bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.506511; this version posted September 16, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Inverse correlation between stress response and virulence factor expression in

FASII antibiotic-adapted Staphylococcus aureus and consequences for infection

Paprapach Wongdontree !, Aaron Millan-Oropeza ?, Jennifer Upfold !, Jean-Pierre Lavergne 3, David
Halpern !, Karine Gloux?, Adeline Page #, Gérald Kénanian ?, Christophe Grangeasse 3, Céline Henry 2,

Jamila Anba-Mondoloni !, Alexandra Gruss **

! Université Paris-Saclay, INRAE, AgroParisTech, Micalis Institute, 78350, Jouy-en-Josas, France. 2

PAPPSO Platform, Université Paris-Saclay, INRAE, AgroParisTech, Micalis Institute, Jouy-en-Josas,
France. 3 Bacterial Pathogens and Protein Phosphorylation, Molecular Microbiology and Structural
Biology, UMR 5086 - CNRS / Université de Lyon, Building IBCP, 7 Passage du Vercors, Lyon, France. *
Protein Science Facility, SFR BioSciences, CNRS, UMS3444, INSERM US8, Université de Lyon, Lyon,

France
* For correspondence: alexandra.gruss@inrae.fr
Key words: antibiotic adaptation, fatty acid synthesis pathway, virulence factors, oxidative stress,

proteome, phosphoproteome, insect infection

Short title: FASII antibiotic adaptation reprograms Staphylococcus aureus


https://doi.org/10.1101/2022.09.09.506511

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.506511; this version posted September 16, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract

A crucial step in antimicrobial development pipelines is proof of functionality in the host environment.
Antibiotics targeting fatty acid synthesis (FASII) of the major pathogen Staphylococcus aureus actively
inhibit FASII but do not prevent in vivo growth, as bacteria compensate the FASII block by using
environmental fatty acids. We report that S. aureus responds to FASII antibiotic treatment by major
shifts in expression that correlate with improved fitness but decreased virulence, and with altered
bacterial killing in an insect infection model. Proteomic kinetics and phosphoproteomic analyses show
that anti-FASII provokes massive protein reprogramming compared to non-treated S. aureus, while
growth is robust in both conditions. Anti-FASII adaptation leads to overall increases in stress response
functions and provides greater resistance to peroxide, as produced during host infection. Moreover,
S. aureus adaptation to anti-FASII is accelerated by pre-treatment with peroxides. In contrast, virulence
factor levels are decreased. In keeping with the observed phenotypes, anti-FASII-adapted S. aureus are
slower to kill their host in a Galleria mellonella infection model than non-treated bacteria, but are not
eliminated. Thus, anti-FASII adapted cells might be better prepared for survival and less equipped to
damage the host. If not eliminated, anti-FASII reprogrammed S. aureus populations might provide a

bacterial reservoir for the emergence of chronic infections.
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Author Summary

Bacterial resistance or adaptation to currently used antibiotics is a main reason for treatment failure.
Our work on the major human pathogen Staphylococcus aureus revealed that antibiotics targeting
fatty acid synthesis (FASII) effectively reach their targets, but do not stop growth. Here we analyzed
the expression and infection capacities of S. aureus populations that escape anti-FASII inhibition by
adapting to the antibiotic. Remarkably, anti-FASII-adapted bacteria show massive expression changes,
but grow normally. Once adapted, bacteria produce greater amounts of stress response proteins, while
virulence factor levels or activities are lower. Accordingly, anti-FASII-adapted S. aureus provoke slower
killing in an insect infection model, but bacteria continue to multiply. If not eliminated, anti-FASII
reprogrammed S. aureus populations could provide a bacterial reservoir for establishment of chronic

infections.
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Introduction

Staphylococcus aureus is a gram-positive opportunistic bacterium that remains a major cause of
disease and mortality in humans and animals. The unsolved crisis of infections due to multidrug-
resistance notably methicillin-resistant S. aureus (MRSA) underlines the need for alternative
treatments, especially in compromised patients (1-4).

Enzymes of the fatty acid (FA) synthesis pathway (FASII) are longtime candidate targets for drug
development against S. aureus infections (5, 6). Fabl was a preferred target as a narrow spectrum
inhibitor that would not disrupt the gut microbiome during treatment (7). However, although anti-
FASII drugs effectively reach their targets, S. aureus growth is not inhibited in vitro or in a mouse
bacteremia model, as bacteria compensate inhibition by incorporating environmental FAs, as provided
by lipid-rich foods and host organs (8-11). Exposure to host lipids during septicemic infection thus
favors S. aureus adaptation to anti-FASII treatment (10). These studies revealed a caveat for properly
testing FASII antibiotic efficacy against Firmicute pathogens such as streptococci, pneumococci,
enterococci, and staphylococci. Nevertheless, anti-FASII drug development remains ongoing (12-15).

S. aureus adaptation to anti-FASII treatment is a two-step process involving an initial ~6-8 h latency
phase, followed by rapid growth and incorporation of compensatory FAs (S1 Fig. (10)). We performed
comparative proteomics and phosphoproteomics of non-treated and anti-FASII-treated bacteria to
elucidate bacterial expression changes that lead to full adaptation. This study shows that bacteria
undergo massive reprogramming during both latency and outgrowth phases of anti-FASII adaptation.
A main finding is that S. aureus anti-FASII-adaptation leads to an overall increase in stress response,
while amounts or activities of virulence factors are decreased. Accordingly, anti-FASIl-adapted bacteria
caused slowed killing in an insect infection model, but bacteria continued to multiply in vivo. Reservoirs
of reprogrammed staphylococci emerging after anti-FASII treatment may be a risk factor for chronic

infection.
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Results

Time-course of S. aureus adaptation to anti-FASIl by proteomics analyses reveals massive
reprogramming. Anti-FASII adaptation in FA-containing serum comprises a latency period followed by
vigorous outgrowth (S1 Fig.; (10)). Protein profiles of S. aureus USA300 during anti-FASII adaptation
were determined on ODggo-equivalent cultures at 2, 4, 6, 8, and 10 h post-antibiotic treatment. Kinetics
were also performed in the absence of serum; in this condition outgrowth takes longer and relies on
mutations, mainly in fabD (11) (see S1 Fig. for growth comparisons). Controls consisted of BHI, FA, and
SerFA cultures without triclosan harvested at ODggo = ~1. In another control, S. aureus was grown in
BHI and triclosan (without added FAs), and was harvested 6 h post-treatment. Heat maps of proteome
results are based on the means of quadruplicate samples for each condition (see S1 Table for complete
results and cluster analysis). Compared to the three non-treated controls (BHI, FA, SerFA cultures),
massive shifts in protein levels were observed in all anti-FASII-treated samples (Fig. 1A). BHI-Tric and
FA-Tric samples showed overall decreased abundance, in keeping with poor bacterial viability in the
absence of serum. However, serum lowers FA stress and promotes anti-FASII adaptation (10). In this
condition, protein reprogramming was detected at the first 2 h post-treatment point.
Condition-specific high-level abundance of S. aureus proteins. We inventoried proteins showing the
greatest abundance in a single, or a combination of the tested conditions. Proteins showing markedly
higher levels in particular conditions are highlighted (Fig. 1B, right column): 1- BHI-Tric resulted in high
amounts of FA degradation (Fad) protein FadB. Fad proteins were reported as biochemically non-
functional in S. aureus (16). However, the fad locus is conserved in sequenced S. aureus isolates, and
transcription is induced in growth-limiting conditions and in the liver (17, 18). BHI-Tric treatment in the
absence of exogenous FAs (eFA) might activate Fad as a last-resort means of recycling lipids to provide
precursors for survival. 2- Several highly up-regulated proteins in FA were less produced in SerFA,
possibly indicating that FA-induced membrane stress, which is lowered by serum (10, 19, 20), is the
induction signal. Proteins comprising the Type VII secretion system were highly FA-induced, as

