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Environmental cues in different host niches
shape the survival fitness of Staphylococcus
aureus

JuOae Chang1,6, ChaeYoung Lee1,6, Inseo Kim1, Jihyeon Kim1, Ji-Hoon Kim1,
Taegwan Yun1,2, David C. Hooper3, Suzanne Walker 4,5 & Wonsik Lee 1

The ability of Staphylococcus aureus to adapt and thrive in diverse host niches
adds to the challenge in combating this ubiquitous pathogen. While extensive
research has been pursued on the adaptive mechanisms of methicillin-
resistant S. aureus (MRSA) in various infection models, a comprehensive ana-
lysis of its fitness across different host niches is lacking. In this study, we
employ transposon sequencing to analyze the adaptive strategies of MRSA in
various infection niches. Our analysis encompasses a cellmodel thatmimics an
intracellular niche, human blood, which represents a major extracellular
environment as well as a major intermediary route encountered by bacteria
during systemic infection, and a male murine sepsis model that recapitulates
intra-organ environments. Our findings reveal substantial differences in the
genetic determinants essential for bacterial survival in intracellular and blood
environments. Moreover, we show that each organ imposes unique growth
constraints, thus fostering heterogeneity within the mutant population that
can enter and survive in each organ of the mouse. By comparing genes
important for survival across all examined host environments, we identify 27
core genes that represent potential therapeutic targets for treating S. aureus
infections. Additionally, our findings aid in understanding how bacteria adapt
to diverse host environments.

Bacteremia caused by methicillin-resistant Staphylococcus aureus
(MRSA) is a leading cause of human death resulting from bacterial
infections, posing a serious threat to public health1–3. However,
treatment of MRSA infection has been hampered not only by the
continual emergence of evolved MRSA strains but also by the
acquisition of mechanisms to invade and survive in the intracel-
lular niches of host cells4–6. Therefore, identification of the
underlying networks and genes required for the intracellular
entry and survival of S. aureus can provide essential information
for the development of antibacterial therapies.

S. aureus is commonly found as a commensal in different body
parts of the human host, but exposure to different niches and condi-
tions can transform it into a devastating pathogen that causes per-
manent organ damage or death7,8. Previously classified as a strictly
extracellular pathogen, S. aureus is now also considered to be able to
establish an intracellular infection4–6,9. It begins its infection by colo-
nizing various host surfaces and matrices and establishing extra-
cellular infections. Then, it can proliferate and reach the bloodstream
of the host and further penetrate major organs such as the liver and
lungs;while traveling around the bloodstream, S. aureus can also reach

Received: 16 August 2024

Accepted: 17 July 2025

Check for updates

1School of Pharmacy, Sungkyunkwan University, Suwon, Republic of Korea. 2Department of Biopharmaceutical Convergence, Sungkyunkwan University,
Suwon, Republic of Korea. 3Division of Infectious Diseases, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA. 4Department of
Microbiology, HarvardMedical School, Boston, MA, USA. 5Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA, USA. 6These
authors contributed equally: JuOae Chang, ChaeYoung Lee. e-mail: suzanne_walker@hms.harvard.edu; wonsik.lee@skku.edu

Nature Communications |         (2025) 16:6928 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-0545-914X
http://orcid.org/0000-0002-0545-914X
http://orcid.org/0000-0002-0545-914X
http://orcid.org/0000-0002-0545-914X
http://orcid.org/0000-0002-0545-914X
http://orcid.org/0000-0001-9707-4513
http://orcid.org/0000-0001-9707-4513
http://orcid.org/0000-0001-9707-4513
http://orcid.org/0000-0001-9707-4513
http://orcid.org/0000-0001-9707-4513
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62292-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62292-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62292-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62292-x&domain=pdf
mailto:suzanne_walker@hms.harvard.edu
mailto:wonsik.lee@skku.edu
www.nature.com/naturecommunications


intracellular niches to establish infection. To switch to its pathogenic
mode in all these different host niches, S. aureus relies on a fine-tuned
network of transcription factors and two-component systems (TCSs).
These regulatory systems not only control its ability to adapt to dif-
ferent nutrient environments and cope with different levels of oxida-
tive stress, but also facilitate activation of protectivemechanisms, such
as biofilm formation, which contribute to its virulence and survival in
the host10,11. The ability of S. aureus to switch rapidly from living
extracellularly to living intracellularly is also attributed to itsmetabolic
and physiological plasticity, which is controlled by these numerous
regulators. Among these regulators, Agr, SaeRS, and the recently dis-
covered SrrAB are thought to be hubs of the regulatory circuitry for S.
aureus survival in the host10,12,13. For example, SaeRS governs key
reprogramming during infection by signaling for the induction of
stress response molecules, cation transporters, and membrane
remodeling proteins14,15. These mechanisms of regulation for survival
represent potential druggable targets to antagonizeMRSA persistence
and improve clinical outcomes.

The plasticity of themetabolic and regulatory circuits of S. aureus
allows it to efficiently establish infections in almost any niche, whether
extracellular, intracellular, or body organ, and renders it capable of
quickly switching between niches. Over the past decades, mechanisms
governing in vivo infection or intracellular survival of S. aureus have
been extensively studied using transcriptomic and genetic
profiling16–19. However, results obtained fromone infectionmodelmay
not necessarily apply to another. To address the need for a compre-
hensive analysis of adaptivemechanisms required for S. aureus survival
in various niches, we investigate in this study how the fitness of S.
aureus transposonmutants changes in different niches. We performed
transposon sequencing (Tn-seq) on a pooled S. aureus mutant library
using a cell infection model that recapitulates an intracellular niche,
human blood that represents an extracellular niche as well as a major
intermediary route for S. aureus to reach the organs, and a mouse
sepsis model to show adaptation mechanisms in major organs
involved in infection. We find that most genes and regulons required
for intracellular infection are distinct from those required for survival
in an extracellular environment. The results from the in vivo sepsis
model bear strong similarities to the results for human blood, sug-
gesting that S. aureus is primarily exposed to the extracellular rather
than the intracellular environment during sepsis. However, from the
sepsis model, we also found that the environment of each organ
imposes different constraints on the growth of S. aureus, uniquely
shaping the S. aureus population within each organ. Our results sug-
gest that targeting genes essential during infection may combat S.
aureus infection and the progression of sepsis, and we describe a core
set of genes important for infection in all environments that may be
particularly effective therapeutic targets.

Results
Transposon sequencing reveals genetic remodeling important
for S. aureus survival in intracellular infection
First, we established a cell infectionmodel using a S. aureus transposon
(Tn) mutant library and analyzed the genes required for the early and
late phases of intracellular infection (Fig. 1a). We wanted a minimal
bottleneck effect for our genetic analysis, so we first assessed an
infection efficiency of the methicillin-resistant S. aureus (MRSA) strain
USA300 in three cell lines relevant to S. aureus infection. A549 cells
derived from the lungs allowed entry of almost all bacterial cells, while
50% and less than 10% of the bacteria entered murine macrophage
(Raw264.7) cells and human keratinocyte (HaCaT) cells, respectively
(Fig. 1b). Based on the finding that A549 cells are permissive to bac-
terial infection and survival compared to the other cell lines, we
selected this cell line for our model. We next examined whether A549
cells are permissive to the entry of several other MRSA strains or
methicillin-sensitive S. aureus (MSSA) strains. The MRSA strains

USA300 and MW2 demonstrated the highest infection rates, whereas
MSSA strain Newman was non-invasive (Fig. 1c). These results show
that there can be very large differences in cell infection efficiency
among different pathogenic S. aureus strains20. We selected USA300
for genetic profiling because it represents the predominant
community-acquiredMRSA clone in North America and is therefore of
high current interest21,22. We found that USA300 is not only able to
efficiently invade A549 cells but also proliferates intracellularly up to
8 h post-infection (Fig. 1d), consistent with previous observations5,23.
Interestingly, we did not observe proliferation for the MSSA strain
HG003, which is in the same clonal complex as USA300 (Supple-
mentary Fig. 1), showing that USA300 is better adapted for intracel-
lular growth. To confirm that USA300 cells indeed grow and divide
intracellularly, we examined infected A549 cells using transmission
electron microscopy (Fig. 1e). At 4 h post-infection, we observed
multiple S. aureus cells with septa, indicating that these bacteria were
in the process of division inside the host cells when the samples were
processed. Growth and division in the intracellular environment were
also confirmed by fluorescence microscopy using a USA300 strain
expressing FtsZ-GFP (Fig. 1f).

