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Restriction of arginine induces antibiotic
tolerance in Staphylococcus aureus

Jeffrey A. Freiberg 1,2 , Valeria M. Reyes Ruiz2,3, Brittney D. Gimza4,
Caitlin C.Murdoch2,3, Erin R. Green2,3,5, JacobM. Curry4, James E. Cassat2,3,4,6,7 &
Eric P. Skaar 2,3

Staphylococcus aureus is responsible for a substantial number of invasive
infections globally each year. These infections are problematic because they
are frequently recalcitrant to antibiotic treatment. Antibiotic tolerance, the
ability of bacteria to persist despite normally lethal doses of antibiotics, con-
tributes to antibiotic treatment failure in S. aureus infections. To understand
how antibiotic tolerance is induced, S. aureus biofilms exposed to multiple
anti-staphylococcal antibiotics are examined using both quantitative pro-
teomics and transposon sequencing. These screens indicate that arginine
metabolism is involved in antibiotic tolerance within a biofilm and support the
hypothesis that depletion of arginine within S. aureus communities can induce
antibiotic tolerance. Consistent with this hypothesis, inactivation of argH, the
final gene in the arginine synthesis pathway, induces antibiotic tolerance.
Arginine restriction induces antibiotic tolerance via inhibition of protein
synthesis. In murine skin and bone infection models, an argH mutant has
enhanced ability to survive antibiotic treatmentwith vancomycin, highlighting
the relationship between arginine metabolism and antibiotic tolerance during
S. aureus infection. Uncovering this link between arginine metabolism and
antibiotic tolerance has the potential to open new therapeutic avenues tar-
geting previously recalcitrant S. aureus infections.

S taphylococcus aureus is one of the leading bacterial causes of mor-
tality in the world1, with mortality rates in excess of 20% for certain
types of infections2–9. These high mortality rates are due, in part, to

high rates of antibiotic treatment failure that occur during the treat-
ment of S. aureus infections. Anti-staphylococcal penicillins or first-
generation cephalosporins arefirst-line treatment options for S. aureus
infections. AlthoughMethicillin-resistant S. aureus (MRSA) strains with
resistance to these first-line agents are relatively common, the rates of
multi-drug resistance to anti-MRSA antibiotics remains very low10,11. In

this context, the high rates of antibiotic treatment failure are surpris-
ing and suggest a mechanism besides antibiotic resistance. Multiple
studies have investigated potential causes of antibiotic treatment
failure in S. aureus and have identified a variety of contributory factors
including the formation of small colony variants (SCVs), persister cells,
and biofilms12–19.

Growth as a biofilm, a dense communitywhere adherentmicrobes
secrete a complex extracellular matrix, induces extremely high levels
of antibiotic tolerance. Antibiotic tolerance is the ability of a bacterial
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population to withstand an otherwise lethal antibiotic dose due to
phenotypic changes without any evidence of a change in theminimum
inhibitory concentration (MIC) against that antibiotic20. Bacteria
growing in abiofilm community differ fromplanktonicbacteria in their
metabolism and growth, and they are able to tolerate 100 to 1000
times the concentration of antibiotics that would eliminate planktonic
bacteria21. Biofilm formation has been implicated in many different
types of S. aureus infections including osteomyelitis, prosthetic joint
infections, endocarditis, and chronic wound infections22. In these
infections, biofilm growth contributes to the high morbidity and
recalcitrance to antibiotic treatment.

Despite much investigation and speculation about the potential
causes of antibiotic tolerance in biofilm-mediated infections, the
mechanisms by which this occurs in S. aureus are still poorly under-
stood. In this work, an in vitro model of S. aureus biofilms grown at a
solid-air interface is employed to investigate antibiotic tolerance dur-
ing biofilm growth. Mechanisms of antibiotic tolerance in S. aureus are
identified using two broad, unbiased, complementary screening
approaches: semi-quantitative proteomics, and transposon
sequencing-based screening. These screens identify a novel role for
arginine metabolism as a key potentiator of antibiotic tolerance in S.
aureus. By restricting the synthesis of arginine, S. aureus can induce
antibiotic tolerance by inhibition of protein synthesis. Furthermore,
inhibiting the ability of S. aureus to produce arginine from citrulline
during antibiotic treatment enhances bacterial fitness during anti-
biotic treatment in mouse models of skin and soft tissue infection
(SSTI) and osteomyelitis. Together, these studies demonstrate that
restricting arginine synthesis, and in turn limiting arginine availability,
can contribute to antibiotic treatment failure in S. aureus.

Results
Antibiotic exposure results in differences in protein abundance
and relative fitness of transposon mutants in arginine metabo-
lism pathways in S. aureus
To screen for proteins that are involved in antibiotic tolerance in S.
aureus biofilms, untargeted, label-free, quantitative (LFQ) proteomics
using liquid chromatography tandem mass spectrometry (LC-MS/MS)
was performed. For LFQ proteomic analysis, S. aureus JE2, a derivative
of the MRSA USA300 LAC strain, was grown in a colony filter biofilm
model. S. aureusbiofilms formed in thismodel have amatrix consisting
of a mixture of bacteria, extracellular DNA (eDNA), polysaccharides,
and protein (Figure S1). This model allows for the establishment of a
mature biofilm at a solid-air interfacewhich canbe easily transferred to
different growth conditions while keeping the biofilm structure
intact23. This provides a useful in vitromodel of the type of biofilm that
might form in a wound infection, of which S. aureus is a frequent
cause24–27. Utilizing this model, S. aureus biofilms grown on poly-
carbonate filter discs on tryptic soy agar (TSA) plates could be trans-
ferred as intact biofilms to fresh media every 24 h (Figure S2a). After
48 h of growth in antibiotic-free conditions, mature biofilms were
transferred to TSA plates containing antibiotics for an additional 48 h.
To identify pathways that are involved in tolerance to multiple anti-
biotics, four different classes of antibiotics were used: vancomycin, a
cell wall targeting glycopeptide and themost commonly used first line
antibiotic for the treatment of MRSA bacteremia worldwide28; cef-
taroline, a cell wall targetingbeta-lactamantibioticwith activity against
MRSA; linezolid, an oxazolidinone that inhibits protein synthesis and
has activity against MRSA; and delafloxacin, a fourth generation
fluoroquinolone with activity against MRSA. Antibiotic concentrations
were 400 µg/ml for vancomycin, 20 µg/ml for ceftaroline, 20 µg/ml for
linezolid, and 9 µg/ml for delafloxacin. These concentrations, with the
except of vancomycin, were chosen based on published peak serum
concentrations for standard clinical treatment doses29, and represent
concentrations >200x, >20x, 10x, and >40x the MICs, respectively.
Bacterial killing resulting from antibiotic treatment of these biofilms

after 24 and 48 h is shown in Figure S2b. After 48h of exposure to
antibiotics or a no-antibiotic control, total protein was extracted from
the colony biofilms and identified using LC-MS/MS. Based on this
analysis, there were a total of 142 proteins with significant differences
in their abundance when treated with one of the antibiotics tested
(Supplementary Data 1).

As a complementary approach to performing LFQ proteomics, a
transposon library was constructed in the JE2 strain using a Himar1-
based transposon approach as previously described in ref. 30. This
resulted in the creation of a high quality, high-density transposon
library with greater than 150,000 independent transposon insertions
representing coverage of nearly 55% of all TA sites and at least one TA
site in 93.3%of annotatedopen reading frames in theUSA300_FPR3757
genome (2619 out of 2807) (Figure S3). Analysis of the library using the
TRANSIT software package31 revealed 369 essential genes in the S.
aureus genome, in line with estimates from other studies in S.
aureus32,33. Another 227 genes were labeled as uncertain as their small
size limited the ability to confidently predict their essentiality. To
screen for genes impacting survival in the presence of antibiotics, the
transposon librarywas grown using the colony filter biofilmmodel and
exposed to antibiotics for 48 h, as above. Following antibiotic treat-
ment, a 4 houtgrowth in tryptic soy broth (TSB) as a planktonic culture
was performed to enrich the population of viable bacteria. Following
the outgrowth, DNA was extracted, and transposon sequencing was
performed. Based on analysis of the sequencing results using TRAN-
SIT, 157 geneswere either essential or detrimental to survival in at least
one of the antibiotic conditions tested (Supplementary Data 2). In
addition to identifying genes important for survival in the presence of
antibiotics, this experiment also identified genes that significantly
impacted fitness during biofilm growth (Supplementary Data 3).