reported (21). Overall lower production of the Type VII proteins in serum-containing medium may
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indicate a role for Type VIl functions in biotopes where S. aureus is stressed by free FAs, but not in sites
where serum or host fluids would lower FA toxicity (10, 19, 20). 3- Levels of FarE, an FA and
phospholipid efflux pump (22-24), are highest in FA and FA-Tric conditions. In contrast, FarE levels were
low in all serum-containing conditions reflecting decreased membrane stress (10). 4- Anti-FASII-
adapted cells showed high transient or final increases in numerous proteins whose roles remain to be
characterized. Protein changes in SerFA-Tric differed strikingly from those in the absence of serum (FA-
Tric), where anti-FASII addition stops growth (S1 Fig.; (10, 11)). An abrupt increase in biotin synthesis
proteins (BioB, SAUSA300 2371; BioA SAUSA300_2372) upon SerFA-Tric outgrowth suggests a strong
biotin requirement. Biotin is a required cofactor of the FASII initiation enzyme AccC subunit of acetyl-
CoA carboxylase; (SAUSA300 1475 or SAUSA300 1563) and the TCA cycle enzyme pyruvate
carboxylase (PycA, SAUSA300_1014) (25). While little change is observed in AccC proteins, amounts of
PycA showed a strong increase upon adaptation outgrowth (S1 Table). Higher sustained biotin

production may contribute to robust growth of anti-FASIl-adapted bacteria.
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Impact of anti-FASII adaptation on abundance of FASII, FASII-bypass, and phospholipid synthesis
proteins. Subsequent analyses focused on anti-FASII effects in serum-containing conditions, as being
most relevant to systemic infection. Anti-FASII adaptation affected levels of 16 FASII, FASII-bypass, or
phospholipid synthesis proteins (Fig. 2). The abundant acyl carrier protein (ACP, AcpP SAUSA300_1125)

(estimated at 3655 copies per cell in the S. aureus COL strain; (26) and https://aureowiki.med.uni-

greifswald.de/SACOL1247) is essential to both FASII and FASII-bypass pathways. Pools of AcpP as well

as its modifying enzyme AcpS increased during anti-FASII adaptation. Indeed, most detected lipid
synthetic enzymes were present at higher levels throughout SerFA-Tric adaptation compared to
untreated cells. After an initial drop in PIsC, a key enzyme for restoring phospholipids via FASII bypass,
its pools increased gradually during adaptation. Promoter fusion studies previously showed that p/sC
expression is restored during adaptation (27). The increased levels of FASIl enzymes in serum-
supplemented medium, but not in FA-Tric (S1 Table), underline the importance of host factors (here
serum) in promoting adaptation (10). We conclude that phospholipid synthesis proteins needed for

FASII bypass are maintained or increased in anti-FASIl-adaptation conditions.
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Increased stress response protein levels and oxidative stress resistance in anti-FASIl-adapted S.

aureus. Levels of 29 / 31 stress response proteins, implicated in pH, osmotic, oxidative, and unfolded

protein responses, were transiently or lastingly higher during anti-FASII adaptation and/or outgrowth;

just 2 proteins, BetA (SAUSA300_2545) and ClpX (SAUSA300_1621) showed decreased expression (Fig.

3). These overall increases may reflect the central role of membrane perturbation in transmitting stress

signals. Most heat shock proteins were at least transiently increased during anti-FASIlI adaptation

compared to the control. Heat shock proteins are implicated in S. aureus tolerance to a variety of

stresses (28). Greater expression of stress response proteins in anti-FASII-treated bacteria might confer

a fitness benefit during infection.

Stress Response

SAUSA300_2114RocF
SAUSA300_2240UreC
SAUSA300_2241UreE
SAUSA300_2243UreG _J
SAUSA300_0014 GdpP
SAUSA300_0449TreC
SAUSA300_0558 ProP
[ SAUSA300_2142Asp23
SAUSA300_23910puCC

- SAUSA300_2393 OpuCA
SAUSA300_2545 BetA
SAUSA300_2546BetB

SAUSA300_0135SodM ]

SAUSA300_0379 AhpF
SAUSA300_0510CIpC
SAUSA300_1982 GroEL

| SAUSA300_0380AhpC
. SAUSA300_0747 TrxA
SAUSA300_0752 ClpP

SAUSA300_1983 GroES

SAUSA300_1513SodA _J
SAUSA300_0489FtsH =
SAUSA300_1541GrpE
SAUSA300_1621ClpX

SAUSA300_1232 KatA
SAUSA300_1540Dnak

SAUSA300_0786 Ohr
SAUSA300_1044TrxB
SAUSA300_0877 ClpB
B 7 sausA300_1539Dnal
SAUSA300_2486ClpL _
-1 1

A

2h 10h
SerFA SerFA-Tric

Type of Stress

Acid

Osmotic

Oxidative

Unfolded/
heat shock

Fig. 3. Stress response proteins are up-expressed
during anti-FASII adaptation. Left, heat maps are
shown for known or putative stress response
proteins. Results are limited to SerFA (control) and
SerFA-Tric adaptation conditions. See S1 Table for
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points for SerFA-Tric 2, 4, 6, 8, and 10 h samples are
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As an oxidative burst is part of the host innate immune response to bacterial infection (29), we

tested whether anti-FASIl adaptation confers a fitness advantage to oxidative stress. Anti-FASII-

adapted and non-treated bacteria were compared for their capacity to tolerate H,0, (0.5 mM)
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treatment. Compared to non-treated bacteria, anti-FASIl-adapted S. aureus showed significantly

higher tolerance to H,0,, as assessed by CFU determinations 5 h after H,0O, treatment (Fig. 4A).

Pre-treatment with peroxide prior to the anti-FASII challenge enables S. aureus adaptation. A study
in Escherichia coli showed that treating cells with an oxidant led to improved tolerance to
fluoroquinolones and other antibiotics (30, 31). To test whether oxidative stress induction contributed
to FASII antibiotic adaptation, we primed S. aureus with sublethal concentrations of H,0, (0.5 mM) or
phenazine-methosulfate (PMS; 20-50 uM) to induce oxidative stress. Bacteria pre-treated or not with
the oxidative stress inducers were then tested for anti-FASII adaptation. As anti-FASII, we used the Fabl
inhibitor AFN-1252, which like triclosan targets Fabl, and is a pipeline drug with high specificity (7).
Results consistently showed that H,0, and PMS accelerated the time of S. aureus adaptation to FASII
antibiotics (from 6 to 4-5 hours), compared to non-treated cultures (Fig. 4B, S3 Table); a katA mutant,
which lacks catalase and would thus accumulate H,0,, adapts to anti-FASII 1 h faster than does the WT
parental strain (data not shown). In contrast, treatment with a reducing agent (Na citrate 10 mM, or
vitamin C 5.7 mM) had the opposite effects, of retarding adaptation. (S3 Table).

