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Abstract

Staphylococcus aureus (particularly methicillin-resistant S. aureus (MRSA) is a leading cause of severe
community and hospital-acquired infections worldwide. Its remarkable capacity to adapt to diverse host
environments and resist multiple antimicrobials poses an urgent public health challenge. Understanding
the genetic determinants that underpin MRSA fitness across distinct infection niches is essential for
developing new therapeutic strategies. This thesis combines methodological innovation with in vivo and
ex vivo functional genomics to map the metabolic rewiring and context-specific vulnerabilities of

epidemic USA300 MRSA.

The first study (Paper I) focused on optimizing the construction of a highly saturated transposon mutant
(tn-mutant) library of MRSA, a prerequisite for robust transposon insertion sequencing (TIS) studies.
Using a Himarl-based two-plasmid system, we enhanced phage ¢11 transduction efficiency via
chloramphenicol pretreatment and an in-house enriched medium and implemented an optimized plasmid
curing protocol. These improvements yielded a library with over 400,000 unique insertions, the most

saturated to date in S. aureus, providing comprehensive genome coverage for downstream applications.

In the second study (Paper II), we applied Transposon-Directed Insertion Site Sequencing (TraDIS) in
murine models of skin, kidney, and spleen infection to identify tissue-specific fitness genes. A three-step
filtering approach identified 46, 76, and 69 genes required for fitness in skin, kidney, and spleen,
respectively. The gluconeogenesis genes fbp was essential across all tissues, while pckA (kidney) and
gapB (spleen) displayed organ-specific essentiality. Skin infection uniquely depended on oxidative stress
and DNA repair genes (ahpC, ahpE dps, uvrC, xseA), whereas systemic infection relied on branched-
chain amino acid catabolism (bkdAB), lipid metabolism (SAUSA300 _0355), and putative polyamine
biosynthesis (SAUSA300 _0458).

The third study (Accepted Manuscript III) investigated MRSA adaptation to the intravascular
environment using freshly collected human blood. TraDIS identified 76 essential genes. As proof of
concept, competition assays in blood confirmed the fitness defects of purA, purB, fbp, hssR, and aroA2
genes. Interestingly, disruption of certain regulators (saeRS, ¢"B) and adhesins (fibA, clfA) genes
conferred a competitive advantage, revealing a potential trade-off between virulence regulation and

survival in blood.

Collectively, the findings of this thesis establish a genome-scale framework of MRSA fitness

requirements across tissue and blood environments, highlight conserved and niche-specific metabolic




dependencies, and identify novel vulnerabilities for therapeutic targeting. By integrating methodological
advances in tn-mutant library construction with high-resolution in vivo and ex vivo functional genomics,
this work expands our understanding of MRSA adaptation and paves the way for targeted interventions

against this formidable pathogen.
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CHAPTER 1

GENERAL
INTRODUCTION




1. Introduction

Staphylococcus aureus 1s a major human-associated bacterium capable of existing both as a harmless
colonizer and as a highly virulent pathogen. Its remarkable ability to transition from commensal carriage
to invasive disease reflects rapid and coordinated adaptation to fluctuating host derived constraints,
including nutrient limitation, oxidative stress, immune surveillance, and antimicrobial exposure.' These
adaptations are mediated by interconnected networks governing virulence, metabolism, immune evasion,
and stress tolerance, which act as coordinated systems rather than as isolated determinants.!
Understanding these interactions requires approaches that resolve gene function within the physiological
contexts in which they operate. This thesis therefore applies genome-wide functional genomics to define
the tissue-specific fitness architecture that enables methicillin-resistant S. aureus (MRSA) to survive in

the skin, deep tissues, and bloodstream.
1.1 Biology and Ecological Distribution of S. aureus

S. aureus is a Gram-positive, coagulase-positive coccus of the Firmicutes phylum that divides along
multiple planes, forming the characteristic grape-like clusters first noted in early clinical descriptions.? It
is carried asymptomatically by a substantial fraction of the population. Persistent nasal carriage occurs
in roughly one quarter to one third of individuals, whereas others show intermittent or absent carriage
depending on immune status, microbial competition, and environmental exposures.*> The anterior nares
constitute the principal reservoir, but colonization also occurs at the throat, axillae, groin, and
perineum.** Although colonization is typically benign, it increases the risk of subsequent infection
following barrier breach, surgery, trauma, or immunosuppression.>® Transition to disease involves
coordinated deployment of surface adhesins, secretable toxins, proteases, and immune-modulatory
factors that facilitate adherence, immune evasion, and host tissue damage.®’ Surface proteins such as
clumping factors and fibronectin-binding proteins promote adhesion, protein A interferes with
opsonophagocytosis, and leukocidins target phagocytes, together forming redundant and synergistic
mechanisms that enable survival in the face of intact host defenses.!> Expression of these factors is
governed by global regulatory circuits including Agr quorum sensing, the SaeRS two-component system,
and nutrient responsive regulators such as CodY and CcpA, which link virulence output to nutrient

availability and cellular metabolic state.