Analysis of the datasets resulting from the LFQ proteomics and
TnSeq experiments revealed that very few protein-gene pairs were
identified by both techniques. However, transposon insertions dis-
rupting either of twogenes encoded in anoperon,argG andargH, were
found to be beneficial for survival in the presence of multiple anti-
biotics and the corresponding encoded proteins were decreased in
abundance in response to treatment with all the antibiotics tested
(Fig. 1). Together, ArgG and ArgH are responsible for the synthesis of
L-arginine from L-citrulline (Fig. 1a). Evaluation of several other
enzymes involved in argininemetabolism, ArgD, ArgC, ArgJ, ArgB, and
RocD, did not show any significant differences in the proteomic or
TnSeq datasets. However, the enzymes responsible for degrading
arginine via the arginine deiminase pathway, ArcA, ArcB, and ArcC,
showed increased abundance during exposure to 3 out of the 4 anti-
biotics tested for both the operon located on the native chromosomal
DNA and on the Arginine CatabolismMobile Element (ACME) genomic
island (Fig. 1b). Transposon insertions in arcA, arcB, and arcC did not
lead to any significant fitness differences (Fig. 1c). Together, these
results suggest a coordinatedmetabolic response leading to increased
arginine degradation and decreased arginine synthesis occurs in
response to antibiotics during biofilm growth.

Arginine is required for growth and limited within a S. aureus
biofilm
Since argininemetabolismwas implicated as having a role in antibiotic
tolerance in both screens, we sought to better understand the role of
arginine within S. aureus biofilms. S. aureus is unique in that it contains
intact copies of the genes encoding all of the enzymes necessary to
synthesize arginine from glutamate or proline, but is auxotrophic for
arginine during planktonic growth34–38. Given its requirement for
arginine during planktonic growth, we hypothesized that exogenous
arginine was also required for growth in a biofilm. Consistent with the
phenotype reported for planktonic growth, JE2 was unable to grow
when inoculated as a biofilm on chemically defined media lacking
arginine (CDM-R) (Fig. 2a). Likewise, when a 48-hour old colony filter

Article https://doi.org/10.1038/s41467-024-51144-9

Nature Communications |         (2024) 15:6734 2



biofilmwas transferred to CDM-R, it not onlywasunable to grow, but it
had decreased survival (Fig. 2b). To determine the availability of amino
acids in S. aureus biofilms, amino acids were extracted from 48-hour
old colony filter biofilms and sent to the VUMC Analytic Services Core
for analysis. Amino acid analysis of biofilms grown on both TSA and
CDM(containing arginine) revealed that, evenwhen arginine is present
in the growth media, the level of free arginine in the biofilm is unde-
tectable (Fig. 2c). Collectively, this suggests that exogenous arginine is
essential for growth in S. aureus. Furthermore, its availability is likely
one of the growth-limiting factors within a biofilm, since all other
essential amino acids for which S. aureus is auxotrophic were detected
in at least one of the two media conditions (Fig. 2c).

Restriction of arginine induces antibiotic tolerance
To understand whether arginine availability influences antibiotic tol-
erance, S. aureus was grown as colony filter biofilms on CDM for 48 h
and then the intact biofilms were transferred to either CDM or CDM-R
with or without antibiotics added (Fig. 3a, c, e, g). When arginine was

present in the media, all four of the antibiotics led to least a 1-log
reduction in CFUs by 72 h, when compared to the starting CFU. This
was a significant reduction when compared to the untreated biofilms
for all four of the antibiotics. When biofilms were transferred tomedia
without arginine, there was a decrease in CFUs even in the absence of
antibiotics. However, the addition of antibiotics to the media without
arginine did not cause any further decrease in the number of CFUs
when compared to the untreated biofilms, suggesting there was no
effect from antibiotic treatment under arginine-restricted conditions.
The only exception to this was delafloxacin, where only after 72 h of
antibiotic exposure in the absence of arginine was there a significant
decrease in CFUs compared to the untreated biofilms (Fig. 3e). How-
ever, this reduction in CFUs was still less than the reduction seen in
biofilms treated with delafloxacin in the presence of arginine.

To determine if the effect of arginine on antibiotic tolerance was
specific to growth in a biofilm, S. aureus was grown planktonically in
shaking liquid culture, harvested during its logarithmic growth phase,
washed, and transferred to either CDM or CDM-R with antibiotics
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Fig. 1 | Arginine metabolism in S. aureus biofilms during antibiotic exposure.
a Diagram showing the flux of arginine in S. aureus, which involves the urea cycle
and the arginine deiminase pathway. The responsible enzymes for each step are
shown in orange. b Mature (48 h) S. aureus (strain JE2) colony biofilms grown on
polycarbonate filters placed on TSA plates were transferred to fresh TSA plates
either with vehicle or with one of the indicated antibiotics added. Total proteinwas
isolated after 48h of exposure to the antibiotic containing media, and relative
protein abundance was determined by label free quantitative LC-MS/MS pro-
teomics. The heat map shows the z-scores of the log2 fold difference in the abun-
dance of the indicated proteins involved in arginine metabolism after antibiotic
exposure compared to the no antibiotic control. cA transposonmutant library was

constructed in the JE2 background and used to grow colony biofilms. The colony
biofilms were transferred to TSA plates with or without antibiotics for 48h after
which point the biofilms were harvested and after a short outgrowth in TSB total
genomic DNA was extracted for transposon sequencing. Heat map shows the z-
scores of the log2 fold difference in the normalized read counts for transposon
insertions in the indicated genes involved in arginine metabolism after antibiotic
exposure compared to the no antibiotic control. The notation arcA.1, arcB.1, and
arcC.1 refer to the genes located on the chromosomal arginine deiminase operon
while arcA.2, arcB.2, and arcC.2 refer to the genes located in the arginine deiminase
operon found on the ACME. All experiments were done in biological triplicates.
VAN vancomycin, CPT ceftaroline, DEL delafloxacin, LZD linezolid.
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(Fig. S4). In planktonic culture, the absence of arginine only induced
substantial antibiotic tolerance against ceftaroline (Fig. S4b). By con-
trast, vancomycin, delafloxacin, and linezolid all showed greater than
2-log reductions in the number of CFUs after 48 h of antibiotic expo-
sure, even in the absence of arginine. Despite this, the presence of
arginine in planktonic cultures did lead to a significant increase in
killing by vancomycin. Differences in susceptibility to delafloxacin,
however, varied over timewith significantlymore killing in the absence
of arginine by 48 h.

Since high concentrations of arginine weaken the integrity of
biofilms in some bacterial species39, we hypothesized that the
observed effect of arginine might be due to changes in the extra-
cellular matrix or increased antibiotic penetration within the biofilm39.
To test this hypothesis, 48 h colony filter biofilms were homogenized,
washedwith PBS, and resuspended in either CDMorCDM-Rbroth. The
homogenized biofilms were then exposed to antibiotics. Mechanically
disrupted biofilms exhibited greater susceptibility to antibiotics
overall when compared to intact biofilms. However, in the disrupted
biofilms therewas an evenmore pronounced difference in the amount
of antibiotic killing based on the presence or absence of arginine
(Fig. 3b, d, f, h). For vancomycin, ceftaroline, and delafloxacin there
was significantly more antibiotic tolerance when arginine was absent.
After 48 hof antibiotic exposure, for these three antibiotics therewas a
greater than 100-fold difference in the number of CFUs between cul-
tures with and without arginine. This increase in antibiotic tolerance in
the absence of argininewas not restricted to JE2, as a similar increase in
tolerance to vancomycin was seen with both the laboratory MSSA
strain Newman and a clinical MRSA isolate (Figure S5). Arginine

restriction showed a dose-response effect as tolerance to vancomycin
increased as the starting arginine concentration of the media
decreased (Fig. S6a). Homogenized biofilm bacteria deplete arginine
from the extracellular media over 24 h, but depletion of arginine is not
seen in thepresenceof vancomycin, suggesting that, in thepresenceof
high levels of arginine, bacteria are not able to deplete arginine fast
enough to overcome the bactericidal effects of the antibiotic
(Fig. S6b). In homogenized JE2 biofilms, however, there was no dif-
ference in bacterial killing between the cultures with and without
arginine when they were treated with linezolid, with both conditions
having less than a single log reduction in CFUs. These experiments
suggest an effect of arginine on antibiotic susceptibility that is
dependent on the metabolism of S. aureus during biofilm growth, but
independent of the biofilm structure.