Faster adaptation to anti-FASIl could be due to up-regulation of an antibiotic efflux pump as
reported in E. coli (31), or to more rapid adaptation to eFAs. To distinguish between these possibilities,
FA profiles were determined 6 h post anti-FASII treatment, when anti-FASII-treated controls are still in
latency. Preculturing in H,0; resulted in more efficient eFA incorporation compared to non-pre-
adapted cultures (Fig. 4C). This strongly suggests that anti-FASII reaches its target, and that ROS
pretreatment accelerates eFA incorporation. More efficient incorporation of eFAs in bacteria exposed
to H,0; prior to anti-FASII treatment may be linked to a recent report indicating that S. aureus
respiratory chain impairment favors accumulation of free FAs (32), which could then be incorporated
via FASIl bypass. The mechanisms underlying greater eFA assimilation upon ROS pretreatment is

currently under study.
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Bacterial pathogens are known to trigger stress responses in infected host macrophages and

neutrophils (33, 34). The efficacy of anti-FASII drugs to eliminate S. aureus from infected host cells

might thus be adversely affected by the oxidative stress response mounted by the host.

A 10 - Post-treatment H,0,

= 97 :

[= H *%
S :
z 81 g
© H
S H
o 71 :
3 s
6 1 5
5 T -

-H,0, +H,0,
B Pre-treatment H,0,

ODgoo

Time (h)
c Anti-FASII-treated S. aqureusat 6 h

No H,0, 2

Time (min)

Fig. 4. H,0, primes bacteria for accelerated adaptation to anti-
FASIIL. A. S. aureus anti-FASIl adaptation leads to increased H,0,
resistance. USA300 non-treated (black bar) and AFN-1252-
adapted cultures (hatched bar) issued from overnight growth
were challenged with 0.5 mM H,0,. CFUs of surviving bacteria
and controls were determined after 5 h incubation. **, p< 0.01.
B and C. Priming S. aureus with H,0, accelerates anti-FASII
adaptation. B. USA300 cultures were grown overnight in SerFA
without or with 0.5 mM H,0;. Cultures were diluted to ODggo =
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Reduced levels and activities of virulence factors in anti-FASIl-adapted S. aureus. Unlike the higher

expression of stress response proteins, levels of 10 out of 16 detected virulence-related proteins (e.g.

adhesins, Fe or heme binding proteins, and toxins) decreased transiently or lastingly during anti-FASII

adaptation compared to non-treated S. aureus cultures (Fig. 5A). In addition, we evaluated major

secreted virulence factors not detected by proteomics: hemolysin, lipase, nuclease, and protease (Fig.

5B). SerFA day precultures were subcultured in SerFA without or with two tested anti-Fabl drugs,

triclosan (in SerFA-Tric) and AFN-1252 (in SerFA-AFN). The appropriate detection plates were then

spotted with 10 pl overnight cultures, whose optical densities were similar (ODgoo = 13, 9, and 9,

10
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respectively in non-treated, triclosan-adapted, and AFN-adapted conditions). Activities of all 4
exoproteins were visibly lower in both anti-FASII-adapted cultures compared to non-treated cultures.

Taken together, these results indicate that the altered S. aureus state during anti-FASIl-adaptation
favors greater resilience to host stress by raising levels of stress response proteins, but lowers host
killing capacity by reducing virulence factor production. These features may prepare anti-FASII-treated

S. aureus for greater persistence in the host, effective at least during the time of antibiotic treatment.
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Fig. 5. Decreases in virulence factor levels and activities in anti-FASIl adapted S. aureus. A. Heat maps are shown
for known virulence factors. Results are limited to SerFA (control) and SerFA-Tric adaptation conditions. See S1
Table for results in all test conditions. Gene names and functional categories are at right. Incremental time points
for SerFA-Tric 2, 4, 6, 8, and 10 h samples are represented by the wedge. The heat map scale is at lower right:
representations are calculated as relative protein abundance ratios (red, up-represented; blue, down-
represented). B. Secreted virulence factor activities. Non-treated (NT) and anti-FASII-adapted cultures using
Triclosan (Tric-ad) or AFN-1252 (AFN-ad) were grown overnight, and reached similar ODgoo values (= 13,9, and 9
respectively for NT, Tric-ad, and to AFN-ad). Cultures (for protease detection) and culture supernatants
(hemolysin, lipase, and nuclease detection) were evaluated (see Materials and Methods). A representative result
of 3 biologically independent replicates is shown.

Expression and phosphorylation of regulatory proteins are re-directed during anti-FASII adaptation.
We anticipated that regulatory changes dictate the reprogramming induced by anti-FASII treatment.
Our assessment revealed 22 documented or predicted regulators whose expression decreased (9
proteins) or increased (13 proteins) during anti-FASII adaptation (Fig. 6). Identified regulators affect
stress response, nutritional immunity, metabolism, and virulence, or combinations of these factors. It

is notable that nearly all regulator levels reached peak changes during adaptation, and then returned

11
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to baseline, suggesting that induced changes are transient. Two exceptions, CcpE and CshA, peaked at
outgrowth and thus may be candidates for maintaining anti-FASII adaptation (discussed below).
Moreover, regulators are often modulated by post-translational modifications and/or intracellular
metabolites, thus complicating elucidation of their roles. As phosphorylation has documented effects
on protein regulators (35-37), we also performed phosphoproteome analysis, in which we compared
bacterial modifications in non-treated conditions (ODey = 1), and after 6 h and 10 h of anti-FASII

treatment by triclosan (Table 1, S2 Fig.; S2 Table for full results).

Regulators
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Fig. 6. Regulatory proteins showing expression
reversal in anti-FASIl compared to non-treated
cultures. Heat maps are shown for known or
putative regulators in public databases and were
curated manually. Results are limited to SerFA
control and SerFA-Tric adaptation conditions (see
S1 Table for results in all test conditions). The
greatest changes in most regulatory protein levels
were visible at 6 and 8 h during the latency phase
of anti-FASII adaptation. Gene names are at right.
Incremental time points for SerFA-Tric 2, 4, 6, 8,
and 10 h samples are represented by the wedge.
The heat map scale is at lower right:
representations are calculated as relative protein
abundance ratios (red, up-represented; blue,
down-represented). Regulators in bold displayed
lasting shifts in anti-FASII adapted bacteria.