We next infected the A549 cells with a USA300 Tn mutant library
at amultiplicity of infection (MOI) of 10, which resulted in full recovery
of input bacteria. Themutant library used in this study is a high-density
library containing more than 760,000 Tn mutants made by phage-
based transposition24. The number of mutants exceeds the number of
TA sites in the S. aureus genome because the library is composed of six
bar-coded sublibraries, each produced using a slightly different Tn
construct. Some constructs have outward-facing promoters that can
minimize the polar effects of insertion on downstream gene expres-
sion. Tnmutants recovered right after infection (at 0 h post-infection)
were used to identify genes required for the early stage of infection,
while Tn mutants recovered at 2, 4, and 8 h post-infection were ana-
lyzed to identify genes required for intracellular proliferation (Fig. 1a).
A Tn library not exposed to the host cells was used as an input control.
After sequencing, the read counts due to the Tn insertions for each
gene were mapped to the genome of USA300, generating a complete
profile for all timepoints. The percentage of TA sites containing the Tn
insertionswas comparable to the input at each timepoint, suggesting a
minimal bottleneck effect (Fig. 1g, table). Moreover, Circos plots of the
read counts for each TA site confirm high coverage of Tn mutants
across the genome (Fig. 1g and Supplementary Fig. 2, green bars). In
these plots, genes for which reads were depleted and enriched com-
pared with the input control are represented in blue and orange
(Fig. 1g, magnification), respectively. Among the genes required for
intracellular survival (depleted reads compared with the input con-
trol), we found SaeRS, a TCS previously shown to be required during
host invasion (Fig. 1h), which validates our genetic analysis25.

S. aureus faces nutrient limitation during intracellular infection
Since we aimed to identify genes required for intracellular infection,
we focused on only the depleted genes in the Tn-seq analysis. For this,
we plotted the read counts of the genes from each sample against
those of the input and set up a significance cut-off as 1.3-fold decrease
of log2 fold changewith aP value ≤0.05 (Fig. 2a).Wehave excluded the
genes with a small read count (<50) in the control input library from
our further analysis as done in previous studies26,27. Based on our Tn-
seq datasets, we categorized genes as early or late essential based on
changes of read counts during an 8-h infection period. A total of 226
genes were identified as essential for intracellular infection from the
early stages to the proliferation (late) stages; 11 geneswere categorized
as early essential, 44 genes as essential for proliferation (late essential),
and 72 genes essential for both the early and proliferation stages
(Fig. 2b). Genes that were substantially changed and clustered were
represented as a heat map (Fig. 2c) with a complete list provided in
Supplementary Fig. 3. Importantly, as marked by the black lines above
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the genes in Fig. 2c, multiple genes belonging to the same functional
group are consistently depleted, thereby providing cross-validation
for their functional importance.

In Fig. 3a, we summarized the sets of genes required for the
intracellular infection, which include genes involved in cell wall bio-
genesis (murA, mprF, and pgcA), pathogenesis (sae, mra and nre loci),
nutrient/ion uptake (i.e., mnh, mpf and sir loci), stress response (i.e.,
clpC and ahpF), energy production (i.e., atp and pur loci), and carbon
source utilization (i.e., citB anddap locus).We also included a full list of
genes required at each stage of infection by listing all genes that
appeared to be required at least at one time point during the infection
period (Supplementary Fig. 3). Among these genes, the greatest
depletion across all time points was observed in saeS and saeR. The
SaeRS TCS responds to host environmental cues (i.e., calprotectin,
oxidative stress, andneutrophil proteins) and relays signals to produce
virulence factors for adhesion, proteolysis, and hemolysis (i.e., hla)28.
Therefore, SaeRS plays a central role in adaptation to the host milieu.
Additionally, we identified other transcriptional regulators, nre and
mra loci, as essential for intracellular survival. However, we did not
observe srrA, which is involved in responding to nitric oxide stress,
perhaps because A549 is an epithelial cell line with weak phagocytic

activity29. Interestingly, we found groups of genes for which the extent
of depletion was not consistent throughout the sampling time points
(included in the last category in Supplementary Fig. 3). Among these,
murA was depleted at 0 and 4 h but not at 2 and 8 h (Fig. 2c). In
addition, menaquinone (MQ) biosynthesis genes such asmen and aro
loci were substantially depleted in read counts during the early stage
rather than the late stages therefore classified as early essential. MQ is
electron-charged between ATP synthase and cytochrome oxidase in
the ATP generation system of S. aureus30,31. When we analyzed the
whole locus of themen operon, most genes were depleted, suggesting
a requirement for MQ during the early stage of infection. To validate
genes involved in this early stage, we tested individual mutants with
the Tn insertion in the identified genes. Mutants of the genes found to
be involved in the early phase of infection (i.e., aroB ormenD) invaded
less into the host cells than the wild-type strain, as shown in Fig. 3b.
Although mutants with the Tn insertion at these genes grow slowly
(Supplementary Fig. 4a), we do not think slow growth explains these
early phase results because other mutants with growth defects did not
appear in our Tn-seq results.

Along with the early essential group of genes, we found another
group of genes that were depleted to a greater degree during the late

Fig. 1 | Methicillin-resistant S. aureus USA300 establishes infection in
mammalian cells. a To determine genes essential for the early entry into and late
survival in host cells, A549 cells were infected with the USA300 Tn library for 1.5 h,
after which extracellular bacteria were removed by gentamicin. Samples collected
right after gentamicin were defined as 0 h throughout the manuscript. Image cre-
ated in BioRender (Lee, W. (2025) https://BioRender.com/bytpvde). Extent of
infection (b) of USA300 into host cells (A549, Raw264.7, and HaCaT) and (c) of
MRSA and MSSA strains into A549 cells were determined by cell infection assay
(% entry= CFU recovered at 0 h

input CFU × 100). d The CFUwere counted at 0–8 h post-infection
as ameasure of USA300 survival inside the A549 cells. Data inb–d are presented as
the mean ± SD (n = 3 biological replicates); P values are calculated by a two-sided,
unpaired Student’s t-test. Source data for b–d are available in the Source Data file.
e The intracellular bacteria were examined by transmission electronmicroscopy at

4 h post-infection (scale bar = 1 μm). f Entry and survival of FtsZ-GFP-expressing
USA300 in A549 cells were inspected by fluorescence microscopy. The cell mem-
brane and bacteria are shown in red and green, respectively (scale bar = 5 μm). The
images in e–f are representative of three independent experiments. g The entire
sequenced genome at 0 h was plotted using Circos with the green peaks repre-
senting read counts for each TA site and blue and orange outer squares repre-
senting genes with counts lower (depleted) and higher (enriched) than those of the
control library, respectively. The%TA sites (%TA sites detectedout of all TA sites in
the genome) show the coverage of the genome by Tn-seq and are presented in a
table (� relative%= %TA sites of an experimental sample

%TA sites of a control Tn library ð54:3%Þ × 100). h The read counts gener-
ated by sequencing in both forward (red) and reverse (blue) directions for each TA
site within the saeQRS locus of the control and 4 h samples were plotted using R.
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stage of infection or were depleted throughout the 8-h period. These
include genes involved in ATP generation (atp and pur loci) and mul-
tiple genes related to nutrient uptake: transmembrane transporters
(i.e., cntE and mnh locus) that transport metals and ions across the
membrane and iron acquisition genes (i.e., sir locus and sfnaD)
involved in siderophores or iron acquisition. Finally, we also identified
genes related to the oxidative stress response (i.e., nth and katA) and
general stress response (i.e., clpC) to be essential for survival in the
intracellular milieu (Fig. 3a). These results suggest that intracellular S.
aureus faces a severe limitation of nutrients, including essential metal
ions. In addition, the essentiality of genes involved in the TCA cycle
(i.e., citB and sucD) suggests that S. aureus may become heavily
dependent on the TCA cycle and electron transport chain (ETC) to
produce ATP, since substrate-level ATP production via glycolysis
might become limited due to the limited availability of glucose or
other hexose sugar sources while non-carbohydrate carbon sources
such as lactate or fatty acid may be more available in the intracellular
environment of the host cell. To validate these genes, we chose key
genes in each pathway, and mutants of these genes showed no
detectable growth defects in TSBmedium (Supplementary Fig. 4b) but
low fitness when tested individually in the A549 infection assay (Fig. 3c
and Supplementary Fig. 4c). Also, the operon analysis showed that
many genes required for intracellular invasion and survival were
included within the same operon, further validating our Tn-seq ana-
lysis (Supplementary Fig. 5). Sincewe foundmultiple genes for the ETC
includingMQbiosynthesis genes,atpA and sucD, wewanted to validate
the essentiality of ATP generation via the ETC by testing bacterial
survival in A549 cells in the presence of oligomycin A, a macrolide that
inhibits the F1F0-ATPase complex by binding to the F0 subunits 6 and
932. As shown in Fig. 3d, at a concentration that affects neither bacteria

nor the host A549 cells (Supplementary Fig. 6a-b), bacteria exposed to
an ATPase inhibitor demonstrated reduced infection and survival in
the intracellular environment.