Restriction of arginine increases antibiotic tolerance through
the inhibition of protein synthesis
The finding that, as opposed to the three other antibiotics, S. aureus
biofilms display high levels of tolerance to linezolid regardless of
arginine concentrations was intriguing. This led us to hypothesize that
a pathway affected by both arginine depletion and linezolid might be
responsible for the inductionof antibiotic tolerance. Since linezolid is a
protein synthesis inhibitor, inhibition of protein synthesis was hypo-
thesized to be a shared pathway to induce tolerance. Although line-
zolid is classified as a bacteriostatic antibiotic, the concentration used
in this study was sufficient to cause over a 2-log reduction in CFUs in
planktonic cultures in either TSB or CDM (Figs. S2, S4). To confirm that
restriction of arginine leads to inhibition of protein synthesis, nascent
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*** = p <0.0005, **** = p <0.0001, ns not significant, ABX antibiotics. Source data
are provided as a Source Data file.
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protein labeling was performed using click chemistry. Biofilms grown
for 48 h on CDM agar were homogenized and transferred to CDM
broth lacking arginine in which L-methionine had been replaced with
the methionine analog L-homopropargylglycine (L-HPG). After 4 h
bacteriawereharvested, andnascent proteinswere labeled to allow for
visualization and quantification via western blot (Fig. 4a). Normal-
ization of the integrated density of the fluorescence signal for each
sample by the total protein (Fig. S7) confirmed that there was sig-
nificant inhibition of protein synthesis in the absence of arginine
(Fig. 4b). Furthermore, the addition of citrulline reversed this inhibi-
tion of protein synthesis, presumably due to the conversion of citrul-
line to arginine via the ArgGH enzymes.

To validate that inhibition of protein synthesis is the mechanism
by which arginine depletion leads to antibiotic tolerance, two other
experiments were performed. The first experiment tested whether the
depletion of other amino acids for which S. aureus is known to display
auxotrophy also induces antibiotic tolerance. Similar to what was
observed in media without arginine present, the removal of either
valine or proline, two essential amino acids that S. aureus is unable to
normally synthesize34, increased the tolerance of S. aureus biofilms to
vancomycin, ceftaroline, and delafloxacin (Fig. 4c). By contrast,
removal of the non-essential amino acid alanine had no impact on
antibiotic tolerance. Notably, proline and valine could be detected in
biofilms grown in TSA, albeit at low levels (Fig. 2c), suggesting that
these amino acids are not restricted to the degree that arginine is
within S. aureus biofilms. Consistent with this hypothesis, transposon
insertions in the genes in the proline or valine biosynthetic pathways
(proC, rocD, ilvA-E) did not show significant impacts on fitness in the
presence of antibiotics in TSA (Supplementary Data 2).

As a secondary experiment to validate that protein synthesis
inhibition leads to antibiotic tolerance, the ability of multiple protein
synthesis inhibitors to induce antibiotic tolerance was tested. Biofilms
grown for 48 h on CDM agar were homogenized and transferred to
liquid media either lacking a protein synthesis inhibitor or containing
one of three protein synthesis inhibitors (linezolid, doxycycline, or
clindamycin). The addition of any one of these antibiotics that inhibit
protein synthesis resulted in increased tolerance to ceftaroline, similar
to what was seen in media lacking arginine (Fig. 4d). Together, these
experiments suggest inhibition of protein synthesis through multiple
pathways, including the depletion of arginine, induces antibiotic tol-
erance in S. aureus biofilms.

Finally, to confirm that arginine-depletion dependent inhibitionof
protein synthesis still occurred in the presence of antibiotics, the
nascent protein labeling experiments were repeated as above, but also
with the addition of vancomycin both in the presence and absence of
arginine. Similar to what was observed in the absence of antibiotics,
there is arrest of protein synthesis when arginine is restricted in the
presence of vancomycin, but there is ongoing protein synthesis when
arginine is present, even if vancomycin is added (Fig. 4e, Fig. S8).

Antibiotic tolerance mediated by arginine-deprivation is
dependent on the stringent response
Inhibition of protein synthesis from amino acid starvation is known to
induce the stringent response in S. aureus40. Since activation of the
stringent response can induce tolerance to antibiotics, we hypothe-
sized that this mechanism likely explained some, if not themajority, of
the means by which arginine depletion ultimately leads to antibiotic
tolerance41. To test this hypothesis, we utilized a S. aureus strain,
relA::Tn, which contains a transposon mutation in the C-terminal
domain of the RelA bifunctional (p)ppGpp synthetase/hydrolase33.
Disruption of the C-terminal domain of RelA preserves the hydrolase
function of RelA, which is essential, but disrupts its normal synthetase
function by preventing interaction with the bacterial ribosome42.
Consistent with a role for the stringent response in arginine-
deprivation mediated antibiotic tolerance, the presence or absence

of arginine in themedia did not affect the susceptibility to vancomycin
in the relA::Tn mutant (Fig. 4f). An arginine dependent effect on tol-
erance was subsequently restored by complementation of relA under
its native promoter.

ArgGH-mediated conversion of citrulline to arginine can reverse
arginine-deprivation mediated antibiotic tolerance and con-
tributes to antibiotic susceptibility in vivo
Since the addition of citrulline to CDM broth lacking arginine could
restore protein synthesis, it was next hypothesized that the addition of
citrulline could reverse the antibiotic tolerance observed when argi-
nine was depleted. When grown in planktonic culture, citrulline res-
cued the growth of JE2 in media lacking arginine but could not do so
for argH::Tn, a strain of JE2 in which the argH gene was disrupted by a
transposon insertion (FigureS9). As expected, the additionof citrulline
reversed the antibiotic tolerance seen when arginine was absent from
themedia (Fig. 5a). This effect wasmost likely due to the conversion of
citrulline to arginine as citrulline did not restore antibiotic suscept-
ibility when the experiment was repeated using argH::Tn (Fig. 5b).
Furthermore, when the argGH operon was reintroduced into the
chromosome of the argH::Tn strain under a constitutively active pro-
moter, S. aureus was once again able to utilize citrulline for growth
(Figure S9) and also showed increased antibiotic susceptibility in the
presence of citrulline (Fig. 5c).

Chronically infected wounds have been shown to have elevated
levels of citrulline, presumably due to metabolism of arginine by the
host immune system43. Since disruption of argH resulted in the
inability of S. aureus to convert citrulline into arginine and a sub-
sequent increase in antibiotic tolerance in vitro, it was hypothesized
that ArgH might play an important role in antibiotic susceptibility
during treatment of a S. aureuswound infection. Using amurinemodel
of a skin and soft tissue infection (SSTI)44, the ability of the argH::Tn
strain to survive antibiotic treatment was compared directly to that of
the parental strain, JE2. A patch of skin was exposed on the back of
mice by tape-stripping, and the exposed epidermis was then inocu-
lated with a mixture of both the JE2 and argH::Tn strains at a 2:1
WT:mutant ratio. Murine S. aureus SSTI models, including this tape-
stripping model, promote S. aureus infections with local biofilm
formation45–48. The SSTI was allowed to progress for 48h, at which
point mice received either antibiotic treatment with IP injections of
vancomycin or a vehicle control. After 48 hours of treatment, mice
were euthanized, and individual lesions were excised to quantify the
number of CFUs of each strain present. As a control, a subset of mice
was harvested at 48 hours post-inoculation (prior to any antibiotic
treatment) to determine relative fitness of the two strains in the
absence of antibiotics. As shown in Figure S10, there were large dif-
ferences in the response to a S. aureus skin infection betweenmale and
female mice, with female mice showing a significant reduction in the
number of total CFUs even in the absence of antibiotic treatment,
consistent with sex differences previously shown in S. aureus mouse
skin infections49. However, the changes within the ratio of mutant to
wildtype (as measured by a competitive index), were relatively con-
sistent across both sexes. Concentrations of arginine and citrulline
present in themouse skinwere similar between the two sexes, andon a
similar order of magnitude to the concentrations used in the in vitro
experiments (Figure S11). Among allmice (male and female combined),
in the absence of antibiotic treatment, there was a significant decrease
infitnessof theargH::Tnmutant relative to theparental control at both
2 DPI and 4DPI (one-sampleWilcoxon test, p =0.0066 and p < 0.0001,
respectively) (Fig. 5d), in linewith previous studies showing a virulence
defect in an argH mutant during infection35. A similar phenotype was
observed when the male and female mice were analyzed individually
(Figure S10). Conversely, the argH mutant had a higher competitive
index in the vancomycin treatment group when compared to either
thepretreatment or vehicle control treatedgroups (Fig. 5d), consistent
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Fig. 4 | Antibiotic tolerance is mediated by amino acid starvation leading to
protein synthesis arrest. a Representative western blot showing the labelling of
nascent protein by click chemistry 4 h after the transfer of homogenized biofilm
cultures to the indicated growth conditions. The first lane contains Bio-Rad Preci-
sion Plus Protein Ladder with 50kDa band visible. See figure S7 for corresponding
full ladder. b A ratio of nascent protein to total protein was calculated using inte-
grated density values obtained by analyzing the western blots in imageJ. Data
represent biological triplicates, mean± SD shown. 2-way ANOVA with Tukey mul-
tiple comparisons test. c Homogenized biofilm cultures were transferred to CDM
broth or CDM broth lacking individual amino acids and antibiotics were added as
indicated. The reduction in CFUs compared to the starting inoculumwas calculated
after 24h of antibiotic exposure. dHomogenized biofilm cultures were transferred
to fresh CDM or CDM-R and protein synthesis inhibitors were added as indicated