Here we focus on regulators whose phosphorylation is impacted by anti-FASII adaptation (see (38)
for a comprehensive S. aureus phosphoproteome in non-selective conditions). Altogether, 7 regulators
affected for protein levels and/or phosphorylation upon anti-FASII adaptation are discussed; the
difficulties in interpreting their roles are pointed out.

i- FapR (SAUSA300_1121) is a main regulator of FASII and phospholipid synthesis, which affects fabD,
fabH, fabF, fabG, fabl, plsX, and plsC ((39), although plsC control is indirect (27)). FapR expression
increased up to 6-fold compared to the SerFA control during adaptation. However, FapR repression is

alleviated by malonyl-CoA binding (39). During anti-FASII adaptation, malonyl-CoA preferentially
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interacts with FapR, such that FASII, but also phospholipid synthesis proteins needed for anti-FASII
adaptation, are increased (27). Thus, increased FapR levels may not cause greater FapR repression.

ii- CshA (SAUSA300_2037) is a well-characterized DEAD-box helicase and part of the RNA degradosome
complex (40). CshA impacts membrane FA homeostasis in S. aureus; Pdh operon mRNA, a CshA target,
is not degraded in a cshA mutant, so that acetyl-CoA pools are increased (41). Anti-FASII adaptation
led to a progressive lasting decrease in CshA pools, suggesting that acetyl-CoA pools are increased in
this condition (Fig. 6; (27)). ACC uses acetyl-CoA to produce malonyl-CoA, the FapR anti-repressor (42).
In parallel, levels of ACC subunits AccD and AccA (SAUSA300 1646 and 1647) increased during anti-
FASII adaptation (Fig. 2). Thus, decreased CshA and consequent increased acetyl-CoA (via PDH) and
malonyl-CoA (via ACC) may contribute to anti-FASII bypass by upregulating the FapR regulon.

iii- HrcA (heat-inducible transcription repressor; SAUSA300_1542) represses expression of heat shock
proteins Dnal, DnaK and GroEL (43). Both HrcA levels and phosphorylation increased in anti-FASII
adaptation (Fig. 6, Table 1), while amounts of HrcA-regulated heat shock proteins also increased (Fig.
3). We suggest that phosphorylation may derepress HrcA to activate heat shock protein expression.
iv- Rot (regulator of toxins; SAUSA300_1708; (44)) showed increased phosphorylation upon S. aureus
adaptation to anti-FASII that was pronounced at 10 h. During anti-FASII adaptation, responses of Rot-
regulated functions, hemolysin, lipase, protease are decreased, while Spa is increased (Fig. 5), as
expected when Rot is active, suggesting that Rot phosphorylation reinforces repressor activity. In
contrast, levels of CIfB, which is reportedly activated by Rot, is strongly decreased, indicating that other
regulators or metabolites control its expression.

v- XdrA (SAUSA300_1797) is implicated in capsule synthesis, biofilm formation and virulence factor
expression (45-47). The first gene in the FA degradation (fad) operon, fadX, is repressed by XdrA (46).
Consistently, transcriptomics performed across multiple conditions showed that the fad operon is
upregulated while xdrA is down-regulated in growth-limiting conditions (17). Both the amounts and
phosphorylation of XdrA decreased during anti-FASII treatment. It is possible that fad upregulation

when XdrA pools are lower directs FAs towards Fad-mediated degradation, which would transiently
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limit FA availability for FASII bypass. This proposed role for XdrA in shunting eFAs between FASII bypass
and degradation remains to be tested.

vi- CcpE (LysR family transcriptional regulator; SAUSA300_0658) is a positive regulator of the TCA cycle
that is activated by citrate. CcpE mutants display greater virulence, linked to higher pigment
production, iron capture, and resistance to killing (48). CcpE is increasingly produced and is
underphosphorylated during anti-FASII adaptation. Higher CcpE levels may favor growth at the
expense of virulence-related factors in this condition.

vii- SaeR (DNA-binding response regulator; SAUSA300 _0691) is the response regulator of a two-
component system that mediates expression of some 20 virulence factors. Sae signaling is activated
by hydrogen peroxide (49). It is turned off by free FAs in a fakA mutant, and by anti-FASII, as also
observed here in response to triclosan (50). Thus FA stress, as may occur in fak mutants, and
membrane perturbation provide signals or metabolites that turn off SaeRS transcription. Supporting
this, the membrane-disrupting lipopeptide colistin also lowers saeRS transcription (17).

Taken together, this study identifies several regulators implicated in anti-FASII adaptation. It leads
us to suggest that membrane perturbations (here induced by anti-FASII) may constitute a primary
signal leading to regulatory adjustments. These results provide a basis for determining how these
regulators interactively rewire S. aureus expression during anti-FASII adaptation.

Infection by untreated and anti-FASIl-adapted S. aureus in the Galleria mellonella infection model.
The significant expression changes related to anti-FASII treatment led us to ask whether infection
capacity is affected in anti-FASIl-adapted S. aureus. We chose an insect G. mellonella model for testing,
which allowed us to use a large cohort and thus assess overall changes due to anti-FASII. It is notable
that larval hemocoel, like blood serum, is lipid-rich (51). The anti-Fabl antibiotic AFN-1252 was chosen
for this study, as it was extensively tested for treatment of S. aureus infections, and was
pharmacologically vetted for non-toxicity in the host (16, 52). Non-treated and AFN-1252-adapted S.
aureus USA300 showed equivalent kinetics when grown in SerFA in vitro (S3 Fig.). Insects were injected

with 10° CFU non-treated or AFN-1252-treated S. qureus USA300; a control group was injected with
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PBS (Materials and Methods). Two experiments, using 140 and 130 insects were performed,
respectively to assess insect survival (Fig. 7A), and bacterial CFUs in insects (Fig. 7B and C), with
monitoring at 0, 24, 48, and 72 h post-infection. Insects infected by anti-FASIl-adapted bacteria were
killed more slowly than those infected by untreated bacteria. At Tss, 95% of insects were killed by
untreated S. aureus, compared to 30% killing with anti-FASII-adapted S. aureus. At T;2, when all larvae
infected by untreated S. aureus were dead, mortality in the group infected with anti-FASII-adapted S.
aureus increased to 64%. Thus, killing by anti-FASIl-adapted S. aureus was delayed but not stopped.
At T24, S. aureus counts on SerFA solid medium were comparable in the two infected insect groups.
After that time CFUs from surviving insects infected by anti-FASII-adapted bacteria decreased (Fig. 7B).
In contrast, CFUs in dead larvae at Tss were comparable for both groups, indicating that anti-FASI|

adapted bacteria multiplied as well as non-treated bacteria in the insects they killed (Fig 7C).
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Fig. 7. Comparison of untreated and anti-FASlI-treated S. aureus in a G. mellonella infection model. S. qureus
cultures were prepared as described in Materials and Methods. Ten microliters were injected per insect. A. Insect
survival in non-treated and anti-FASIl-adapted S. aureus. Data was analyzed using Kaplan-Meier with pooled values
of biologically independent triplicates (60 samples per condition). A Mantel-Cox test was done on results excluding
the PBS controls, and showed a significance value of p <0.0001. B. Bacterial CFUs in insects infected by non-treated
and anti-FASIl-adapted S. aureus in surviving insects. T, no surviving insects. *, p<0.05. C. Bacterial CFUs in insects
infected by non-treated and anti-FASIl-adapted S. aureus in dead insects at 48 h. ‘B’ and ‘C’ analyses were done
using the non-parametric Mann Whitney test using Graphpad prism software.
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To determine whether anti-FASIl-adapted bacteria remained adapted during infection, CFU platings
as above were done in parallel on SerFA-AFN solid medium. Only anti-FASIl-adapted bacteria grow
directly on SerFA-AFN medium (Table 2). Among surviving insects infected with adapted bacteria, only
one contained bacteria that returned to the non-adapted state at 72 h; this indicates that bacteria can
remain adapted during infection (Table 2). Altogether, these results show that anti-FASII-adapted S.
aureus are able to kill their host. Consistent with proteomic results, anti-FASll-adapted S. aureus

populations are less virulent, but maintain their capacity to withstand host conditions.
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Discussion

Anti-FASII treatments against S. aureus infection are in continued development, based largely on
protocols using short intervals between infection and antibiotic treatment challenge (14, 15, 53, 54).
Our work stressed the importance of antibiotic testing in real-life conditions, i.e., in which treatment
is administered after palpable signs of infection. This strategy would reduce risks of pursuing false leads
in drug development. Importantly, S. aureus adapts to anti-FASII in these conditions and then grows
robustly, thus advising against its use as single-drug treatment (10).