S. aureus extracellular proliferation in human blood requires
different genes from those required for intracellular survival
Invasive S. aureus infections result when S. aureus forms colonies on
vulnerable bodily surfaces such as abraded skin and somehow reaches
the circulatory system, causing bacteremia33. Sinceblood is considered
a major extracellular environment for bacteria during systemic infec-
tion, we aimed to understand the physiological andmetabolic changes
that occur in S. aureusduring bacteremiaby identifying genes essential
for survival in whole blood and plasma using the USA300 Tn library
(Fig. 4a). The human blood used in this study was commercially
sourced and treatedwith heparin, so the immune cells are likelymostly
deactivated. Utilizing this system, we aimed to study the fitness of
mutants in the blood as a host environment with a distinct set of
nutrients and carbon sourceswithout rapid clearance by immune cells.
We first monitored the growth of USA300 in both humanwhole blood
and plasma by measuring colony forming units (CFU) over 36 h. We
found that in both whole blood and plasma, the CFU of USA300
reached a plateau at 9 h (Fig. 4b and Supplementary Fig. 7a), which is
comparable to the growth profile in the TSB medium (Supplementary
Fig. 4a-b). We used electron microscopy to examine whether the
majority of USA300 remained outside of red blood cells (RBC) and
found only minor infiltration of USA300 into RBC (Supplemen-
tary Fig. 7b).

For Tn-seq analysis, we collected S. aureus cells at 24 or 36h based
on the growth profile (Fig. 4b and Supplementary Fig. 7a). This allowed
S. aureus to grow for over 10 generations, enabling sufficient time for

Fig. 2 | Tn-seq reveals several genes essential for intracellular entry and post-
entry survival of methicillin-resistant S. aureus. a Read counts from samples
collected at0 h and during intracellular survival (2–8 h post-infection) were plotted
against the read counts of the respective genes of the control (not exposed to host
cells) sample. The saeS gene is represented on the graphs as a gene depleted at all
time points, whilemenD and aroD are representative genes depleted at an earlier
stage of infection. Genes, such as purA, atpA, and mnhA, represent genes that
appear later during the intracellular infection. Source data is available in theSource
Data file. b Genes that demonstrated a substantial decrease in their read counts
(log2 fold change ≤ −1.3, P value ≤0.05) were classified into genes that are entry-
specific (early essential; substantially depleted at 0–2 h post-infection), common

for entry and post-entry events (essential; substantially depleted at 3 or more time
points throughout the experiment (0–8 h)), or post-entry survival-specific (late
essential; depleted only at 8 h, 2 + 8 h, or 4 + 8 h post-infection). The numbers of
genes in each category are presented in a table. cRepresentative early essential and
late essential genes, and genes essential throughout the infection period are
expressed as a heat map. The heat map also includes representative genes that are
depleted at one or two time points but do not fall into any of the classification
categories. Genes were considered essential if log2 fold change ≤ −1.3 with
P value ≤0.05; dots on the heat map present genes that meet the log2 fold change
criterion but not the P value criterion, and the black lines above the heat map
express genes appearing in a gene group.
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identification of mutants with lower fitness. We first plotted the read
counts from the Tn library cultured in whole blood or plasma against
those from TSB media (Fig. 4c and Supplementary Fig. 8a). Primarily,
we focused on the depleted genes. A total of 115 genes were found to
be essential for survival in the blood (log2 fold change ≤ −1.2;
P value ≤0.05), and we found no notable differences between genes
essential for survival in plasma and those essential for survival inwhole
blood (Supplementary Fig. 8b). Representative depleted genes are
displayed in Fig. 4d. Among these were genes related to metal ion
uptake (i.e., isd,mnh, andmnt loci), stress response (i.e., yjb locus, clpC,
and trxB), and ATP metabolism (i.e., atp and qox loci). We further
compared the depleted genes with those depleted during intracellular
infection. We identified distinct genes essential for each growth con-
dition and classified them into sevenmajor functional groups (Fig. 4e).
We found that genes encoding major TCSs of S. aureus, including
saeRS, agrD, sarR, srrA, andmgrA, are differentially required in the two
environments: saeRS is required for intracellular survival, while srrA is
necessary for survival in blood, suggesting that different groups of
TCSs are required for survival in these two environments. Genes rela-
ted to oxidative stress responses, such as perR and hslU, were identi-
fied only in the blood conditions, suggesting that S. aureus may face
more oxidative stress in the bloodstream compared to the intracellular
environment of non-phagocytic cells. However, genes responsible
for ATP production (i.e., pur and atp loci) and ion/metal balance (i.e.,
mnh andmnt loci) weredepleted in both conditions, suggesting that in
both conditions, S. aureus may be exposed to limited nutrients and
an environment where ATP is primarily produced through the

electron transport chain. Similar to the results from the intracellular
invasion, the operon analysis further confirmed that many genes
required for survival in blood were within the same operon (Supple-
mentary Fig. 9).

To validate our Tn-seq results, we selected mutants from the
seven functional groups and tested them for their growth in blood.
As shown in Fig. 4f, these mutants showed lowered fitness in blood.
Importantly, we were able to confirm the Tn-seq result for saeS
and saeR; as shown in Fig. 4g, we found no growth phenotype of these
mutants in blood, suggesting that S. aureus regulates genes
independently of SaeRS in blood. Regarding genes related to ATP
production, we were also able to validate their requirement using
oligomycin A. As shown in Fig. 4h, in the presence of oligomycin A,
the growth of USA300 was delayed. Finally, we note that we observed
no growth defects of the tested mutants in TSB medium, suggesting
that the reduced fitness in blood is not due to the inactivated
genes (Supplementary Fig. 4b and 10). Additionally, since the mnh
operon appeared to be essential for survival in human blood, we
generated ΔmnhF for validation of its essentiality for blood
survival. Although the mnhF mutant demonstrated growth defects
compared to wild type (Supplementary Fig. 11a), the extent of redu-
ced blood survival within 48 h surpasses the growth retardation
(Supplementary Fig. 11b), implying that the reduced fitness is not sim-
ply due to slow growth caused by gene inactivation. In addition,
the time-dependent decrease in the read counts of the genes
provides validation for the essentiality of these genes for blood sur-
vival (Fig. 4i).