along with either ceftaroline or a vehicle control. The reduction in CFUs compared
to the starting inoculumwas calculated after 24hof antibiotic exposure. eThe ratio
of nascent protein to total protein in the presence or absence of vancomycin was
calculated from integrated density values obtained by analysis of biological tripli-
cates of western blots in imageJ. Data represent biological triplicates, mean± SD
shown. 1-way ANOVA with Tukey multiple comparisons test. f Arginine depletion
does not affect antibiotic tolerance in a relA::Tnmutant even after 48h of antibiotic
exposure. c, d, f Data represent technical replicates of biological triplicates,
mean ± SD shown. 2-way ANOVAwith Tukey multiple comparisons test; *=p <0.05,
**=p <0.005, ***=p <0.0005, ****=p <0.0001, ns not significant, VEH no antibiotic
vehicle control, VAN vancomycin, CPT ceftaroline, DEL delafloxacin, LZD linezolid,
DOX doxycycline, CLD clindamycin. Source data are provided as a Source Data file.
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with the hypothesis that lower levels of ArgH are beneficial to S. aureus
during antibiotic treatment. These experiments support a role for the
conversionof citrulline into argininebyArgGH in influencing antibiotic
tolerance during an infection.

To further confirm the role of ArgH in antibiotic tolerance during
biofilm-mediated infections, a murine osteomyelitis model with van-
comycin treatment was also employed50. Biofilms play an important
role in osteomyelitis and contribute to the high rates of antibiotic
treatment failure seen in the treatment of this typeof infection13. In this
model, mice were inoculated directly in their femurs with JE2 and
argH::Tn at a 2:1 WT:mutant ratio and treated with vancomycin for
seven days beginning immediately at the time of infection. Consistent
with the recalcitrance of osteomyelitis to vancomycin treatment, 7 out
of the 10mice treated with vancomycin remained infected after 7 days
of antibiotic treatment, despite starting therapy immediately (Fig-
ure S12a). Similar towhatwas observed in the SSTImodel, the argH::Tn
mutant had decreased fitness in the absence of antibiotics, but had a
relative advantage during treatment with vancomycin (Figure S12b).

Discussion
Through the experiments detailed above, we uncovered a previously
unappreciated relationship between arginine availability, arginine
metabolism, protein synthesis, and antibiotic tolerance in S. aureus.

This relationship was elucidated with the help of two broad screening
approaches carried out in parallel, LFQ proteomics and TnSeq. With
the exception of the enzymes involved in arginine metabolism, there
were very few gene/protein pairs identified as hits in both datasets,
however both techniques provide important insight and com-
plementary information. Both screens independently identified dif-
ferent sets of genes that have been previously shown to influence
antibiotic susceptibility51–57. As anexample, theproteomics approach is
useful for identifying changes in protein abundance that may be mis-
sed through a transposon screen due to functional redundancy or
compensatory mechanisms. This likely explains why components of
the arginine deiminase pathway were identified in the proteomics
screen, but not in the transposon screen. Conversely, our transposon
screen can identify effects related to lower abundance proteins that
cannot be accurately quantified via LFQ proteomics or proteins whose
functions are controlled by post-translational regulation or other
mechanisms that do not involve changes in total abundance to exert
their influence. This is the case for many genes identified as con-
tributing to antibiotic tolerance in our transposon screen (graXRS,
arlRS, mprF, and vraFG, among others) that did not show significant
differences orwerenot found in the proteomic dataset, but are already
known to influence antibiotic susceptibility in S. aureus during plank-
tonic growth54–57.
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Fig. 5 | Presence of citrulline restores antibiotic susceptibility in an ArgH
dependent manner. a Addition of citrulline to CDM-R restores the antibiotic
susceptibility of homogenized colony biofilms to CDM levels. b Antibiotic sus-
ceptibility is not restored by the addition of citrulline in an argH::Tn mutant.
c complementation with the argGH operon in the argH::Tn mutant restores anti-
biotic susceptibility to wild-type levels in the presence of citrulline. Data represent
technical replicates of biological triplicates. d Competitive index (CI) for argH::Tn/
JE2 competition experiment in a murine superficial skin infection model. Data
shown are the ratio of argH::Tn to JE2 CFUs, normalized to the ratio of the starting

inoculum, at 2 days post infection (DPI) prior to any treatment along with the ratio
after 48h of vancomycin or vehicle control treatment (4 DPI). Data represent the
combined results from a total of 90 mice (45 females and 45 males). Two-sided
Wilcoxon Signed Rank Test, median with 95% CI shown. a–c Data represent tech-
nical replicates of biological triplicates, mean ± SD shown. 2-way ANOVA with
Tukey multiple comparisons test. *=p <0.05, **=p <0.005, ***=p <0.0005,
****=p <0.0001, ns not significant, VEH no antibiotic vehicle control, VAN vanco-
mycin, CPTceftaroline,DELdelafloxacin, LZD linezolid. Sourcedata are provided as
a Source Data file.
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Our experimental design also allowed us to identify genes that
were required for biofilm growth (Supplementary Data 3). However,
since genes required for survival in a biofilm were selected against by
the 48 h of biofilm growth that occurred prior to antibiotic exposure,
we were unable to test their contribution to antibiotic tolerance
directly. It is likely that many of these genes that contribute to biofilm
fitness also play a role in antibiotic tolerance and may warrant further
investigation. As an example, VraSR, the vancomycin-resistance-asso-
ciated two component system is known to be associated with sus-
ceptibility to vancomycin51 and the proteomics experiments showed
significant increases in levels of VraS, VraR, and the majority of the
proteins known to make up the VraSR regulon (Supplementary
Data 1)58. However, vraR and vraSmutants were found to be essential
for biofilm growth (Supplementary Data 3), and therefore not identi-
fied as having decreased fitness in the presence of vancomycin in our
transposon screen. This highlights one of the benefits of our com-
plementary screening approach. A similar explanation may explain
whygenes such as ychF, ndh2, spsA, addA, purE, bfmBAB, and sgtB, all of
which were increased in abundance in the proteomic screen and
essential for biofilm growth in our transposon screen, were not iden-
tified as playing a role in fitness during antibiotic exposure in our
transposon sequencing experiment.

While an unanticipated finding from our screen, a connection
between antibiotic tolerance and arginine metabolism is not entirely
unprecedented. Studies in other bacterial species have found that
arginine and arginine metabolism can impact antibiotic susceptibility,
including during biofilm growth59–63. Although arginine candisrupt the
extracellular matrix of bacterial biofilms at very high concentrations39,
arginine’s primary effect on antibiotic tolerance in S. aureus is not
through disruption of the biofilm. To exclude the possibility that
arginine affects antibiotic susceptibility by disrupting extracellular
matrix, biofilms were homogenized for the majority of the experi-
ments in this work. In these experiments, biofilm bacteria were
resuspended in shaking liquid cultures at a high concentration to
preserve the high density, nutrient-limited conditions found in a bio-
film. This technique also effectively removed any antibiotic tolerance
that was the result of variable penetration of an antibiotic within a
biofilm from our experiments. Not only was a difference between
media with and without arginine preserved under these conditions,
but the difference in antibiotic susceptibility was enhanced for all the
antibiotics tested. This is in contrast to the relatively minor effect of
arginine deprivation on susceptibility in planktonic cultures (Fig-
ure S4). Presumably, this is because bacteria within the S. aureus bio-
film already exist within a low arginine state (Fig. 2). Although removal
of arginine from the media does increase antibiotic tolerance (Fig. 3),
the biofilm, on the whole, is likely more polarized to an arginine
deprived state, which explains the high baseline level of antibiotic
tolerance.