The present work shows that anti-FASIl-adapted S. aureus populations undergo massive and lasting
expression shifts that improve bacterial tolerance to hostile conditions while reducing damage to the
host (Fig. 8). During infection, the host elicits an inflammatory response upon infection, including ROS
production (55). Paradoxically, pre-exposure to an oxidative stress favors S. aureus adaptation to FASII
antibiotics and accelerates eFA incorporation, while growth with a reducing agent slows adaptation
(S3 Table). We speculate that bacteria exposed to the host inflammatory response would more readily
overcome anti-FASII inhibitors as seen here in vitro. In E. coli, pre-exposure to ROS leads to greater
antibiotic tolerance by reducing proton-motive-force-mediated entry or by inducing efflux pump
expression; this is at least partly due to induction of an Fe-S repair system (30, 31, 56). In the case of
anti-FASII, H,0O, pre-treatment accelerates FA incorporation in S. aureus, proving that anti-FASII
reaches its target, and implying that a different mechanism is involved. A role for Fe-S proteins in
modulating FA incorporation is under current study.

We observed a major shift in regulator protein levels in anti-FASIl adapted bacteria (Fig. 7).
However, we failed to uncover a master regulator responsible for the massive shift in expression.
Numerous protein regulators are modulated by metabolites and/or post-translational modifications
(27). Indeed, phosphoproteomics revealed differential phosphorylation of 4 regulators, involved in
iron, stress response, toxin expression, and biofilm production, which may explain at least in part the
phenotypic changes observed during anti-FASIl adaptation (Table 1). We previously showed that CodY

(SAUSA300_1148), the conserved central amino acid- and GTP- responsive regulator, was required for
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normal anti-FASII adaptation (57). In S. aureus, CodY intervenes in FASIl and phospholipid regulation
(27), acts on other regulators to repress virulence factor production (58), and controls expression of
acid-stress-response urease genes, some of which are upregulated upon anti-FASII adaptation (Fig. 4;
(59)). Although changes in CodY levels were not detected by proteomics, a codY mutant is severely
delayed for anti-FASIlI adaptation (27), indicative of a central regulatory role. While the above
observations illustrate the complexity of interpreting proteomic findings, our findings will serve as a

basis for determining how the identified regulators modulate anti-FASII adaptation.
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To our knowledge, inverse stress and virulence factor responses were not previously linked to other
antibiotic treatments, and may be specific to anti-FASII adaptation, or to drugs that induce membrane
perturbations. Some parallels exist between features of anti-FASIl-adapted bacteria and those of small
colony variants (SCVs), which are associated with chronic infection: both emerge more efficiently in

oxidative stress (Fig. 4, S3 Table (61, 62)), and both produce less virulence factors (Fig. 5; (60, 63)),
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which might facilitate bacterial escape from host immune surveillance. In contrast, tricarboxylic acid
cycle enzymes are less produced in SCVs (64), but not in anti-FASIl-adapted S. aureus, whose outgrowth
kinetics in SerFA medium was comparable to that of untreated bacteria (S3 Fig.). We propose that anti-
FASII-adapted S. aureus generate a bacterial reservoir potentially leading to chronic infection (Fig. 7).

Although anti-FASII fails to eliminate S. aureus when compensatory fatty acids are available, the
present study shows that it does reduce S. aureus virulence factor production. Anti-FASII may synergize
with other treatments that prevent adaptation and thus potentiate its efficacy (27). Here, anti-oxidants
delayed anti-FASII adaptation (S3 Table), which may offer perspectives for a bitherapy approach to

eliminate S. aureus with attenuated virulence.
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Materials and Methods

Strains, media, and growth conditions. Experiments were performed using S. aureus
SAUSA300_FPR3757 JE2 strain, referred to below as USA300, or a katA SAUSA300_1232 transposon
insertion mutant ((65); generously supplied by BEI Resources NIAID, NIH, USA). All cultures were grown
aerobically at 37°C. Solid and liquid growth media were based on BHI as follows: no additives (BHI),
containing 0.5 mM FAs (BHI-FA, with an equimolar mixture of 0.17 mM each C14, C16, C18:1 [Larodan,
Sweden]), and BHI-FA containing 10% newborn calf serum (Ser-FA; Eurobio Scientific, France [Fr]).
Where specified, the anti-FASII triclosan (66) was added at 0.25 pg/ml in media without serum, and at
0.5 pg/ml in media containing serum, to respectively give BHI-Tric, FA-Tric, or SerFA-Tric, as described
(10, 11, 67). The anti-FASII AFN-1252 (7) was used in SerFA at 0.5 pg/ml (SerFA-AFN) as described (10).
For most experiments, S. aureus USA300 was streaked on solid BHI medium, and independent colonies
were used to inoculate overnight BHI pre-cultures. For proteomic and phosphoproteomic studies,
cultures were inoculated at a starting ODgoo = 0.1. Where indicated, SerFA precultures contained
hydrogen peroxide (0.5 mM final concentration).

Proteomics preparation and analyses. Adaptation to anti-FASII varies with growth media: BHI-Tric-
grown and FA-Tric-grown S. aureus do not adapt in the time periods tested, (high frequency adaptive
mutations arise with a delay in FA-Tric; (11)), whereas SerFA-Tric-grown S. aureus adapt without
mutation after an initial latency period (6-8 hours, depending on growth conditions) (10). Kinetics
experiments were performed on USA300 to determine the protein changes associated with FA-Tric
and SerFA-Tric anti-FASII adaptation. Cultures for each condition were prepared as independent
guadruplicates. For each sample, BHI precultures were diluted and shifted to the specified medium
starting cultures at ODgoo = 0.1. Control cultures in BHI, BHI-FA and BHI-SerFA were grown to ODeggo =
~1. BHI-Tric cultures (no added FAs) were collected at 6 h. USA300 samples grown in FA-Tric and SerFA-
Tric were collected at 2, 4, 6, 8 and 10 h post-antibiotic addition (see S1 Table for growth information
and complete data). For each sample, 20 ODgno units culture equivalent was collected and centrifuged

for 10 min at 4°Cat 8000 rpm. Pellets were washed twice in Tris 10mM pH7.0 containing 0.02% TritonX-
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100, and Halt™ Protease & Phosphatase Inhibitor Cocktail (100X) (Thermo Scientific, Fr). Pellets were
then resuspended in 650 pul washing buffer, mixed with 0.1 mm silica beads and subjected to 3 cycles
of vigorous shaking (Fast-Prep-24, MP-Bio, Fr). After 10 min centrifugation at 10000 rpm, supernatants
were recovered and stored at -80°C prior to analyses.

Protein extractions, LC-MS/MS analyses, and bioinformatics, and statistical data analyses were
done as described in detail (68). The reference genome GenBank Nucleotide accession code
NC_007793.1 was used for protein annotation. The bioinformatic tools used for proteomics analysis
(X!TandemPipeline C++, MassChroQ, MCQR) are open and free resources available in the following
repository: https://forgemia.inrae.fr/pappso. The mass spectrometry proteomics data was deposited

to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE

partner repository with the dataset identifier PPXD034256.