Fig. 3 | Genes responsible for entry into and survival in host cells are grouped
into functional groups. a The genes involved in intracellular survival are grouped
by their functions, and the selected pathways are presented in a diagram. Genes
that were not substantially depleted but are needed as part of the functional group
are marked with dotted lines. MQ, menaquinone. Image created in BioRender
(Lee, W. (2025) https://BioRender.com/sfrjhgv). The mutants of selected genes were
obtained from the Nebraska Tn library and were confirmed for their role in (b)
intracellular entry or (c) both entry and post-entry survival by the infection assay

(% entry = CFU recovered at 0 h
input CFU × 100; % recovery = CFU recovered from cells

input CFU × 100). d USA300
pre-exposed to 120μMof oligomycin A (oligo A), an ATPase inhibitor, was examined
for the extent of infection into and proliferation inside the host A549 cells in the
presence of 120μM oligomycin A (% recovery = CFU recovered from cells

input CFU × 100). Data in
b–d are presented as themean±SD (n= 3 biological replicates), and the P values are
calculated by a two-sided, unpaired Student’s t-test. The source data for b–d are
available in the Source data file.
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S. aureus in human blood remodels its metabolism to allow
simultaneous utilization of lactate and glucose
Next, we sought to identify key metabolic pathways involved in bac-
terial survival and growth in human blood. Since human blood con-
tains distinct nutrients, particularly the available carbon sources, and
since carbon source utilization is pivotal for bacterial survival, we have
re-evaluatedourTn-seqdata from thisperspective. Interestingly, in the
blood samples we found a substantial enrichment of reads due to the
Tn insertions in ccpA, which is involved in catabolic repression in S.
aureus (Fig. 5a).We confirmed this enrichment by using a ccpAdeletion
mutant, which exhibited enhanced growth in human blood (Fig. 5b, c)
with the growth profile in TSB shown in Supplementary Fig. 11c, d.
CcpA regulates a selective utilization of carbon sources whenmultiple
carbon sources are available34,35. This result led us to investigate the
nutrient composition in human blood. We focused on carbon sources
that directly enter glycolysis and the TCA cycle, which include amino
acids, glucose, and lactate. As previously reported, we found that

human blood contains high concentrations of glucose (0.8mM), lac-
tate (1.3mM), and amino acids (Supplementary Fig. 12)36. First, we
examined the consumption of carbon sources by S. aureus in blood. As
shown in Fig. 5d, S. aureus simultaneously consumed lactate and glu-
cose. Typically, bacteria prefer glucose over lactate or acetate when
both carbon sources are available, and this is regulated by catabolic
repression37–39. When we monitored carbon source consumption in
TSB media containing both 10mM glucose and 10mM lactate, we
observed a typical pattern in which S. aureus initially consumed glu-
cose until itwas depleted and thenbegan toutilize lactate (Fig. 5e). The
simultaneous utilization of carbon sources has also been observed in
Mycobacterium tuberculosis40,41. However, unlike M. tuberculosis, S.
aureus exhibited the ability to adapt its mode of catabolic repression
and shifted to a simultaneous mode only in the host environment,
which conferred a fitness advantage.

Additionally, we monitored the concentrations of amino acids
during the 24-h blood culture and observed that S. aureus actively

Fig. 4 | Tn-seq reveals a set of genes specifically essential for blood survival of S.
aureus. a The USA300 Tn library was cultured in human whole blood and plasma
for 24 and 36h, after which the bacteria were collected and prepared for Tn-seq.
Image created in BioRender (Lee, W. (2025) https://BioRender.com/gwn8ee3).
b The growth of USA300 was examined for 36h. c Gene read counts from a 24 h
post-inoculation sample were compared to those of the Tn library grown in TSB.
Representative genes from the list of substantially depleted genes are presentedon
the plot.dRepresentative genesdepleted inwhole bloodandplasma are expressed
as a heat map (dots: genes that meet the log2 fold change criterion but not the
P value criterion; black lines: gene groups). e Representative genes required for
intracellular (2 h) and plasma (36 h) survival are compared (red squares: genes for
which the 4 or 8 h post-infection read counts were used since they were either

defined as late essential orwere not depleted at 2 h but rather at other time points).
The mutants of selected genes were validated for their (f) essentiality and (g)
non-essentiality for survival in whole blood. The mutants were cultured in whole
blood for 24h, andCFUwere counted tomeasure the survival. * P <0.05; **P <0.01;
*** P <0.001 compared to the USA300 strain. The exact P values are available in the
Source Data file. h USA300 pre-exposed to 120μM of oligomycin A (oligo A) was
placed into whole blood in the presence of oligomycin A to investigate the essen-
tiality of ATP production for blood survival. Data in b and f–h are presented as the
mean ± SD (n = 3 biological replicates), and the P values are calculated by a two-
sided, unpaired Student’s t-test. i The log2 fold change of the mutants of genes
essential for blood survival was expressed in a time course up to 36h post-blood
inoculation. Source data for b, c and f–i are available in the Source Data file.
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consumed all amino acids except cystine (Fig. 5f). Interestingly, we
found that S. aureus produced cystine over two-fold compared to the
control. In line with this data, we identified substantial depletion of
cysK, the final enzyme in cysteine biosynthesis, suggesting the essen-
tiality of this gene for survival in the blood environment (Fig. 4d)42. The
cysK is the only gene we found related to amino acid biosynthesis,
further validating the results of cystine increase in blood. Interestingly,
in blood, we found that genes such as perR, trxB, and hslUV were
substantially depleted in the blood environment, indicating that S.
aureus experiences oxidative stress in blood. Bacterial thiols act as
protective agents against oxidative stress, and in S. aureus these
include bacillithiol (N-cysteinyl-α-D-glucosaminyl-L-malate), a hex-
osamine conjugated to L-cysteine43,44. Indeed, alignedwith the cysteine
accumulation results, we observed that bacillithiol levels increased
sustainably over time in theUSA300 strain cultured inblood.However,
we found only a minimal increase in the intracellular bacillithiol levels
in USA300 during the stationary phase when cultured in TSB (Fig. 5g).
Therefore, the depletion of genes related to oxidative stress is con-
sistent with the requirement of cysK and the accumulation of cysteine
andbacillithiol in thebloodenvironment. To survive inblood, S. aureus
depends on genes related to response to oxidative stress, including
those associated with bacterial thiol synthesis. Furthermore, our
results indicate that S. aureus adjusts its metabolism to better adapt to

the extracellular host environment, allowing for more efficient utili-
zation of available carbon sources and response to oxidative stress.

The genes required for invasion into the liver or lungs show
substantial overlap with the genes important for extracellular
survival of S. aureus
Next, we attempted to identify how S. aureus adapts to different host
organs. For this, we decided to use a mouse USA300 infection sepsis
model. First, we tested different CFU administered through the tail
vein and chose the dose resulting in an 83% survival rate at 48 h post-
infection. For Tn-seq, based on the dose, we infected a total of 2 × 108

CFU of the USA300 Tn library, and after 24 h, we separately recovered
the surviving Tn mutants from six organs for sequencing (Fig. 6a).
Among these six organs, the CFU from the kidneys were the highest,
while those of the heart, brain, and spleen were lower, as expected.
However, interestingly, in our Tn-seq analysis, we found a very low
diversity of Tn mutants in the kidneys. This suggests that the kidneys
are relatively hard to infect, butmutants able to do somay encounter a
less hostile growth environment than in other organs. In contrast, we
recovered a low count of CFU in the spleen, but the mutants were
relatively more heterogeneous than in the kidneys, suggesting that
there is a lower bottleneck to entry but an unfavorable environment
inside the spleen for S. aureus replication. For a numerical

Fig. 5 | S. aureus simultaneouslyutilizes lactate and glucose in blood. aThe read
counts for all TA siteswithin the ccpA gene detectedby sequencing in both forward
(red) and reverse (blue) directions were plotted using R. For identification of the
role of the ccpA gene for bacterial growth in blood, ΔccpA strains generated in (b)
HG003 and (c) USA300 strains were cultured in blood for 24h and were counted
for CFU. WT; wild-type. For the measurement of lactate and glucose consumption
ofUSA300 inbloodandTSB, bacteriawere cultured in (d) bloodor (e) TSB for up to
36h. At designated time points, blood and TSB samples were centrifuged for the
collection of plasma and supernatant, respectively, which were prepared for mass
spectrometric analysis. fUSA300was cultured in humanwhole blood for up to 36 h
for themeasurement of amino acid consumption. At designated time points, blood
was centrifuged for plasma collection and prepared for mass spectrometric