The ability of linezolid and other antibiotics that inhibit protein
synthesis to induce antibiotic tolerance similar to what was seen in
arginine depletion (Fig. 4d), supports inhibition of protein synthesis as
a commonmechanism.This is consistentwith otherwork showing that
bacteriostatic, protein synthesis inhibiting antibiotics can antagonize
the action of bactericidal antibiotics including cell wall targeting
antibiotics64. Furthermore, inhibition of protein synthesis from amino
acid starvation triggers the stringent response in S. aureus which
induces tolerance to antibiotics40,41. The results presented in this study
(Fig. 4f) suggest that the stringent response is themajormechanismby
which arginine-deprivation mediated antibiotic tolerance occurs.

There has been a growing appreciation for the role of antibiotic
tolerance in S. aureus treatment failure which has coincided with the
uncovering of multiple mechanisms by which tolerance is induced.
Depletion of ATP, inhibition of the TCA cycle by reactive oxygen spe-
cies (ROS), and induction of the stringent response have all been tied
to antibiotic tolerance in S. aureus65–68. It is not yet clearwhere arginine

depletion fits within these other mechanisms. However, it is intriguing
that arginine has direct ties to these other pathways, as not only is
arginine deprivation likely to induce the stringent response through
amino acid starvation but arginine canbe used as an alternative source
of ATP production69. Furthermore, arginine is essential for the pro-
ductionof theROSnitricoxidebyhostmacrophages70, suggesting that
production of ROS by the host immune systemmay be tied directly to
the depletion of arginine during an infection. While outside the scope
of these studies, it would be interesting to investigate the connection
between arginine depletion and tolerance specifically within the con-
text of interaction with host immune cells.

The ability of S. aureus to induce tolerance by restricting its own
arginine synthesis pathway may explain a long-standing paradox-
namely that wildtype S. aureus has fully functional arginine synthesis
enzymes yet does not synthesize arginine under any in vitro conditions
that have been tested thus far36,37. In line with other studies, S. aureus
was unable to grow without arginine (Fig. 2). Among the enzymes in
the arginine synthesis pathway, only ArgG and ArgH were found at
levels above the limit of detection in our proteomic dataset. ArgD,
ArgC, ArgJ, and ArgB were not found, consistent with other work
showing these enzymes are under high levels of transcriptional
repression35–37,71.

The detection of differences in the levels of the ArgG and ArgH
proteins in response to antibiotic treatment is particularly interesting
in the context of the existing paradigm of regulation of this operon.
The argGH operon is transcriptionally repressed under glucose replete
conditions by CcpA and transcriptionally repressed under arginine
replete conditions by AhrC37. Mutations in these repressors allow for
the transcription of the argGH operon and the subsequent growth of S.
aureus in the absence of arginine through the utilization of proline35,
However, the absence of both glucose and arginine is not sufficient to
overcome this repression in a wildtype background, suggesting there
is also glucose independent repression due to CcpA36,37. Arginine and
glucose both quickly become limited within the biofilm in the colony
filter biofilm model, which explains why expression of ArgG and ArgH
was observed. Although citrulline was able to rescue growth in the
absence of arginine in an ArgH dependent manner (Figure S9), the
presenceof proline in themediawas not sufficient to restore growth in
the absence of arginine within a biofilm (Fig. 2a, b), consistent with the
current understanding that proline is not an adequate source for
arginine biosynthesis due to glucose-independent repression of putA
by CcpA36. Given this regulation pattern, it is unclear by what
mechanism antibiotics would lead to lower levels of ArgG and ArgH
within a biofilm as their transcription should remain de-repressed by
the low glucose, low arginine environment. Another recently identified
regulator of argGH is the small RNA teg5872. However, teg58 is repres-
sed by SarA72, and SarA expression is induced by vancomycin73,making
teg58 unlikely to be responsible for the decreased levels of the ArgG
and ArgH proteins that are observed. It appears there is some yet
unrecognizedmechanism responsible for the decreased abundance of
these enzymes, and itwarrants further investigation as itmay elucidate
a further understandingof how S. aureus responds to antibioticswithin
a biofilm.

S. aureus contains multiple enzymatic pathways that catabolize
arginine, which helps create an environment that can rapidly consume
any exogenous arginine, thus limiting the availability of arginine for
protein synthesis. These pathways likely maintain a low baseline level
of arginine in S. aureus biofilms, as evidenced by the inability to detect
arginine withinmature biofilms (Fig. 2c). The isolate used in this study,
JE2, is a representative USA300 strain, which has become the most
common S. aureus strain type in the United States74. Intriguingly,
almost all USA300 strains have two full copies of the arginine deimi-
nase pathway due to a second copy that is contained within the
ACME75. The acquisitionof the ACMEhas been postulated to be related
to the successofUSA300 strains, although themechanismsunderlying
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this connection have not been completely delineated. This second
arginine deiminase pathway may be contributing to the success of
USA300 through a role in antibiotic tolerance, a hypothesis furthered
by the fact that the ACME arginine deiminase pathway is constitutively
expressed as opposed to the native arginine deiminase pathway that is
only expressed under anaerobic conditions76. While there was some
variability across the proteomic dataset in the levels of the arginine
deiminase pathway enzymes based on the antibiotic tested, increases
in the abundance of both copies of ArcA, the first enzyme in the
pathway, were seen across all four antibiotics tested (Fig. 1).

Although S. aureus was unable to synthesize arginine in the pre-
sence of glutamate or proline (Fig. 2), it was able to utilize exogenous
citrulline to synthesize arginine presumptively via ArgG and ArgH
activity (Fig. S9). The ability of exogenous citrulline to increase anti-
biotic susceptibility was shown in this study both in vitro (Fig. 5a, b,
and c) and in vivo in infection and treatment models as part of a
competition experiment (Fig. 5d, S12). In this model, an argH mutant
had a relative fitness defect compared to the parental JE2 strain, con-
sistent with a prior in vivo study using the argH mutant35. However,
disruption of argH led to an increase in the relative fitness of the
mutant during vancomycin treatment. Together, these studies support
the idea that the conversion of citrulline to arginine through ArgH is an
important source of arginine for S. aureus. Plasma arginine and
citrulline levels are decreased in humans during sepsis77,78, suggesting
a possible opportunity for a therapeutic intervention that improves
antibiotic effectivenessby increasing levels of amino acids at the site of
an infection. The uncovering of this previously underexplored con-
nection between bacterial metabolism, arginine availability, and anti-
biotic tolerance represents an exciting new target to help overcome
antibiotic treatment failure.

Methods
Ethics statement
This research complies with all relevant ethical regulations. All mouse
studies were approved by the VUMC Institutional Animal Care and Use
Committee.

Bacterial strains and growth conditions
JE2 is a previously described strain derived from the MRSA USA300
LAC33. Newman is a previously described MSSA strain79. S. aureus CI
5296 is a clinical S. aureus isolate that was obtained from the VUMC
clinical microbiology laboratory with approval from the VUMC Insti-
tutional Review Board. CI 5296 was initially isolated from the blood
culture of a patient with endocarditis. Antibiotic susceptibility testing
initially performed as part of routine clinical microbiology laboratory
testing identified CI 5296 asmethicillin-resistant, with susceptibility to
ceftaroline (MIC 0.5), linezolid (MIC≤ 1), and vancomycin (MIC = 2).
Strain argH::Tn was constructed by phage transduction of argH::erm
from the Nebraska Transposon Mutant Library (NTML) strain NE106
into JE2 viaφ85. Strain relA::Tnwas constructed by phage transduction
of relA::erm from theNTML strainNE1714 into JE2 viaφ85. TheargH::Tn
complemented strain, argH::Tn + attC::Plgt-argGH, was constructed
using the pJC1111 vector for chromosomal integration at the SaPI1
attachment site as previously described in ref. 80. Briefly, argGH was
cloned into pOS1 downstream of the lgt promoter using primers 5’-aa
tacaattgaggtgaacatatgaaagagaaaattgttttag-3’ and 5’-cccttgtttggatcctc
gagttattgtgatagtaattgtttagc-3’ to PCR the argGH operon and primers
5’-ctcgaggatccaaacaag-3’ and 5’-atgttcacctcaattgtatttatc-3’ to linearize
pOS1. The resulting PCR fragments were assembled using NEBuilder
HiFi DNA Assembly (New England Biolabs, Rowley, MA). The plasmid
product from this assembly was used as a template to clone Plgt-argGH
by PCR with primers 5’-ctgcaggtcgactctagaggactaatgatttattatgta
gtggttc-3’ and 5’-taggcgcgcctgaattcgagttattgtgatagtaattgtttagc-3’.
The pJC1111 vector was linearized using the primers 5’- ctcgaattcaggc
gcgcctattct-3’ and 5’-cctctagagtcgacctgcaggcatg-3’ and then pJC1111-

Plgt-argGH was assembled using NEBuilder HiFi DNA Assembly. The
resulting plasmid was transformed into RN4220/pRN7023 and once
chromosomal integration was confirmed the constructed was trans-
ferred into the JE2 argH::erm background by phage transduction of via
φ85. PrelA-relA was amplified from genomic JE2 DNA using the primers
5’-ctgcaggtcgactctagaggaataatataattttatcaaatg
aaatccttc-3’ and 5’-taggcgcgcctgaattcgagctagttccaaactcttgttac-3’ and
cloned into linearized pJC1111 before ultimately being transduced into
the JE2 relA::ermbackground. Correct construction of these strainswas
confirmedbyPCRaspreviously described for theNTML33 andbywhole
genome sequencing (SeqCoast Genomics).