Proteome data analyses. Protein abundance differences were detected by ANOVA tests for all
methods used (spectral counting, SC; extracted ion chromatograms, XIC; and peak counting, PC). The
abundance of a protein was considered significantly variable when the adjusted p-value was <0.05.
Proteins showing significant statistical abundance differences were represented on heat maps using
hierarchical clustering with Euclidean distances as described (68). K-means clustering analysis was
performed using RStudio. Proteins whose abundancies were significantly different in one or more
conditions were manually curated and classified according to functional groups.

Phosphoproteome preparation and analyses. USA300 cultures were prepared in BHI and SerFA and
harvested at ODegoo = ~1. SerFA-Tric cultures were harvested at 6h and 10 h post-treatment. Samples
were prepared independently from those in the proteomics study, as independent biological
triplicates, and treated as in proteomics studies, except that we collected the equivalent of 50 ODggo
units. Bacteria were processed as for proteome extraction except that Tris was replaced by
triethylammonium bicarbonate (50 mM; n.b. Tris interferes with dimethyl tag labelling) containing

antiprotease and antiphosphatase at the recommended concentrations. Lysed bacteria after Fast-Prep
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were centrifuged 15 min at 12000 rpm supernatants containing soluble proteins were kept at -80°C
before use. Protein concentrations were determined by the Bradford method.

One mg protein samples were evaporated and resuspended in 1 ml 5 % formic acid and dimethyl-
tag labeled as described (69). Briefly, differential on-column labeling of peptide amine groups (NH,)
created dimethyl labels leading to mass shifts of +28.0313 Da for the peptides from SerFA 3 h samples,
+32.0564 Da for the peptides from SerFA-Tric 6 h samples and +36.0757 for the peptides from SerFA-
Tric 10 h samples respectively. The three samples were mixed and then submitted to six rounds of
phosphopeptide enrichment with 5mg TiO, beads/mg of protein (Titansphere Phos-TiO, GL Sciences
Inc., Netherlands) as described (70).

LC-MS/MS analyses of samples were done using an Ultimate 3000 nano-RSLC coupled on line with
a Q Exactive HF mass spectrometer (Thermo Scientific, San Jose California). 1 uL of each sample was
loaded on a €18 Acclaim PepMap100 trap-column 300 pm inner diameter (ID) x 5 mm, 5 pm, 1004,
(Thermo Scientific) for 3.0 minutes at 20 puL/min with 2% acetonitrile (ACN), 0.05% TFA in H,0 and then
separated on a C18 Acclaim Pepmap100 nano-column, 50 cm x 75 um ID, 2 pm, 100 A (Thermo
Scientific) with a 100 minute linear gradient from 3.2% to 20% buffer B (A: 0.1% FA in H,0O, B: 0.1% FA
in ACN), from 20 to 32% of B in 20 min and then from 32 to 90% of B in 2 min, hold for 10 min and
returned to the initial conditions. The flow rate was 300 nL/min.

Labeled peptides were analyzed with top15 higher energy collisional dissociation (HCD) method:
MS data were acquired in a data dependent strategy selecting the fragmentation events based on the
15 most abundant precursor ions in the survey scan (m/z range from 350 to 1650). The resolution of
the survey scan was 120,000 at m/z 200 Th and for MS/MS scan the resolution was set to 15,000 at
m/z 200 Th. For HCD acquisition, the collision energy = 27 and the isolation width is of 1.4 m/z. The
precursors with unknown charge state, charge state of 1 and 5 or greater than 5 were excluded.
Peptides selected for MS/MS acquisition were then placed on an exclusion list for 20 s using the
dynamic exclusion mode to limit duplicate spectra. The mass spectrometry proteomics data have been

deposited to the Center for Computational Mass Spectrometry repository (University of California, San
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Diego) via the MassIVE tool with the dataset identifier MassIVE MSV000089781 (accessible at

http://massive.ucsd.edu/ProteoSAFe/status.jsp?task=db3f5002e32e4a47a71996358bc6ae8c ).

Phosphoproteome data analyses. Proteins were identified by database searching using SequestHT
with Proteome Discoverer 2.5 software (Thermo Scientific, Fr) against the Uniprot S. aureus USA300
database (2020-01 release, 2607 sequences). Precursor mass tolerance was set at 10 ppm and
fragment mass tolerance was set at 0.02 Da, and up to 2 missed cleavages were allowed. Oxidation
(M), acetylation (Protein N-terminus), and phosphorylation (S, T, Y) were set as variable modifications.
The dimethyl labeled peptides in primary amino groups K and N-ter (+28.0313 Da for the SerFA 3h
sample, +32.0564 Da for the SerFA-Tric 6h sample and +36.0757 Da for the SerFA-Tric 10 h sample),
and carbamidomethylation (C) were set as fixed modifications. Peptides and proteins were filtered
with a false discovery rate (FDR) at 1% using the Percolator tool (71). Protein quantitation was
performed with precursor ions quantifier node in Proteome Discoverer 2.5 software, peptide and
protein quantitation based on pairwise ratios and t-test statistical validation.

H,0; resistance of non-treated and anti-FASIlI adapted S. aureus. S. aureus non-treated or AFN-
adapted cells (see above) were diluted to ODgoo= 0.005 in SerFA and grown for 1 h at 37°C, after which
H,0, (0.5mM final concentration) was added or not to cultures, and allowed to grow for 5 h. Growth
kinetics was followed by ODgyo determinations, and CFUs were determined at the final time point.
Plates were photographed after overnight incubation at 37°C.

H,0, and PMS pre-treatment. For pre-adaptation in hydrogen peroxide or in PMS, S. aureus were
precultured in SerFA and then subcultured in SerFA containing or not 0.5 mM H,0, (final
concentration) or PMS (20-50 uM) for 16 h at 37°C. Cultures were diluted to ODggo = 0.1 in SerFA or
SerFA medium containing AFN-1252 (SerFA-AFN), and growth was monitored.

Nuclease detection assay. DNase agar (Oxoid, Thermo Scientific, Fr) containing toluidine blue O 0.05
g/L (Sigma, Fr) was prepared as described (72). Culture supernatants from test samples were heated

to 80°C for 10 m, and then spotted (10 pl) on plates. Photographs were taken after overnight
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incubation at 37°C. Contrast was uniformly enhanced by Photoshop to visualize pink halos indicating
nuclease activity.

Protease activity assay. Powdered skim milk 50 g/L was added to 1% non-nutrient agar (Invitrogen).
Medium was sterilized at 121°C for 15 min as described (73). Cultures were spotted (10 ul) on plates
and allowed to dry, then incubated at 37°C for 72 h and photographed.

Lipase activity assay. Medium comprised 1% non-nutrient agar (Invitrogen) to which was added 2.5%
olive oil and 0.001% Rhodamine B (starting from a Rhodamine B stock solution of 1 mg per mlin water;
Sigma-Aldrich, Fr) as described (74). To improve olive oil emulsification, NaCl was added to medium
(1M final concentration), followed by vigorous shaking just prior to plate preparation. Supernatants
from overnight cultures were sterile-filtered through a 0.2 um membrane syringe filter (Pall
Corporation, Michigan). Supernatants (10 pl) were deposited in holes pierced in solid medium. After
24 h incubation at 37°C plates were visualized under UV light at 312 nm and photographed.
Hemolytic activity assay. S. aureus sterile-filtered supernatants were prepared from overnight
cultures and 10 pl aliquots were spotted on 5% sheep blood agar plates (BioMérieux SA, Fr). After
drying, plates were incubated at 37°C overnight, and photographed.