Recent work demonstrates that S. aureus biofilms, particularly in device-associated infections, remodel
local immunity by inducing Interleukin 10 (IL-10) dominated, granulocytic myeloid-derived suppressor
cells (G-MDSCs) rich microenvironments that suppress macrophage effector function, thereby

promoting persistence despite immune infiltration.”!!

1.2 Emergence and Global Spread of Methicillin-Resistant S. aureus (MRSA)

Shortly after the introduction of penicillin, B-lactamase-mediated resistance emerged in S. aureus,
driving the development of methicillin in 1959.'> However, resistance to methicillin appeared rapidly
with the acquisition of mecA4, encoding the low-affinity penicillin-binding protein PBP2a, which confers
broad B-lactam resistance.!® For decades, methicillin-resistant S. aureus (MRSA) circulated primarily in
hospitals, where heavy antibiotic use and vulnerable hosts favored sustained transmission and
accumulation of multidrug resistance, giving rise to what became known as hospital-associated MRSA

(HA-MRSA).'

In the late 1990s and early 2000s, community-associated MRSA (CA-MRSA) emerged independently
of healthcare environments.'>!® Among these, the USA300 lineage (ST8), often carrying the arginine
catabolic mobile element (ACME), became the dominant strain in North America and subsequently
spread globally.!*'%!7 Genomic analyses revealed that USA300 combines potent cytolytic toxins,
regulatory tuning, and enhanced metabolic fitness in skin and soft tissue environments, facilitating
epidemic success.!*!®!” Although MRSA remains a major contributor to global antimicrobial resistance
(AMR), recent epidemiological analyses indicate that the overall burden of methicillin-susceptible S.
aureus (MSSA) infection remains equal or greater in many regions, underscoring that epidemic success
in S. aureus is driven not solely by resistance but by efficient host adaptation, colonization, and survival

traits. '8

Concerns about rising resistance persist. Ceftaroline resistance arising through PBP2a mutations has been

documented in clinical MRSA isolates,'*?°

and daptomycin resistance involves complex cell envelope
remodeling detectable through transcriptomic and proteomic changes.?! Reduced susceptibility to
glycopeptides and lipoglycopeptides, including dalbavancin, has also emerged in Staphylococcus
epidermidis and S. aureus during treatment,’>? highlighting the precariousness of current therapeutic

options.




1.3 USA300 JE2 as a Platform for Functional Genomics

USA300 JE2 is a widely used laboratory-adapted derivative of the epidemic USA300 lineage that
preserves key virulence and metabolic features while enabling efficient genetic manipulation. 2* It serves
as the background for the Nebraska Transposon Mutant Library (NTML), a comprehensive single-
insertion library covering most nonessential genes, which facilitates rapid functional screening. 2* The
strain’s amenability to phage-mediated transduction, tolerance of chromosomal insertions, and
reproducible pathogenesis in murine infection models make it an advantageous platform for constructing
saturated transposon mutant libraries and performing genome-wide fitness profiling under host-like
conditions.?* Because S. aureus persists within immune niches and abscess-like microenvironments that
diverge markedly from laboratory media, in vivo functional genomics is essential for identifying genes
required for survival under physiologically relevant constraints.! This thesis leverages these tools to map

the tissue-specific fitness architecture of MRSA.
1.4 Clinical Burden and Public Health Significance

S. aureus is a leading cause of both community- and hospital-acquired infections, spanning superficial
abscesses, osteomyelitis, pneumonia, endocarditis, and bacteremia.>® Bloodstream infection remains
associated with high morbidity, extended hospitalization, and mortality rates of 15-30% despite
optimized supportive care.®> MRSA contributes substantially to the global AMR crisis, with S. aureus
ranked among the highest-burden bacterial pathogens worldwide.'® Although new agents such as
ceftaroline, daptomycin, and dalbavancin have broadened therapeutic options, emerging resistance and
treatment failures underscore the importance of targeting pathways that are required for survival in vivo
rather than relying solely on classical susceptibility testing. '*>* Accumulating clinical and experimental
evidence highlights that treatment failure often results not from stable genetic resistance but from
antibiotic tolerance and persistence.!* This shifts therapeutic focus toward understanding physiological

mechanisms of survival within host tissues.
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Figure I: Illustration of S. aureus Infections in Different Organs.
1.5 Physiological Variation Across Infection Niches