S. aureuswas routinely grown in planktonic culture in Tryptic Soy
Broth (TSB; Becton, Dickinson and Company) at 37 °C with shaking at
180 rpm when not explicitly grown as a biofilm. When indicated,
antibiotics were added to growth media to the following concentra-
tions- 400 µg/ml vancomycin (Fresenius Kabi), 20 µg/ml ceftaroline
(Sigma Aldrich), 9 µg/ml delafloxacin (Sigma Aldrich), 20 µg/ml line-
zolid (Thermo Scientific Chemicals), 2.1 µg/ml doxycycline (Sigma
Aldrich), and 14 µg/ml clindamycin (Thermo Scientific Chemicals).
With the exceptionof vancomycin antibiotic concentrations usedwere
chosen based on the peak serum concentrations for standard clinical
treatment doses as published in the Sanford Guide to Antimicrobial
Therapy29. Chemically defined medium (CDM) was prepared as
described in ref. 81. with the correction that the concentration of
magnesium sulfate heptahydrate in the stock salt solution was 2.56 g/L
(instead of 25.6 g/L). When indicated, CDM was prepared with the
omission of individual amino acids. CDM agar was prepared by com-
bining the necessary stock salt solution, amino acids, and bases with
15 g/L agarose and autoclaving the media prior to the addition of the
vitamin solution, trace elements, and any antibiotics as indicated.

Colony filter biofilm assay
Colonybiofilmswere grownonmembranefilters in amanner similar to
Anderl et al. 23. Overnight cultures of S. aureus were pelleted by cen-
trifugation, washed with phosphate buffered saline (PBS), and diluted
to anOD600 of 0.1. Polycarbonatemembrane filters (13-mmdiameter;
0.2 µmpore size) (Whatman)wereplacedon topof nutrient agar plates
and were inoculated by placing 10 µl of the diluted overnight culture
on the center of the filter. The agar plates containing the filters were
incubated upside down at 37 °C, and filters were transferred to fresh
nutrient agar plates every 24 h. Biofilms were homogenized by placing
filters in 1.5mL Navy Eppendorf Bead Lysis Kits (Next Advance, Inc)
with 1mL PBS and homogenizing them using a Bullet Blender Tissue
Homogenizer (Next Advance, Inc) run for 3 successive cycles of
4minutes at max speed at 4 °C. Serial dilutions of the homogenates
were plated to determine CFUs. For antibiotic susceptibility testing of
intact biofilms, filters containing mature (48h old) biofilms were
transferred to fresh nutrient agar plates containing the indicated
antibiotics. Filters were transferred to fresh antibiotic containing
nutrient agar plates every 24 h until they were homogenized and CFUs
were determined by plating serial dilutions. Each experiment was
repeated in triplicate with technical replicates used each time. Data
were analyzed using either Student T-test or 2-way ANOVA depending
on the number of conditions being tested, with the appropriate cor-
rections for multiple comparisons included.

Planktonic antibiotic susceptibility testing
To test the antibiotic susceptibility of planktonic JE2, overnight cul-
tures were diluted 1:100 into prewarmed TSB and grown at 37 °C,
shaking at 180 rpm. After 2 h of growth (mid-exponential phase), cul-
tures were removed from the incubator, pelleted by centrifugation,
washed with PBS, and diluted to an OD600 of 0.5 in fresh TSB. This
culture was split into individual aliquots and antibiotics were added to
the final concentrations outlined above. These cultures were returned
to the 37 °C shaking incubator for the remainder of the experiment. At
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4, 24, and48 h, 1mL aliquots of eachculturewere removed, pelletedby
centrifugation, washed with PBS, and resuspended in 1mL before
being plated to determine CFUs by serial plating. In the case of
experiments examining the role of arginine on planktonic antibiotic
susceptibility, a similar procedure was employed with the exception
that the overnight culture of JE2 was diluted 1:100 into CDM instead of
TSB. For these experiments, after washing the mid-exponential cul-
tures with PBS, the cells were resuspended in CDM without arginine.
This culture was then split into two aliquots, and L-arginine (Sigma
Aldrich) was added to one aliquot to a final concentration of 400 µM
L-arginine (the concentration of arginine in CDM) before the cultures
were split further and antibiotics were added.

Proteomic sampling
Mature colony filter biofilms inoculated and grown on TSA as above
were transferred to TSA plates either without antibiotics or with van-
comycin, ceftaroline, delafloxacin, or linezolid added. The colony filter
biofilms were allowed to grow for an additional 48 h, with transfer to a
freshplate containing the sameantibiotic growth conditions after 24 h.
After 48 h of antibiotic exposure, the filters containing the biofilms
were transferred to a microcentrifuge tube and frozen at −20 °C until
protein extraction could be performed. In each experiment, three
colony biofilm filterswerepooled for each sample, and the experiment
was repeated in triplicate. Protein extraction was performed by
washing the filters in SA lysis solution (50mM TrisHCl pH7.5, 20mM
MgCl2, Roche Complete protease inhibitors) and vortexing to separate
the biofilm from the filters and resuspend the bacteria. The samples
were washed once with SA lysis solution, and then resuspended in SA
lysis solution with 40 µg/ml of lysostaphin (AMBI Products) and incu-
bated at 37 °C for 1 h. Following lysostaphin digestion, IGEPAL (Sigma
Aldrich) was added to a final concentration of 1% and the samples were
incubated on ice for 15minutes prior to sonication. Following sonica-
tion, the cellular debris was pelleted by centrifugation, and the
supernatant was transferred to a fresh microcentrifuge tube and
stored at −20 °C prior to LC-MS/MS analysis.

LC-MS/MS
To generate quantitative proteomics data, proteins were solubilized
with 5% SDS, 50mM TEAB (pH 7.6), incubated at 95 °C for 5min, and
sonicated at 20% amplitude. Protein concentrations were determined
using the Pierce 660 Assay (Thermo Scientific), and equal amounts of
protein were digested using S-traps (Protifi). Briefly, proteins were
reducedwith dithiothreitol (DTT), alkylated with iodoacetamide (IAA),
acidified using phosphoric acid, and combined with s-trap loading
buffer (90%MeOH, 100mMTEAB). Proteins were loaded onto s-traps,
washed, and digested with Trypsin/Lys-C overnight at 37 °C. Peptides
were eluted and dried with a vacuum concentrator. Peptides were
resuspended in H2O/0.1% formic acid for LC-MS/MS analysis.

Peptides were separated using a 75 µmx50cm C18 reversed-
phase-HPLC column (Thermo Scientific) on an Ultimate 3000 UHPLC
(Thermo Scientific) with a 120min gradient (2–32% ACN with 0.1%
formic acid) and analyzedon a hybrid quadrupole-Orbitrap instrument
(Q Exactive Plus, Thermo Fisher Scientific). Full MS survey scans were
acquired at 70,000 resolution. The top 10 most abundant ions were
selected for MS/MS analysis.

Proteome bioinformatic analysis
Raw data files were processed in MaxQuant v2.0.1.0 (www.maxquant.
org)82 and searched against the current Uniprot S. aureus protein
sequences database. Search parameters include constantmodification
of cysteine by carbamidomethylation and the variable modification,
methionine oxidation. Proteins are identified using the filtering criteria
of 1% protein and peptide false discovery rate. Raw LFQ intensity data
were log 2 transformed and analyzed using Perseus v1.6.15.0 (www.
maxquant.org)83. P-values were calculated using a two-sided Welch’s

t-test and adjusted for multiple comparisons using a Permutation-
based False Discovery Rate (FDR) method with an FDR cutoff of 0.05.