G. mellonella infection by anti-FASIl-adapted and untreated S. aureus. Infection capacities of anti-
FASIl-adapted and untreated S. aureus USA300 were compared in the G. mellonella insect model (75).
G. mellonella larvae were reared on beeswax and pollen in sealed containers with a wire mesh lid
permitting aeration. The rearing container was stored at a constant temperature of 27°C in a
humidified incubator in our laboratory facilities. The fifth instar larvae weighing ~250 mg were
subjected to starvation for 24 h at 27°C and 1-2 h at 37°C prior to infection. S. aureus SerFA cultures
were subcultured in SerFA, and SerFA plus AFN-1252 (0.5ug/ml; SerFA-AFN) for overnight growth.
Resulting cultures were then diluted to 0.1 and grown in respective media to ODgyp = 1. Based on
previous CFU determinations, each culture was pelleted , washed once in PBS, and then resuspended
in PBS to obtain 10® CFU/ml. Ten pl (10° CFUs) was administered by injection in the fourth proleg. To

follow larvae mortality following S. aureus infection, 20 larvae were inoculated using 3 independent
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cultures per culture condition (totaling 60 insects injected with SerFA, and 60 with SerFA-AFN), and 20
larvae were inoculated with PBS buffer for the control. Surviving larvae were counted every 24 h for
72 hours. To monitor S. aureus bacterial counts post-infection, the experiment above was repeated,
and surviving larvae (9 total per condition, treated in 3 groups from independent biological replicates)
were sacrificed until there were no surviving larvae left. CFUs were also determined from newly-dead
larvae. To determine S. aureus CFUs, surviving larvae were chilled in ice for 30 min, and then crushed
in 1 ml sterile deionized water. The resulting content was vortexed for ~30 sec. Five ul of 10-fold
dilutions were prepared in sterile water and spotted on SerFA and SerFA-AFN solid medium. CFUs were
determined after overnight incubation at 37°C. The detection threshold was 10% CFU per insect. Results
of the 3 biologically independent experiments were pooled for presentation of insect mortality, and
similarly for CFUs as done in a second independent experiment. Results are presented as the mean *
standard deviation (SD) using GraphPad Prism 9.3.1 (San Diego, Ca). CFU counts were compared by
nonparametric t-test (Mann-Whitney U) (P<0.05). Note that G. mellonella naturally harbor enterococci
(76). In contrast to S. aureus, enterococci are catalase-negative on routine plate tests (n.b., some
enterococci produce catalase upon heme addition). S. aureus were thus differentiated from
enterococci on plates used for CFU enumeration by their catalase-positive response (i.e., bubble

formation) upon application of a 3% hydrogen peroxide solution. Enterococci did not produce bubbles.
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Table 1. Regulatory proteins showing changes in phosphorylation during anti-FASII adaptation.

Accession Name Function Phosphorylation site? Abundance ratio®
number SerFA- SerFA- SerFA-
Tric6h Tric10h Tric10h
/SFA /SFA /SerFA-
Tric6h
Transcriptional
SAUSA300_0658 | CcpE regulator, LysR sLLITLDETK36 0.34 0.23 0.39
family
SAUSA300_1448 Fur Transcriptional 24EATVRVLIENEK3s N.d. 100 100
regulator
SAUSA300_1542 | HrcA Heat-inducible 260l AELLQDISSPNINVK375 100 100 0.04
transcription
repressor
SAUSA300_1708 | Rot HTH-type 4LAHTSFGIVGMFVNTCIVAK23 0.01 3.91 100

transcriptional
regulator repressor
of toxins

SAUSA300_1797 | XdrA HTH-cro/Cl-type 116VSNIYRVLNPDNQPIFGTSKj3s 2.96 0.01 0.01
domain-containing
protein

2 Peptide positions in the protein sequence are indicated. Phosphorylated amino-acids are in bold red letters,
or in bold black when there is an ambiguity. ® An abundance ratio of 100 means that the protein was detected
only in the numerator, but not the denominator condition. A ratio of 0.01 means that the protein was found
only in the denominator, and not in the numerator condition. N.d., signals for SerFA-Tric 6h and SerFA are
below detection levels.
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Table 2. Anti-FASIl-adapted S. aureus remain adapted during insect infection °.

CFU (standard deviation) from live larvae
Plating Non-treated S. aureus Anti-FASIl-adapted S. aureus®
medium
Oh 24h 48h | 72h Oh 24h 48h 72h
SerFA 1.5x10° 8.8x108 t t 1.2 x10° 2.8x108 3.4x10’ 4.7x10°
(¥1.3 x 109) (+6.8x108) (£0.7 x10°) (+3.4 x108) (3.6 x107) (+9.7x109)
N=9 N=9 N=9 N=9 N=9 N=8
(1 without S. (1 without S.
aureus) aureus)
SerFA-AFN No growth No growth t t 8.7x10° 2.7x108 1.2x108 2.3x10°
N=9 N=9 (#5.6 x10°) | (+2.6x10%) | (+1.6x10%) | (+4.0x109)
N=9 N=9 N=9 N=8
(1 without S. (2 without S.
aureus) aureus©)
CFU (standard deviation) from dead larvae
Non-treated Anti-FASII
Plating S. aureus adapted S. aureus
medium 48h 48h
SerFA 9.0x10° 1.4x10%°
(+8.7 x10°) (1.5 x10%)
N=9 N=8
SerFA-AFN No growth 1.6x10%°
N=9 (£2.0 x10%°)
N=8

@ CFUs of infected surviving (upper) and dead (lower) insects were compared on SerFA and SerFA-AFN solid
medium. Anti-FASII-adapted S. aureus are distinguished from non-treated bacteria by their ability to form
colonies on SerFA-AFN. P Individuals without detectable CFU (<10° CFU per insect) in SerFA or SerFA-AFN, or
only on SerFA-AFN plates, are indicated. ¢ Bacteria in one individual were no longer anti-FASIl-adapted, and
failed to grow on SerFA-AFN. T, no surviving insects. N= number of insects for each time point.
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Figure Legends

Fig. 1. Expression changes related to S. aureus anti-FASII adaptation. Normalized protein expression
profiles are organized by growth condition (BHI, FA, SerFA) without and with triclosan (Materials and
Methods). A. Heat map of global protein changes induced during S. aureus adaptation to FASII inhibitor
triclosan. B. Heat map of condition-specific highly expressed proteins. Proteins listed at right of heat
map show high differential expression in conditions indicated after the bracket. Gene names and
conditions of highest abundance are at right. FA-Tric and SerFA-Tric kinetics samples were each
considered as a group regardless of the time of increased expression. Hyp, hypothetical protein. Color
code: Light-to-dark shades of grey, green, and pink represent respectively BHI + Tric, FA + Tric, SerFA +
Tric as indicated. Incremental 2, 4, 6, 8, and 10 h time points for FA-Tric and for SerFA-Tric are
represented by wedges. The heat map scale is at lower left: representations are calculated as relative

protein abundance ratios (red, up-represented; blue, down-represented).