analysis (others include Ala, Arg, Asn, Glu, Gln, His, Leu, Lys,Met, Phe, Pro, Thr, Trp,
Tyr, and Val). g For the measurement of bacterial bacillithiol, USA300 was inocu-
lated into human whole blood or TSB for 9, 12, or 24h. At designated time points,
samples were centrifuged for the collection of bacterial cells, after which the bac-
terial cells were quenched, lysed by bead beating, and prepared for mass spec-
trometric analysis. Bacillithiol levels at each time point were normalized to log10
bacterial CFU. Glucose, lactate, amino acid concentrations, and bacillithiol levels in
d–g were measured using LC/MS-TOF, and the abundance of extractedmetabolite
ion intensitieswas acquired using Profinder 660. All data in d–g are presented as the
mean ± SD (n = 3 biological replicates). Source data is available in the Source
Data file.
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representation of thesedata,we havegenerated a heterogeneity (HTR)
score by normalizing % TA sites (TA sites detected in experimental
samples out of all the TA sites in the genome) by the total recovered
CFU from each organ (Fig. 6b). Higher HTR means higher diversity of
recovered mutants. Using the counts of CFU and HTR scores, we
categorized the six organs into three groups: (I) high CFU and high
HTR (liver and lungs), (II) highCFUand lowHTR (heart, kidneys, brain),
and (III) low CFU and low HTR (spleen). Group I includes organs that
show high recovery of CFU (log10CFU > 5) and diversity of mutants
(HTR score > 4), implying little physical barrier for bacterial invasion
and survival. Group II includes organs with high CFU but low HTR
(score <4), suggesting that a bottleneck limited mutant entry. Per-
missive growth conditions after the bottleneck resulted in a clonal
mutant population. Group III includes the spleen, which shows low
CFU (log10CFU < 5) with lowHTR, implying that this organ provides an
unfavorable environment for both entry and growth of bacteria. Since
bottlenecks limit genetic diversity in the mutant pools for organs in
groups II and III, we focused on organs in group I, the liver and lungs,
which showed a highCFUwithHTR score > 4, for further gene analysis.
In addition, because S. aureus is common in lung infections, data

generated from the lungs may be of clinical relevance45. Tn data for
each organ identified 119 depleted genes for liver and 81 depleted
genes for lungs (liver − log2 fold change ≤ −2 with P value ≤0.01;
lungs − log2 fold change ≤ −4 with P value ≤0.01) (Fig. 6c and Sup-
plementary Fig. 13).

As shown in Fig. 6d, in both organs we identified genes encoding
TCSs and associated regulators, includingmgrA and yjb locus. We also
found genes for ATP production (atp locus, qoxC, and ndh2) and genes
related to the oxidative stress response (Fig. 6d, groups 2 and 3).
Notably, the oxidative stress response genes found to be important in
the liver and lungs were different from those involved in intracellular
survival. Similarly, TCS SaeRS and cell wall biosynthesis and
metabolism-associated genes (mpfA, murA, lysA, and dapB) were
depleted only in an intracellular environment but not in blood and
intra-organ environments. Most genes depleted in the liver and lungs
were shared, but several, such as copZ and gpsA, were depleted only in
the lungs (Supplementary Fig. 13), and the essentiality of the functional
groups was further validated by the operon analysis (Supplementary
Fig. 14). The essentiality of genes was confirmed with the atpDmutant
being less infective in both liver and lungs (Supplementary Fig. 15a),

Fig. 6 |Mouse sepsismodel reveals sets ofgenes essential for the establishment
ofS. aureus invasion intoorgans. aMice (BALB/c, 8-week-old,male)were infected
with 2×108 CFU of the USA300 Tn library via tail vein injection. Mice were eutha-
nized at 24 hpost-infection uponwhich organswere collected and prepared for Tn-
seq. Image created in BioRender (Lee, W. (2025) https://BioRender.com/c7082qe).
b Log10 of bacterial CFU, % TA sites (TA sites detected in experimental samples out
of all the TA sites in the genome), andHTR scores (% TA sites

log10CFU
) are presented in a table.

The organs were classified into three groups (high CFU (log10CFU > 5) – high HTR
(HTR>4); high CFU – lowHTR (HTR< 4); lowCFU (log10CFU< 5) – lowHTR). Image
created in BioRender (Lee, W. (2025) https://BioRender.com/ngl11mx). cGene read
counts from lungs and liver were plotted against the read counts of the respective
genes of a control Tn library. Representative genes are marked on the plot. Source
data is available in the Source Data file. d Genes essential for intracellular survival

(2 h), plasma survival (36 h), and survival in organs (both liver and lungs) are
compared in a heat map (red squares: genes for which the 4 or 8 h post-infection
read counts were used because they were either defined as late essential or were
not depleted at 2 h but rather at other time points; blue squares: genes for which
the 0 h read counts were used because theywere defined as early essential). eGene
clustering analysis was performed using the seaborn, clustermap Python package
(v.0.12.2) using all genes from d, but aroB, menA, and menD were excluded since
theywere early essential genes thatdonot appear at 2, 4, or8 hpost-infection. fThe
numbers of genes that are specifically and commonly essential for intracellular,
blood, and organ survival are presented in a Venn diagram, and the 27 core genes
that are essential for infection in all three host environments (intracellular, blood,
and intra-organ) are listed in a table.
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while copZ and pyrE genes were only essential for lung or liver infec-
tion, respectively (Supplementary Fig. 15b, c). In addition, the mice
infected with the atpDmutant showed improved survival compared to
the mice infected with wild-type USA300 (Supplementary Fig. 15d),
implying that an atp locus could serve as an effective therapeutic
target for the treatment of bacterial infection. All these results were
obtained with no apparent growth defects in the mutants (Supple-
mentary Fig. 15e).Whenwe compared the genes found tobe important
in the lungs or liver with those involved in the intracellular and
extracellular milieus, we found that the set of genes identified as
essential for survival in these organs resembled those required for
extracellular survival (Fig. 6d) and as analyzed by the clustering ana-
lysis (Fig. 6e). Genomic profiling using the in vivo sepsis model is a
conglomeration of results from the blood, tissue, and intracellular
bacteria. Therefore, the results from bacteria recovered from organs
might be skewed by the bacteria remaining in the extracellular and
tissue environments.

All three systems, intracellular, extracellular, and intra-organ,
required sets of genes involved in ATP production andmaintenance of
nutrient and ion balance, resulting in 27 core genes (Fig. 6f). These
results indicate that ATP production and nutrient/ion balance are
essential for growth in any given environment, despite other differ-
ences in each host niche.

Discussion
Our study demonstrates that S. aureus can adapt differentially within
various host niches to exploit nutrients and respond to hostile con-
ditions. It does so by employing both metabolic changes and reg-
ulators that serve as hubs for signal relay for many virulence-related
genes, and this shaping of the metabolic and physiological makeup of
S. aureus is crucial for survival and response to host environmental
cues. These differential environmental cues vary depending on whe-
ther S. aureus is in an intracellular, extracellular, or intra-organ
environment.

Here, we used three infection models—a cell culture model,
blood, and a mouse model focusing on specific organs—to iden-
tify genes necessary for survival within the host. Despite residing
on the skin, which constitutes an extracellular environment, S.
aureus is fully equipped to thrive intracellularly and within
organs9,16–18,46. In our Tn-seq analysis using the mouse sepsis
model, our approach involved assigning a heterogeneity score to
each organ, revealing distinct characteristics for each. For
example, S. aureus showed the largest bacterial count but a highly
clonal population in the kidneys, suggesting that only certain
mutants can infiltrate into the kidneys or, alternatively, that most
mutants are filtered out of the kidneys, but a small number of
mutants attach to the organ and multiply. On the contrary, in the
lungs and liver, where bacteria also grew to a high count, S.
aureus showed high heterogeneity, suggesting that these organs
are accessible to most mutants. Notably, S. aureus primarily
enters the lungs via the respiratory route rather than the blood-
stream, but regardless of the mode of entry, the lungs are highly
accessible to S. aureus47. Therefore, we conclude that these
organs are extremely vulnerable to bacterial infection and pro-
vide a favorable niche for bacterial survival. In the spleen, S.
aureus shows both low bacterial count and low heterogeneity,
which might be expected from an organ rich in macrophages.
Unexpectedly, a high bacterial count was found in the brain, an
organ that is protected by the blood-brain barrier. This finding
suggests that there is a route for S. aureus entry into the brain
parenchyma, but as can be seen from the low heterogeneity, only
certain mutants can do so. These findings demonstrate the
potentially different levels of barriers and protection presented
by each organ during systemic S. aureus infections, highlighting
distinct environmental characteristics that allow for S. aureus

replication. Our results may suggest which organ is most vul-
nerable during S. aureus sepsis.