Transposon library construction
A transposon library was constructed in the JE2 strain using the plas-
mids pBursa and pMG020 as described in ref. 30. The library con-
struction process was repeated multiple times until enough
transposonmutants could be pooled together tomake a single library.
This pooled library was grown for an additional 4 h in TSB (without
antibiotics) before being frozen in individual aliquots at a concentra-
tion of roughly 1 × 1011 CFUs/ml at −80 °C. Spot plating of the inoculum
on TSA plates containing antibiotics (either 10 µg/ml tetracycline or
10 µg/ml chloramphenicol) confirmed curing of plasmids pBursa and
pMG020 in greater than 99.98% of bacterial cells. The library was
confirmed to have roughly 150,000 independent transposon mutants
as verified by Illumina sequencing analysis. Pooled aliquots of this
high-density library were frozen at −80 °C until used.

Transposon library screen
A single aliquot of the frozen JE2 transposon library was thawed on ice,
diluted 1:100 in PBS, and 10 µL (corresponding to ~1 × 107 CFUs) of the
diluted transposon librarywere inoculated on a polycarbonate filter to
form a colony filter biofilm as above. These biofilms were grown on
TSA for 48h prior to being transferred to TSA plates either without
antibiotics or with vancomycin, ceftaroline, delafloxacin, or linezolid
added. The biofilms were grown for an additional 48 h, as above. After
48 h of antibiotic exposure, the filters containing the biofilms were
transferred to a microcentrifuge tube, washed with 1mL PBS, and
vortexed to separate the biofilm from the filters and resuspend the
bacteria. The resulting suspension was then diluted 1:500 into fresh
TSB without antibiotics and outgrown for 4 h to enrich for viable
bacteria. In addition to collecting samples after 48 h of antibiotic
exposure, samples were also collected prior to transfer to antibiotic
containing media, to serve as a T0 comparison. The resulting culture
was centrifuged, and the bacterial pellet was stored at −80 °C until
DNA extraction could be performed. In each experiment, three colony
biofilm filters were pooled for each sample, and the experiment was
repeated in triplicate.

Transposon sequencing analysis
The frozen bacteria pellets from the transposon library screen were
thawed on ice and genomic DNA was extracted using the DNeasy
Blood and Tissue Kit (Qiagen). Genomic DNAwas sheared to 350bp by
sonication using a Covaris LE220 and prepared by sequencing using
the homopolymer tail-mediated ligation PCR (HTML-PCR) as outlined
in van Opijnen et al. 84. with the modification of the use of the KAPA
HiFi HotStart DNA Polymerase (Roche) for the PCR cycles and the use
of the transposon-specific primers olj510 and olj511 as previously
outlined30. Replicates were all individually barcoded and then multi-
plexed for sequencing. Sequencing was performed using a custom
sequencing primer (olj512) on the HiSeq 2500 (Illumina) by the Tufts
University Genomics Core Facility. Sequencing data were analyzed
using the TRANSIT software package for TnSeq analysis (v3.2.7)31.
Reads were processed and mapped to the S. aureus FPR3757 genome
using the TnSeq Pre-Processor (TPP) tool. Gene essentiality was
determining using the Gumbel method in TRANSIT. Log2 fold changes
between antibiotic exposed biofilms and the no antibiotic controls
were calculated using the Resampling method in TRANSIT with beta-
geometric normalization and correction for multiple comparisons
using the Benjamini-Hochberg procedure.

Homogenized biofilm assay
For assays involving mechanical disruption of biofilms, colony filter
biofilms were grown for 48 h as described above. At that time, the
filters containing the biofilms were transferred to 1.5mL Red
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Eppendorf Bead Lysis Kits (Next Advance, Inc) with 1mL PBS and
homogenizing using a Bullet Blender Tissue Homogenizer (Next
Advance, Inc) run for 3 successive cycles at max speed at 4 °C. The
biofilm homogenate, which did not include the filter, was transferred
to a fresh microcentrifuge tube and centrifuged to pellet the bacteria.,
the resulting supernatant was discarded, and the bacteria were
resuspended and diluted in CDM lacking arginine and other amino
acids as appropriate for a given experiment at a ratio of 2.5mL media
per filter biofilm. The homogenized biofilm culture was then split into
equal aliquots to which either a vehicle control or the missing amino
acids were added to the appropriate concentration. The samples were
then aliquoted into a 96 well plate and antibiotics were added indivi-
dual wells, as appropriate for a given experiment. The plates were
incubated at 37 °Cwith shaking at 180 rpm for up to48 h. In addition to
plating the homogenized cultures at the time of transfer to the 96 well
plate, aliquots were also removed at 24 h and 48 hours, and serial
dilutions were plated to determine CFUs remaining. Each experiment
was repeated in triplicate with technical replicates used each time.
Data were analyzed using either Student T-test or 2-way ANOVA
depending on the number of conditions being tested, with the
appropriate corrections for multiple comparisons included.

Amino acid quantification
Colony filter biofilms grown for 48 h, as above, were weighed and
stored at −80 °C. Amino acid extractionwas performed bywashing the
filters in SA lysis solution and vortexing to separate the biofilm from
the filters and resuspend the bacteria. The samples were washed once
with SA lysis solution, and then resuspended in SA lysis solution with
40 µg/ml of lysostaphin (AMBI Products) and incubated at 37 °C for 1 h.
Following lysostaphin digestion, 5-sulfosalicylic acid (Fisher Chemical)
was added to a concentration of 20%, and the samples were sonicated.
Following sonication, the cellular debris was pelleted by centrifuga-
tion, and the supernatant was transferred to a fresh microcentrifuge
tube and stored at −20 °C prior to amino acid analysis. Amino acid
concentrations were determined by HPLC by the VUMC Hormone
Assay and Analytical Services Core using a dedicated Biochrom 30
amino acid analyzer.

Labeling of nascent protein
Mature colony filter biofilms were homogenized as described above
but were diluted into CDM lacking both arginine and methionine. The
methionine analog L-homopropargylglycine (ThermoFisher Scientific)
was added to a final concentration of 470 µM and the culture was split
into three equal aliquots to which either a vehicle control, L-arginine,
or L-citrulline was added to a final concentration of 400 µM. These
aliquotswere split further, and a vehicle control or linezolidwas added
to a concentration of 20 µg/ml. The resulting cultures were incubated
at 37 °C with shaking at 180 rpm. At 1 and 4 h following the split of the
cultures, sampleswere collected fromeach culture. Cells werepelleted
by centrifugation and stored at −80 °C for future use. The cell pellets
were thawed on ice, washed once with SA lysis solution, and then
resuspended in SA lysis solution with 40 µg/ml of lysostaphin (AMBI
Products) and incubated at 37 °C for 15min. Following lysostaphin
digestion, SDS (Fisher Chemical) was added to a final concentration of
1% and the samples were incubated on ice for 15min prior to sonica-
tion. Following sonication, the cellular debris was pelleted by cen-
trifugation, and the supernatant was transferred to a fresh
microcentrifuge tube and stored at −20 °C. Protein concentration in
each sample was determined using a Pierce BCA Protein Assay Kit
(Thermo Scientific) with SA lysis buffer containing lysostaphin used to
normalize the protein concentrations. Equal concentrations of protein
for each sample were used for click chemistry labeling using the Click-
iT Protein Reaction Buffer Kit (Thermo Fisher Scientific) and Biotin
Azide (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The resulting samples were resolubilized in Laemmli

Sample Buffer and run on an SDS-PAGE gel prior to transfer to a
nitrocellulose membrane. Total protein was stained using Ponceau S
stain (Sigma Aldrich) according to themanufacturer’s instructions and
then subsequently destained. The membrane was then blocked using
Intercept Blocking Buffer (Li-Cor) and stained using IRDye 680RD
Streptavidin (Li-Cor). Images of total protein staining with Ponceau S
andnascent protein stainingwith IRDye 680RDStreptavidinwereboth
captured using a ChemiDoc Imaging System (Bio-Rad) with the man-
ufacturer’s preprogramed settings for Ponceau S and IRDye 680RD,
respectively. The integrated density of each sample was determined
using imageJ analysis.