Fig. 2. Heat map of FASII and phospholipid synthesis proteins whose expression is affected in SerFA-
Tric growth. Proteins were compiled based on confirmed FASII and phospholipid synthesis pathway
proteins. Fabl (FASIl; SAUSA300_0912) and PIsY (phospholipid synthesis; SAUSA300_1249) were not
detected in this proteome. Results are limited to SerFA (control) and SerFA-Tric adaptation conditions.
See S1 Table for results in all test conditions. Gene names and functional categories are at right.
Incremental time points for SerFA-Tric 2, 4, 6, 8, and 10 h samples are represented by the wedge. The
heat map scale is at lower right: representations are calculated as relative protein abundance ratios

(red, up-represented; blue, down-represented).

Fig. 3. Stress response proteins are up-expressed during anti-FASII adaptation. Heat maps are shown
for known or putative stress response proteins. Results are limited to SerFA (control) and SerFA-Tric

adaptation conditions. See S1 Table for results in all test conditions. Gene names and functional
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categories are at right. Incremental time points for SerFA-Tric 2, 4, 6, 8, and 10 h samples are
represented by the wedge. The heat map scale is at lower right: representations are calculated as

relative protein abundance ratios (red, up-represented; blue, down-represented).

Fig. 4. H,0, primes bacteria for accelerated adaptation to anti-FASII. A. S. aureus anti-FASII adaptation
leads to increased H,0, resistance. USA300 non-treated (black bar) and AFN-1252-adapted cultures
(hatched bar) issued from overnight growth were challenged with 0.5 mM H,0,. CFUs of surviving
bacteria and controls were determined after 5 h incubation. B. and C. Priming S. aureus with H,0;
accelerates anti-FASII adaptation. B. USA300 cultures were grown overnight in SerFA without or with
0.5 mM H0,. Cultures were diluted to ODgoo = 0.1 and grown without or with 0.5 pg/ml AFN-1252.
ODegoo Was monitored for 12 h. Growth curve is representative of 4 independent experiments. Black,
no pretreatment; purple, pre-treatment with H,0,. Solid lines, SerFA, dashed lines SerFA-AFN. C. FA
profiles were done twice independently on cultures harvested after 6 h anti-FASII treatment (arrow in
‘B’). 1, 2, and 3, eFAs added to cultures (respectively C14, C16, and C18:1). H,O,-primed cultures

incorporate more eFAs than unprimed cultures. See Materials and Methods for protocols.

Fig. 5. Decreases in virulence factor levels and activities in anti-FASIl adapted S. aureus. A. Heat maps
are shown for known virulence factors. Results are limited to SerFA (control) and SerFA-Tric adaptation
conditions. See S1 Table for results in all test conditions. Gene names and functional categories are at
right. Incremental time points for SerFA-Tric 2, 4, 6, 8, and 10 h samples are represented by the wedge.
The heat map scale is at lower right: representations are calculated as relative protein abundance
ratios (red, up-represented; blue, down-represented). B. Secreted virulence factor activities. Non-
treated (NT) and anti-FASII-adapted cultures using Triclosan (Tric-ad) or AFN-1252 (AFN-ad) were
grown overnight, and reached similar ODgoo values (= 13, 9, and 9 respectively for NT, Tric-ad, and to

AFN-ad). Cultures (for protease detection) and culture supernatants (hemolysin, lipase, and nuclease
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detection) were evaluated (see Materials and Methods). A representative result of 3 biologically

independent replicates is shown.

Fig. 6. Regulatory proteins showing expression reversal in anti-FASIl compared to non-treated
cultures. Heat maps are shown for known or putative regulators in public databases and were curated
manually. Results are limited to SerFA control and SerFA-Tric adaptation conditions (see S1 Table for
results in all test conditions). The greatest changes in most regulatory protein levels were visible at 6
and 8 h during the latency phase of anti-FASII adaptation. Gene names are at right. Incremental time
points for SerFA-Tric 2, 4, 6, 8, and 10 h samples are represented by the wedge. The heat map scale is
at lower right: representations are calculated as relative protein abundance ratios (red, up-
represented; blue, down-represented). Regulators in bold displayed lasting shifts in anti-FASIl adapted

bacteria.

Fig. 7. Comparison of untreated and anti-FASII-treated S. aureus in a G. mellonella infection model.
S. aureus cultures were prepared as described in Materials and Methods. Ten microliters were injected
per insect. A. Insect mortality in non-treated and anti-FASIl-adapted S. aureus. Data was analyzed using
Kaplan-Meier with pooled values of biologically independent triplicates (60 samples per condition). A
Mantel-Cox test was done on results excluding the PBS controls, and showed a significance value of p
<0.0001. B. Bacterial CFUs in insects infected by non-treated and anti-FASIl-adapted S. aureus in
surviving insects. T, no surviving insects. C. Bacterial CFUs in insects infected by non-treated and anti-
FASIl-adapted S. aureus in dead insects at 48 h. ‘B’ and ‘C’ analyses were done using the non-

parametric Mann Whitney test using Graphpad prism software.

Fig. 8. Consequences of anti-FASII on S. aureus adaptation. Non-treated S. aureus synthesizes fatty
acids (FAs) used to produce membrane phospholipids. A typical gas chromatography FA profile of S.

aureus grown in laboratory medium (black line) is shown above a depiction of the membrane. Addition
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of anti-FASII in SerFA medium results in a replacement of self-synthesized FAs by the eFAs (here C14,
C16, C18:1; green line depicts bacterial profile), and an exogenous membrane phospholipid
composition. Anti-FASII adaptation is accompanied by massive changes in protein expression. Notably,
increases in numerous stress response proteins may help bacteria cope with host-produced ROS (55).
Decreased virulence factor production may help bacteria avoid induction of the host immune response
(60). Reservoirs of anti-FASIl-adapted S. aureus may favor the emergence of S. aureus populations that

persist in the host.
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Supporting Information.
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S1 Fig. Growth kinetics of USA300 in the absence and presence of the anti-FASII drug triclosan.
USA300 growth in BHI and in SerFA medium follows equivalent kinetics. Growth in BHI (black), FA (red

solid), SerFA (green solid), FA-Tric (red dashed), SerFA-Tric (green dashed). Adapted from (10).
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Fig. S2. Tandem Mass spectra of identifying differentially expressed phosphorylation sites of CcpE (A), Fur (B), HcrA (C), Rot (D) and XdrA (E) proteins.
The identified phosphorylation sites are indicated in bold red when localization is validated and bold black when 2 phosphorylation sites are possible. d:
deamidation, carb: carbamidomethylation, ox: oxidation, p: phosphorylation. All peptides are labeled by dimethyl tag on peptide N-term and lysines (K).
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S3 Fig. S. aureus USA300 non-treated and anti-FASIl-adapted cultures grow identically in non-
selective SerFA medium. Overnight non-treated (black) and anti-FASIl adapted S. aureus using
triclosan (0.5 pg/ml; SerFA-Tric, green), or AFN-1252 (0.5 pg/ml; SerFA-AFN, blue), were diluted to

ODgoo 0.025 and grown in SerFA (non-selective) medium. Shown are the mean and standard deviation

of independent triplicate replicates.
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S1 Table. Proteomics of non-treated and anti-FASII (triclosan)-treated S. aureus: a kinetics study.

Conditions, full results, cluster analysis.

S2 Table. Phosphorylated targets affected by anti-FASII adaptation. Full results.

S3 Table. Pre-treatments with ROS-generating versus reducing agents respectively accelerate and

retard adaptation to anti-FASII.
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