confirmed plasmids were midi-prepped from a 100 mL culture as described above

and further concentrated using Novagen Pellet Paint Co-precipitant.

Electrocompetent S. aureus strains were generated as previously described101 and transformedwith�5 mg of the pIMAY construct

using the BioRad Gene Pulser Xcell electroporation system and 1 mm disposable electroporation cuvettes. The pulse was 21kV/cm,

100U, and 25mF and cells were immediately resuspended in 1mL of TSB+ 500mMsucrose and incubated at 28�Cor 30�C for 1-2-h

before plating on TSAwith 10 mg/mL chloramphenicol and incubating at 28�C for 48-h. Large colonies were resuspended in 500 mL of

TSB and 10 mL streaked on a new TSA plate with 10 mg/mL chloramphenicol and incubated at 37�C overnight to initiate integration

onto the chromosome. Large colonies were screened with colony PCR for integration through the 5’ flank using primers P1 and P6.

Positive colonies were grown overnight at 28�C in TSB without antibiotic and then subcultured 1:10 in TSB with 1 mg/mL anhydrote-

tracycline hydrochloride (aTC) at 28C for�6-h before 10 mLwas quadrant streaked on a TSA plate with 1 mg/mL aTC and incubated at
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28�C for 48-h. Single colonies were patched on TSA with 1 mg/mL aTC or TSA with 10 mg/mL chloramphenicol. Only colonies that

grew on aTC and not chloramphenicol were screened for gene deletion with internal primers and P1 and P4.

For the introduction of the natural rel variants, the construct generated above with theWT rel allele in pIMAY (pRel-swap) was used

for site directed mutagenesis with the Q5-Site-Directed-Mutagenesis kit according to the manufacturer’s instruction. The mutagen-

esis primers were designed using the NEBaseChanger version 1.3.3. Mutagenesis was confirmed with either whole plasmid

sequencing or Sanger sequencing. Mutated plasmids were transformed into E. coli DC10B and S. aureus as described above. Allele

replacement was confirmed with Sanger sequencing in S. aureus.

For generation of Pasp23-YFP reporter strains, the promoters were amplified fromS. aureus genomic DNAwith primers Pasp23 P1

and P2 (Table S3). PCR products were column purified and digested with EcoRV and XbaI according to the manufacturer’s protocol.

Plasmid pTH3 was also digested with EcoRV and XbaI and treated with rSAP. The amplified promoters were ligated into pTH3 re-

placing the original promoter upstream of YFP with Quick Ligation and transformed into E. coli DC10B. To integrate the reporter

on the chromosome, we opted to use a neutral site previously reported for the integration of fluorescent proteins in S. aureus

MW2.95 The promoter-YFP-terminator constructs were amplified from modified pTH3 with primers rep_chr_p1 and rep_chr_P2.

The flanks at the integration site were amplified from genomic DNA with rep_chr_P3 and rep_chr_P4 for one flank and rep_chr_P5

and rep_chr_P6 for the other flank. The flanks and promoter-YFP construct were stitched together through overlap extension PCR

with primers rep_chr_P7 and rep_chr_P8. As described above for the deletion constructs, the reporter constructs with flanks were

phosphorylated and ligated into pIMAY before transformation into E. coli DC10B. The transformation of S. aureus was the same as

described above.

Identification of natural Rel alleles
To identify natural Rel alleles that resemble those in the Ms-CFS-derived tolerant strains, we queried the NCBI Identical Proteins

Database. We used ‘GTP pyrophosphokinase’ as the search term and Staphylococcus aureus as the organism. To eliminate se-

quences corresponding to RelP and RelQ, we limited our results to a sequence length between 300 and 1000 amino acids. This re-

sulted in 283 unique protein sequences. Based on themethionine annotated as the start codon, themajority of Rel sequences are 729

or 736 amino acids in length. All 283 FASTA files were downloaded and aligned in SnapGene. Two sequences were excluded that

appeared to bemisannotated as S. aureus. We focused on alleles with C-terminal truncations and compiled those in Table S2. These

truncated alleles have one or two genomes corresponding to each sequence. Following this query, a study was published where

C-terminal mutations like those observed in the CFS-derived strains were observed in clinical isolates.55

MIC and time-kill assays
Minimum inhibitory concentration for oxacillin were determined following protocols previously described.48 Briefly, S. aureus grown

overnight in TSB and subcultured to exponential phase were inoculated into 0-128 mg/mL oxacillin at 2-fold dilutions at an initial

OD600=0.02 in a 96-well plate. The final volume per well was 200 mL. After 24-h at 37�C, the minimum inhibitory concentration is re-

ported as range from the highest concentration where S. aureus grows to the lowest concentration where there is no growth.

Time-kill assays were performed as previously described.48 Briefly, S. aureus was grown overnight in Mueller-Hinton Broth (MHB)

and subcultured 1:10 for 1-h at 37�C in the same media. S. aureus was inoculated into MHB with the following antibiotics: 1 mg/mL

vancomycin, 100 mg/mL daptomycin, or 0.5 mg/mL ciprofloxacin. These antibiotics were selected because they had previously been

shown to have reduced activity against S. aureus expressing the F128Y Rel allele in contrast to other antibiotics that had no differ-

ences in sensitivity.48 Aliquots were taken at 0, 1, 2, 4, 6, and 8-h as necessary to enumerate S. aureus viable counts by serial dilution

and plating on TSA. The minimum duration of killing was calculated for each independent experiment using the data points within the

linear range and applying the linear regression and interpolation functions in GraphPad Prism as previously described.48

Quantification of pppGpp
S. aureus strains were grown overnight in low-phosphate chemically defined media (CDM)102 at 37�C. Cultures were diluted to an

OD600 of 0.1 and grown for 2-h prior to the addition of 3.7 MBq of [32P]H3PO4 and incubation for a further 3-h at 37�C. Cultures
were subsequently normalized for absorbance and to one set the stringent response was induced by the addition of 60 mg/mL mu-

pirocin. Cells were incubated at 37�C for 30 min, before being recovered by centrifugation (17,000 rcf for 5 min) and suspended in

100 mL of 2M formic acid. Cells were subjected to three freeze/thaw cycles and debris removed by centrifugation (17,000 rcf for 5min)

before the lysate was filtered through a 3 kDa spin column. Ten microliters were subsequently spotted on PEI-cellulose F thin-layer

chromatography (TLC) plates, nucleotides separated, and TLC plates developed using a 1.5MKH2PO4 pH 3.6 buffer. The radioactive

spots were visualized using an FLA 7000 Typhoon PhosphorImager, and data were quantified using ImageQuant TL software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism 10 (GraphPad). Figure legends include details on statistical test, sample number,

donor number, and p value. p values: p >/= 0.05 not significant (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****). For all graphs

the center indicates the mean and error bars indicate SEM.
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