By studying the bacterial interaction with human blood and
comparing the gene sets essential for survival in whole blood and
plasma,we demonstrate that bacteria do not invade the RBC. Since the
human bloodused in this studywas commercially sourced and treated
with heparin, with immune cells mostly deactivated, the Tn-seq results
for blood can apply to the general extracellularbodyfluidencountered
by the bacteria once inside the host body. We have particularly shown
that the essentiality of genes responsible for response to oxidative
stress along with the increased production of bacillithiol in S. aureus
upon incubation in blood implies the importance of the stress
response pathways for survival in the blood environment. In addition,
our organdata resembled the extracellular results inblood, suggesting
that once inside theorgans, a largepopulationof S. aureus resides in an
extracellular body fluid rather than inside the cells.

Regulators such as SaeRS, AgrA, SarA, SrrA and MgrA are known
to be required during S. aureus infection10–13. However, our findings
suggest that they are differentially required in specific host niches and
not consistently across all environments, which should be considered
in mapping their signal relay. On the other hand, we found that in all
three infection systems, 27 core genes, such as ATP synthase and the
mnh antiporters, required for nutrient processing, are crucial for sur-
vival within the host. Our study implies that energy metabolism plays
an essential role in bacterial survival, regardless of the host niche.
Valentino et al. also utilized Tn-seq for the identification of genes
essential for survival in skin abscess48. These authors showed that
several genes involved in the pyrimidine and purine biosynthesis
pathways are critical for survival in skin abscesses; and some of these
genes, such as purB and guaB, were also identified as essential in
bacterial survival in all biological systems (intracellular, extracellular,
and intra-organ) used in the current study. This similarity indicates that
energy metabolism is a possible therapeutic target for combating S.
aureus infection. It has also been shown that the cydABCD locus and
polysaccharide pathway of E. faecalis are crucial for adaptation and
survival in the bloodstream49. Therefore, a broader understanding of
metabolic reprogramming during infection can be crucial for sup-
pressing the growth of bacterial pathogens in the host environment. A
comprehensive and comparative understanding of the underlying
mechanisms responsible for the establishment of bacterial infection in
different host niches will greatly contribute to the development of
efficient treatment strategies.

Methods
Ethics statement and animal information
Mouse experiments were approved by and performed in strict accor-
dance with the institutional guidelines of the Institutional Animal Care
and Use Committee of Sungkyunkwan University School of Medicine
(approval number: SKKUIACUC2021-11-35-1). All animal experiments
were performed in a facility approved for BSL-2 experiments involving
a bacterial Tn library. Male, 7-week-old BALB/c mice were purchased
fromOrient Bio (Seongnam, South Korea) and acclimated to an animal
facility isolated for infection studies at Sungkyunkwan University
School of Medicine. All mice were maintained under pathogen-free
conditions on a 12:12 h light:dark cycle, with free access to facility chow
and water. The temperature and humidity of the facility were main-
tained at 22 °C and 50%, respectively. The experiments performedwith
human blood were all approved by the Sungkyunkwan University
Institutional Review Board (IRB: SKKU 2023-01-023).

Cell lines and culture conditions
The lung epithelial cell line A549 (Korean Cell Line Bank, Seoul, South
Korea; #10185) was grown in Roswell Park Memorial Institute 1640
(RPMI 1640) medium (Welgene, Gyeongsan, South Korea) supple-
mented with 10% fetal bovine serum (FBS; Welgene). The murine
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macrophage cell line Raw264.7 (Korean Cell Line Bank; #40071) and
human keratinocyte cell line HaCaT (Cellular Engineering Technolo-
gies, Coralville, IA; #CR1017-500) were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM; Welgene) supplemented with 10%
FBS. All cell lines were grown in a humidified 37 °C, 5% CO2 incubator
and sub-cultured by trypsinization.

Bacterial strains and culture conditions
Methicillin-resistant S. aureus (MRSA) strains USA300, MW2, and
MRSA252, and methicillin-sensitive S. aureus (MSSA) strains HG003,
MSSA476, and Newman strains were grown at 30 °C in liquid tryptic
soy broth (TSB; Beckton Dickinson, Franklin Lakes, NJ) with shaking or
on agarized TSB plates (TSA). Mutant strains obtained from the
Nebraska transposon mutant library (NTML) were grown in liquid TSB
or TSA with the addition of 10 µg/mL erythromycin (Erm; Sigma-
Aldrich, Burlington, MA). The mutant strains used in the study are
summarized in SupplementaryTable 1, andallmutantswere confirmed
for the Tn insertion at the target gene using primers (Macrogen, Seoul,
South Korea) as detailed in Supplementary Table 2. On the day of an
experiment, an overnight bacterial culture was re-inoculated at
OD600 = 0.01 andgrownuntil OD600 = 0.4–0.6. The transposonmutant
library (Tn library) was created in USA300 by phage-based transposi-
tion as previously described24. Library aliquots were stored at −80 °C
and on the day of the experiment were grown from OD600 =0.2 to
OD600 = 0.4 for no more than 3 h.

Generation of mutants of S. aureus
For a generation of ΔmnhF and ΔccpA, DNA fragments corresponding
to 1 kb upstream and downstream of mnhF and ccpA were amplified
with the primer pairs mnhF1/mnhF3 and mnhF2/mnhF4 for mnhF and
ccpA1/ccpA3 and ccpA2/ccpA4 for ccpA (Supplementary Table 2). The
kanamycin (Km) resistant gene was amplified with the primer pair
KmF/KmR. Following purification, the Km-resistant fragment was
combined with the mnhF and ccpA fragments using KOD Xtreme Hot
Start DNA polymerase (Novagen, Madison, WI) with the primer pairs
mnhF5/KmR and mnhF5/mnhF6 for mnhF and ccpA5/KmR and ccpA5/
ccpA6 for ccpA (Supplementary Table 2). The combined PCR product
was digested with BamHI/HindIII and BamHI/SaI for mnhF and ccpA,
respectively, and the resulting products were cloned into pKFC (pKFC-
delmnhF and pKFC-delccpA) and transformed into electrocompetent
S. aureus RN4220, resulting in the generation of RN4220-ΔmnhF and
RN4220-ΔccpA. Homologous recombination was performed to inte-
grate the plasmid into the bacterial chromosome, and the deletion of
the target gene was confirmed by sequencing. Confirmed deletions
were transduced using φ11 into HG003 and USA300 to generate
HG003-ΔmnhF, HG003-ΔccpA, USA300-ΔccpA50. All bacterial strains,
primer sequences, and plasmids are summarized in Supplementary
Tables 1 and 2.

Determination and validation of genes essential for intracellular
infection
Intracellular infection assay. To determine the extent of intracellular
infection and survival of S. aureus, host cells were seeded in the T25
cell culture flasks at 3.5 × 106 cells/flask or the 24-well culture plates at
2.5 × 105 cells/well and placed in a humidified 37 °C, 5% CO2 incubator
for 48 h. At 1 h before bacterial infection, the culture medium was
replaced with freshmedium. The bacterial strains were grown to a log
phase and added to the host cell culture medium at a multiplicity of
infection (MOI) of 10 as per the result for screening for MOI that
resulted in full recovery of input bacteria. After 1.5 h of infection,
bacteria-containing culture medium was removed, and host cells were
washed five times with sterilized PBS. Afterwards, medium containing
200 µg/mL gentamicin was added for 1 h to remove extracellular bac-
teria, after which the host cells were again washed 5 times with ster-
ilized PBS. The host cells were immediately (time point designated as

0 h post-infection throughout the manuscript) lysed with 0.1% Triton
X-100, and the collectedbacteriawere spreadonTSAplates and grown
at 30 °C for counting of bacterial colony-forming units (CFU). For
examination of post-entry events, fresh culture medium was added to
the flask after the removal of gentamicin-containing medium and
washing with PBS, and host cells were lysed at 2, 4, and 8 h post-
addition of freshmedium (time points designated as 2, 4, and 8 h post-
infection throughout the manuscript). Bacteria were spread on TSA
plates and grown at 30 °C for counting of bacterial CFU. The protocol
was adapted and modified from previous publications51–53.

Tn library infection experiment. For the determination of genes
essential for intracellular entry and post-entry survival, an infection
assay of the USA300 Tn library into host A549 cells was performed.
Host A549 cells were seeded in T25 cell culture flasks at 3.5 × 106 cells/
flask, and the Tn library was grown to OD600 = 0.4 as described above.
The infection procedure was performed as described above. The host
cells were lysed at 0, 2, 4, and 8 h post-entry and spread on TSA+Erm
(10 µg/mL) plates and grown at 30 °C. The colonies were then scraped
and pooled for preparation for the transposon sequencing (Tn-seq).