Measurement of extracellular arginine depletion
Mature colony filter biofilms were homogenized as described above
and diluted into CDM without arginine. The homogenized biofilm
culture was then split into equal aliquots to which either a vehicle
control or vancomycin was added to a final concentration of 400 µg/
ml. A 1mL sample was removed from each aliquot and pelleted by
centrifugation. 200 µL of the resulting supernatant was removed and
stored at −20 °C. L-arginine was added to the remaining aliquots to a
final concentration of 400 µM and a second 1mL sample was removed
from each aliquot and pelleted by centrifugation. Two hundred µL of
the resulting supernatant was removed and stored at −20 °C. The
remaining aliquots were incubated at 37 °Cwith shaking at 180 rpm. At
1, 3, 6, and 24 h, samples were collected from each culture and pro-
cessed in the same manner as the initial time 0 samples. Arginine
concentrations in the samples were quantified by the VUMC Mass
Spectrometry Research Center using an approach for amino acid
quantification similar to what has been previously reported in ref. 85.
Briefly, samples were spiked with an internal standard (Arginine-15N4,
Sigma Aldrich) prior to extraction with methanol and derivatization
with dansyl chloride (Sigma Aldrich). The dansyl derivative of
L-arginine was measured by single reaction monitoring detection of
dansyl derivatives (arginine: m/z 408→ 170, CE 30; arginine-15N4

internal standard:m/z 412→ 170, CE 30) using a Thermo TSQQuantum
triple stage quadrupole mass spectrometer (Thermo, Waltham, MA)
interface to a Waters Acquity UPLC system (Waters, Milford, MA).

Biofilm imaging by confocal microscopy
Colony filter biofilms were inoculated with a S. aureus USA300 LAC
strain (AH1263) with constitutive GFP expression86 and grown on TSA
tomaturity, as above. After 48 hours of growth, the filter biofilms were
removed andpartially embeddedupside-down inaCMC/gelatinmix as
previously described in ref. 87. Prior to freezing at −80 °C, the partially
embedded biofilms were stained by the application of 50 µL of either
FilmTracer™ SYPRO® Ruby biofilm matrix stain, SYTOX™ Red Dead
Cell Stain, orWheat GermAgglutinin (WGA) Alexa Fluor 633 conjugate
(Invitrogen) diluted in 0.9% NaCl to appropriate working concentra-
tions per the manufacturers’ recommendations. Stains were applied
directly to the filter surface of the upside-down biofilm, allowed to
incubate at room temperature for 15min, and then washed off by
200 µL of 0.9% NaCl followed by an incubation period of 5minutes
with an additional 200 µL of 0.9% NaCl. After this was step the rest of
the biofilm was covered with CMC/gelatinmix and frozen on a dry ice-
isopentane slurry before being stored at −80 °C. The frozen biofilms
were cryosectioned at a 10 µm thickness and thaw-mounted onto
SuperfrostTM microscope slides (Fisher Scientific). The biofilm cross-
sections were imaged on the Zeiss LSM 880 Confocal Laser Scanning
Microscope using the 20X air objective (0.80 Plan-Apochromat,
WD=0.55mm).

Murine superficial skin infection and treatment model
All mice were housed at the VUMC Animal facility with temperature
between 69 and 75 °F and humidity between 30 and 70%. A 12-hour
light-dark cycle was maintained. Mice were housed in groups of five
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with free access to autoclaved water and food. All experimental
manipulationswere performed ina biosafety level 2 laminarflowhood.
A well-establishedmurinemodel of a skin and soft tissue infection was
employed as previously described in ref. 44. Briefly, 6–8 week old
C57BL/6 mice (Jackson Laboratories) were anesthetized using iso-
flurane. Tensoplast® adhesive bandages were used to remove fur from
a roughly 2 cm× 2 cm patch on the back of a mouse. Overnight cul-
tures of JE2 and argH::Tn were separately subcultured into TSB and
grown tomid logphase, at whichpoint theywerewashedwith PBS and
combined in an OD600-matched ratio of 2:1 (JE2 to argH::Tn). This
ratio was chosen, instead of a 1:1 ratio, as it allowed a greater dynamic
range over which a relative survival benefit for the marked mutant
strain couldbe assessed. A 5 µL droplet of this bacterial suspensionwas
spread on the exposed skin of the anesthetized mice and allowed to
dry before the mice recovered from anesthesia. At 48 h post infection,
a subset of mice were humanely euthanized, and their lesions were
excised to enumerate the number of CFUs present. Mice were then
treated for 48 h with twice daily intraperitoneal injections of either a
30mg/kg of vancomycin (administered as a 3mg/ml solution of van-
comycin in PBS) or an equivalent volume of PBS alone (vehicle con-
trol). After 48 hours of treatment, the remaining mice were humanely
euthanized, and their lesions were excised for CFU enumeration. Each
lesion was placed in a 1.5mL Navy Eppendorf Bead Lysis Kits (Next
Advance, Inc) with 1mL PBS and homogenizing them using a Bullet
Blender Tissue Homogenizer (Next Advance, Inc) run for 3 successive
cycles of 5min at max speed at 4 °C. Serial dilutions of the homo-
genates were plated in triplicate to determine CFUs. Samples were
plated on TSA plates containing 10 µg/ml erythromycin to determine
the number of CFUs of argH::Tn present andwere plated onTSA plates
containing 2 µg/ml ciprofloxacin to determine the total number of
CFUsof S. aureuspresent. This concentrationof ciprofloxacinwas used
as it was separately determined to inhibit the growth of other skin flora
without affecting the growthof JE2 orargH::Tn. The number ofCFUsof
JE2 present in a sample was calculated by subtracting the number of
CFUs of argH::Tn from the total number of CFUs present. Samples
were alsoplatedonTSAwithout any antibiotics as a control to examine
the presence of normal skin flora. In the case of skin samples that were
analyzed for total amino acid content, mice had their fur removed by
tape-stripping, as above. Immediately following the tape-stripping, the
micewere euthanized, and their lesionswereexcised andweighed. The
skin lesions were then transferred to 1.5mLNavy Eppendorf Bead Lysis
Kits (Next Advance, Inc) and a volume of ice cold 10% 5-sulfosalicylic
acid equal to 3 times the weight was added. The samples were
homogenizing using a Bullet Blender Tissue Homogenizer (Next
Advance, Inc) run for 3 successive cycles of 5min at max speed at 4 °C.
The supernatant was removed and centrifuged at 3000 × g for 15min
at 4 °C, and the resulting supernatant was transferred to a fresh tube
and spun for a second time at 3000× g for 15min before being
transferred to a fresh microcentrifuge tube and stored at −20 °C prior
to amino acid analysis. Amino acid concentrationsweredetermined by
HPLC by the VUMCHormone Assay and Analytical Services Core using
a dedicated Biochrom 30 amino acid analyzer.

Murine osteomyelitis and treatment model
A previously establishedmurinemodel of osteomyelitis was employed
as previously described in ref. 50. Briefly, osteomyelitis was induced in
6–8 week old C57BL/6 mice (Jackson Laboratories) by direct inocula-
tion of murine femurs with ~1 × 106 CFUs of a 2:1 (JE2 to argH::Tn)
mixture of mid-log phase bacteria. Starting immediately at the time of
infection, mice were treated for 7 days with twice daily subcutaneous
injections of either 15mg/kg vancomycin or a vehicle control. Seven
days post-infection mice were euthanized, and the infected femurs
were removed. Femurswere homogenized andprocessed as described
for the wound lesions above in order to determine the ratio of CFUs of
JE2 to argH::Tn in each femur.

Statistics & reproducibility
Statistical analyses were performed using GraphPad Prism v 10.1.2
unless otherwise stated. 1-way or 2-way ANOVA with Tukey multiple
comparisons test or a two-sidedWilcoxon Signed Rank Testwere used
as indicated in the figure legends. For the Supplementary Figs., two-
sided Student T-test, 2-way ANOVAwith either Tukey or Šídákmultiple
comparisons test, two-sided multiple T-test with Holm-Šídák multiple
comparisons test, or a two-sidedWilcoxonSignedRankTestwere used
as indicated in the figure legends. In most cases, unless otherwise
stated, data presented are technical replicates of biological triplicates.
No statistical method was used to predetermine sample size. Instead,
sample size was selected based on prior experience to maximize the
ability to find statistically significant and meaningful differences
between groups when experiments were replicated multiple times.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are included in the
manuscript, Supplementary, SupplementaryDatafiles, or as part of the
source data provided with this paper within the Source Data file. The
TnSeqdata generated in this study havebeendeposited in theNational
Center for Biotechnology Information (NCBI) Gene Expression Omni-
bus (GEO) under accession number: GSE267626. The mass spectro-
metry proteomics data generated in this study have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD052440. Source data are provided with
this paper.
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