Validation assay with mutants. To validate the results obtained from
the Tn library infection assay, individual mutants were tested for the
extent of their intracellular entry and post-entry survival54. All mutants
are listed in Supplementary Table 1 and were confirmed for the Tn
insertion at the target gene using primers as detailed in Supplementary
Table 2. For validation, host A549 cells were seeded in 24-well culture
plates at 2.5 × 105 cells/well, and the rest of the procedurewas the same
as outlined above for the intracellular infection assay. Upon lysis of
host cells at 0, 2, 4, and 8 h post-entry, mutants were spread on TSA
plates containing appropriate antibiotics and counted for the number
of colonies at each time point.

Confirmation of the effects of an ATPase inhibitor on bacterial
intracellular entry and post-entry survival. For the determination of
the effects of ATPase inhibition, USA300 was cultured in media con-
taining 120 µMofoligomycinA (Sigma-Aldrich) for 4 h32. Then, bacteria
pre-treated with oligomycin A were utilized for the intracellular
infection assay. A549 cells were exposed to bacteria pre-treated with
oligomycin A, also in the presence of 120 µM oligomycin A during
infection and throughout the experiment until A549 cell lysis at various
time points. Upon lysis of host cells at 0, 2, 4, and 8 h post-entry, the
bacteria were spread on TSA plates and counted for the number of
colonies at each time point.

Determination and validation of genes essential for survival in
human blood/plasma
Human blood/plasma survival assay. To determine the bacterial
growth and survival in human blood, human blood anticoagulated
with heparin was purchased from Innovative Research (Novi, MI)
through an FDA-approved collection center in the USA. To separate
plasma, whole bloodwas centrifuged at 845 × g at 4 °C for 15min, after
which the supernatant was obtained. Whole blood and plasma were
placed into 14-mL round-bottom tubes in 2-mL aliquots. The bacterial
strainswere grown to a logphase andadded to thehumanwhole blood
or plasma at a final OD600 = 0.02. Whole blood and plasma were
incubated at 37 °C, with shaking at 150 rpm for 24 or 36 h. The samples
were then placed in red blood cell (RBC) lysis buffer (10×; 1.5M NH4Cl,
100mM NaHCO3, 1mM EDTA, pH 7.4) and spread on TSA plates for
CFU counting.

Tn library infection into human blood and plasma. For the deter-
mination of genes essential for the survival ofUSA300 inhumanblood,
whole blood and plasma were prepared as outlined above and placed
into 14-mL round-bottom tubes in 4-mL aliquots. The Tn library was
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grown to OD600 = 0.4 and added to the human whole blood and
plasma at a final OD600 = 0.02. Whole blood and plasma were incu-
bated at 37 °C, with shaking at 150 rpm for 24 and 36 h. After 24 and
36 h of growth, sampleswere placed on ice. RBC lysis buffer was added
at a volume of 4mL and incubated for 10min to lyse RBC in whole
blood samples. Both whole blood (now with lysed RBC) and plasma
samples were centrifuged at 9391 × g at 4 °C for 5min and washed 3
times with sterilized PBS. The resulting pellet was used for preparation
for Tn-seq.

Validation assay with mutants. To validate the genes found essential
in the blood and plasma survival assay, individual mutants were tested
for the extent of their blood survival. All mutant strains are listed in
Supplementary Table 1 and were confirmed for the Tn insertion at the
target gene using primers as detailed in Supplementary Table 2. For
the validation assay, whole bloodwas placed into 14-mL round-bottom
tubes in 2-mL aliquots into which the mutants were inoculated at an
initial OD600 = 0.02. The tubes were placed at 37 °C, with shaking at
150 rpm for 24 h after which the bacteria were spread on TSA plates
containing appropriate antibiotics and counted for the number of
colonies.

Validation of effects of ATPase inhibition on bacterial blood survi-
val. For the determination of the effects of ATPase inhibition, USA300
was cultured in media containing 120 µM of oligomycin A (Sigma-
Aldrich) for 4 h. Then, the bacteria pre-treated with oligomycin A were
added to human blood at an OD600 = 0.02, also in the presence of
120 µMoligomycin A. After 6, 12, and 24 h of growth, the bacteria were
spread on TSA plates and counted for the number of colonies
appearing at each time point.

Determination and validation of genes essential for an
intra-organ survival
Tn library infection into the mouse sepsis model. For the identifi-
cation of genes essential for bacterial survival in the organs, a mouse
sepsis model was used55. Animals were injected with a USA300 Tn
library at 2 × 108 CFU per mouse by intravenous injection with an
injection volume of 100μL. For this, the Tn library (grown to
OD600 = 0.4 as described above) was resuspended in sterilized
phosphate-buffered saline (PBS) used as an injection medium. At 24 h
post-bacterial injection, animals were euthanized by isoflurane over-
dose, followed by exsanguination and organ collection for analysis. At
collection, the spleen, brain, heart, liver, lungs, and kidneys were
homogenized in PBS containing 0.1% Triton X-100 (Sigma-Aldrich),
after which the homogenatewas spreadon TSA+Erm (10 µg/mL) plates
and grown at 30 °C for bacterial colony collection for Tn-seq.

Validation assaywithNMTLmutants. To validate the results obtained
from the Tn-seq of the organs, individual mutants obtained from the
NTMLwere tested for the extent of their survival in the lungs and liver.
Allmutants are listed in Supplementary Table 1 andwere confirmed for
the Tn insertion at the target gene using primers as detailed in Sup-
plementary Table 2. Briefly, mice were injected with individual NTML
mutants or wild-type USA300 at 2 × 108 CFU/mouse by intravenous
injection with an injection volume of 100μL. At 24 h post-injection,
mice were euthanized, and organs (lungs and liver) were collected and
homogenized. The sampleswere spreadonTSA+Erm (10 µg/mL) plates
and grown at 30 °C after which the numbers of CFU on the plates were
counted.

Tn-seq and data analysis
A Tn library grown on TSA+Erm (10 µg/mL) plates obtained from the
intracellular infection study, blood/plasma survival study, and the
mouse sepsis study was scraped, and genomic DNAwas harvested and
prepared for deep sequencing as previously outlined24. Illumina high-

throughput sequencing was performed on a Hi-Seq2000 or Hi-
Seq2500 for 100 cycles with 40% ΦX174 spiked into the sequencing
reaction (Macrogen). The sequencing data were trimmed, filtered, and
processed using the Galaxy software suite. The chromosome nucleo-
tide FASTA file for USA300-TCH1516 (NC_010079.1) was downloaded
from the NCBI Genome database, and the obtained sequencing data
were mapped to the genome using Bowtie software. Python scripts
were used to compare the number of reads in the control and
experimental conditions using theMann-WhitneyU test, correcting for
multiple hypothesis testing with the Benjamini-Hochberg procedure.
An EL-ARTIST essential gene analysis was done in MATLAB. The
essentiality threshold was set to P value ≤0.05 after correcting for the
false discovery rate. The operon analysis of the Tn-seq data was per-
formed using Rockhopper (v.2.0.3)56.

Transmission electron microscopy
For transmission electron microscopy (TEM) imaging, A549 cells were
seeded in Φ15 mm glass-bottom cell culture dishes (Nest Scientific,
Rahway, NJ) at a density of 7 × 105 cells/plate and incubated in a
humidified 37 °C, 5%CO2 incubator for 48 h. At 1 h before infection, the
cell culture medium was changed to fresh medium, after which
USA300 (grown toOD600 = 0.4–0.6) was added to the culturemedium
at an MOI = 10 for infection lasting 1.5 h, followed by washing (5× with
sterilized PBS) and 1 h treatment with gentamicin 200μg/mL. Cells
were then againwashed 5×with PBS, and fresh RPMI 1640mediumwas
added, after which cells were placed in a humidified 37 °C, 5% CO2

incubator for 4 h. At 4 h post-incubation, the sample was fixed in 2.5%
glutaraldehyde solution for 1 h at room temperature. The blood sam-
ples were generated by culturing USA300 in human whole blood from
an initial OD600 = 0.02 for 4 and 12 h at 37 °C, with shaking at 150 rpm.
At designated time points, sampleswere centrifuged at 9391 × g at 4 °C
for 5min and washed with sterilized PBS three times. Then, the sam-
ples were fixed in 2.5% glutaraldehyde solution for 1 h at room tem-
perature. Both cell and blood samples were then dehydrated with an
ethanol series and infiltrated with Spurr’s resin series, after which the
samples were polymerized for 8 h at 60 °C. The sample-embedded
blocks were cut with a diamond knife on an ultramicrotome (Leica
Microsystems, Wetzlar, Germany), and the resulting sections were
directlymounted on 150mesh copper grids. The sections were stained
for 20min with 2% uranyl acetate in 50% methanol, followed by
staining with Reynold’s lead citrate for 10min. The grids were imaged
in a bio-imaging core facility of Korea Institute of Science and Tech-
nology (KIST) using Tecnai F20G2 (FEI, Hillsboro, OR) equippedwith a
RIO 16 camera under the magnification of 17,000× to 65,000×.

Fluorescence microscopy
Preparation of FtsZ-GFP expressing USA300 strain. The pLow-ftsZ-
GFP plasmid was inserted into the RN4220 strain by electroporation
using a GenePulser cuvette (BioRad, Hercules, CA) at a voltage of
2900V, 25 μF capacitance, 100 Ω resistance, and 2mm length57. After
electroporation, FtsZ-GFP-expressing RN4220 (RN4220-FtsZ-GFP)
colonies were selected on TSA+Erm (10μg/mL) at 30 °C. The pLow-
ftsZ-GFP was then transduced into USA300 using staphylococcal
phage ϕ11, generating the FtsZ-GFP-expressing USA300 strain
(USA300-FtsZ-GFP). Details of all strains and plasmids can be found in
Supplementary Tables 1 and 2.

Fluorescence microscopy. The obtained USA300-FtsZ-GFP was used
to visually inspect and analyze bacterial infection into and survival in
host cells. For imaging, A549 cells were seeded in Φ15 mm glass-
bottom cell culture dishes (Nest Scientific) at 7 × 105 cells/plate and
incubated in a humidified 37 °C, 5% CO2 incubator for 48h. At 1 h
before infection, culturemediumwas changed to freshmedium; and at
the time of infection, USA300 (grown to OD600 = 0.4–0.6) was added
at anMOI = 10 to the culture medium. After 1.5 h, cells were washed 5×
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with PBS, followed by exposure to medium containing gentamicin
200μg/mL. Cells were then washed 5× with sterilized PBS. After being
washed with PBS, cells were stained with wheat germ agglutinin Alexa
Fluor™ 555 conjugate (Invitrogen,Waltham,MA) for labeling of the cell
membrane58. For examination of intracellular survival, freshRPMI 1640
medium was added, and cells were placed in a humidified 37 °C, 5%
CO2 incubator for 4 and 8 h followed by the same staining procedure.
All fluorescent images were taken with a Leica DMI8 fluorescence
microscope (Leica Microsystems) equipped with a Leica DFC9000 GT
VSC-12294 camera under HC PL APO 100× oil immersion lens. Gamma,
brightness, and contrast were adjusted identically for the compared
image sets using LAS X software (version 3.7.2.22383).

Liquid chromatography mass spectrometry
Extraction of bloodmetabolites. For determination of metabolites in
blankplasma, plasmawas separatedby centrifugation at 845 × g at 4 °C
for 15min, afterwhich 200μLofplasmawasmixedwith 400μLof cold
methanol (v/v ratio 1:2). For determinationofplasmametabolites upon
consumption by bacteria, bacterial culturewas added to 2-mL aliquots
of whole blood at an initial OD600 = 0.02. The samples were incubated
at 37 °C, with shaking at 150 rpm for various timepoints from3 to 36 h.
Whole blood to which no bacteria were added was used as the control
0 h sample. At the designated time points, whole blood samples were
centrifuged for Z.

Extraction of bacterial bacillithiol. For determination of bacterial
bacillithiol levels, USA300 was inoculated into whole blood or TSB at
an OD600 = 0.02 with shaking at 150 rpm at 37 °C. At 9, 12, and 24 h
post-inoculation, samples were centrifuged at 4 °C, 6010 × g for 6min
for the collection of bacterial cells. Bacterial cells collected at a log
phase (OD600 = 0.5) were defined as a 0 h sample. The resulting pellet
was quenched by the addition of quenching buffer (40:40:20; Acet-
onitrile:Methanol:Water). Bacterial cells were lysed by mechanical
disruption using 0.1mm glass beads and a precellys homogenizer
(Bertin Technologies, Montigny-le-Bretonneux, France) with 12 cycles
of 10,000 rpm, 30 sec cycle. Samples were placed on ice in-between
each cycle for the prevention of protein degradation. Lysates were
centrifuged at 4 °C, 15,871 × g for 5min, after which supernatant was
added to Spin-X centrifuge tubes (Corning Inc.) and centrifuged at
4 °C, 15,871 × g one more time.

Liquid chromatography mass spectrometry analysis. Blood meta-
bolites and bacillithiol were analyzed with time-of-flight (TOF) mass
spectrometry (Agilent 6230, Santa Clara, CA) coupled with a liquid
chromatography system (Agilent 1290) operated in both positive and
negative modes. The mobile phase consisted of solvent A (ddH2O with
0.2% formic acid) and solvent B (acetonitrile with 0.2% formic acid). The
gradient condition was as following: 0–2min, 85% B; 3–5min, 80% B;
6–7min, 75% B; 8–9min, 70% B; 10–11.1min, 50% B; 11.1–14min 20%
B; 14.1–24min 5% B followed by a 10min re-equilibration period at 85% B
at a flow rate of 0.4mL/min. The abundance of extractedmetabolite ion
intensities was acquired using Profinder 6.059,60. Bacillithiol levels were all
normalized by the bacterial CFU measured for each sample.

Growth curve measurement
For themeasurement of growth of all mutant strains, strains (grown to
OD600 = 0.4–0.6) were added to TSB in 96-well plates at an initial
OD600 of 0.002. Growth was observed using a plate reader (BioTek,
Winooski, VT) at 30 °C for 20 to 30h.

Measurement of bacterial minimum inhibitory concentration
To determine the concentration of oligomycin A that does not exhibit
any effect on bacteria, a minimum inhibitory concentration (MIC)
measurement was performed. Oligomycin A was serially diluted from
120μM in a 96-well plate in TSB, in which USA300 was grown from

OD600 =0.002 for 24 h. The final OD600 was measured by the plate
reader (BioTek) for the determination of oligomycin A concentration
affecting bacterial growth.

Cell cytotoxicity
To determine the concentration of oligomycin A which does not
exhibit toxicity on host A549 cells, cell cytotoxicity measurement was
performed using the CytoTox-Glo™ assay (Promega, Madison, WI),
according to themanufacturer’s instructions61. Briefly, A549 cells were
seeded in white-bottom 96-well plates at a density of 1 × 104 cells/well.
After 24 h of incubation in a 37 °C, 5% CO2 incubator, cellswere treated
with 0–120μM oligomycin A for 8 h, after which a substrate that
luminesces upon reaction with intracellular organelles but cannot
cross the intact membrane of live cells is added to measure cytotoxi-
city. The fluorescence intensity was measured using the Synergy HTX
multi-mode plate reader (BioTek).

Statistical analyses
Statistical analyses between experimental groupswere conducted by a
two-sided, unpaired Student’s t-test using Microsoft Excel (v.16.98).
The results were expressed as the mean± SD of 3 biological replicates
representative of duplicate or triplicate independent experiments.
Differences between groups were inferred as significant for P <0.05.
The exact P values are denoted in the Source Data file and the figures.

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

Data availability
All datasets generated during this study are available in the Source
Data file. All the raw data generated by the Tn-seq are available in a
public repository, the NCBI BioProject database, PRJNA1236917. The
raw data generated by mass spectrometry analysis are deposited in
the NIH Common Fund’s National Metabolomics Data Repository
(NMDR) website, the Metabolomics Workbench, https://www.
metabolomicsworkbench.org/ under the Project ID PR002520. The
data can be accessed directly via its Project https://doi.org/10.21228/
M8WZ6W. Source data are provided with this paper.

Code availability
Codes needed for processing of the sequencing data is available from
GitHub (https://github.com/SuzanneWalkerLab/5SATnSeq)26.
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