During infection, S. aureus encounters diverse host environments, including the skin, mucosa, deep
tissues, and bloodstream, each imposing distinct constraints on pH, osmolarity, oxygen tension, nutrient
availability, and immune pressure.?> >’ These conditions shape bacterial physiology and drive niche-

specific patterns of gene expression, virulence deployment, and metabolic behavior. 2%’

On skin and mucosal surfaces, S. aureus must withstand low pH, high salt, desiccation, host lipids, and
competition with microbiota, while evading antimicrobial peptides, pattern recognition receptors, and
neutrophil recruitment.?>%% During skin and soft-tissue infection, massive neutrophil influx, neutrophil

extracellular trap (NET) formation, and antimicrobial peptide (AMP) release create an inflammatory

28-30

milieu that selects for expression of adhesins, leukocidins, and other immune evasion factors.




LukMF, for example, directly targets neutrophils and promotes tissue damage in vivo. >° Colonization
25,28,29

and infection are further shaped by host lipid composition and AMP—microbiome interactions.
In deep tissues (bone, kidney, liver, spleen) and abscesses, bacteria reside within structured lesions
characterized by hypoxia, nutrient gradients, and metal sequestration driven by nutritional
immunity.2®?73173¢ Spatially proteomics reveals altered central metabolism, increased expression of
metal acquisition systems, and activation of stress responses in these niches.?'* In bone infection,
aspartate biosynthesis becomes essential despite transport capabilities, demonstrating that tissue-specific
nutrient constraints redefine metabolic requirements. 3> Osteomyelitis additionally involves dysregulated
neutrophil and macrophage responses, immune checkpoint upregulation, and bone destruction,

producing a chronic inflammatory environment that fails to eradicate infection.>>*’

In the bloodstream, S. aureus is exposed to shear forces, complement activation, phagocytic killing, and
severe metal restriction.**>%*% Successful dissemination requires surface adhesins (clumping factors,
fibronectin-binding proteins, protein A, capsule) and coagulase-mediated fibrin shielding that support

endothelial adhesion and immune evasion. >?%3° Nutritional immunity imposes iron and manganese

35,36

starvation, countered by high-affinity bacterial uptake systems. Macrophages function

simultaneously as key immune effectors and intracellular reservoirs that permit survival, replication, or

persistence. 40

Across these niches, host stresses can drive antibiotic tolerance. Reactive oxygen species (ROS)
produced in inflamed tissues suppress bacterial respiration and ATP, enabling survival of tolerant

subpopulations despite susceptibility in vitro.*'**? Macrophage derived ROS produce broad tolerance in

3,41

systemic infection models,””" while immune metabolites such as itaconate induce aminoglycoside

tolerance.*’ Niche environments further push bacteria into metabolically slowed, stress-adapted states

1

that reduce bactericidal antibiotic efficacy despite preserved in vitro susceptibility.” These same

environments can also drive convergence of tolerance phenotypes across genetically distinct isolates,>’
while biofilms, intracellular residence, and metabolic remodeling collectively sustain persister-like
populations.**** For instance, biofilm associated infections can establish IL-10-rich, G-MDSCs

dominated microenvironments that impair macrophage and neutrophil activity.”!!#°

These context-dependent physiological pressures explain why in vitro essentiality and susceptibility

often fail to predict in vivo fitness.>?>27:37:41-44




1.6 Metabolic and Regulatory Plasticity

Adaptation to diverse host environments requires reorganization of bacterial metabolism and regulation.
Under carbohydrate limitation, S. aureus activates gluconeogenesis and reroutes carbon from amino
acids to sustain central precursors.*!*> Hypoxia and respiratory restriction alter tricarboxylic acid (TCA)
cycle function and promote the use of alternative electron acceptors or fermentative pathways to maintain
redox balance and ATP.3!? These shifts reflect the metabolic consequences of the nutrient and oxygen

limitations described above.?> %’

Global regulators integrate these cues; CodY couples nutrient sufficiency to repression of biosynthetic
and virulence pathways, CcpA enforces carbon catabolite repression, Agr orchestrates quorum regulated
transitions in secreted virulence factors, SaeRS modulates toxin and immune evasion genes, and 6B
promotes resistance to oxidative and environmental stresses.®® Together, these systems coordinate

metabolism, virulence, and stress responses in a manner tuned to local environmental signals.

Antibiotic tolerance is increasingly understood as a physiological outcome of this metabolic regulatory
coupling rather than a fixed genetic trait. Perturbations in respiration, ATP levels, and global stress-
response activation transiently shift bacterial subpopulations into less susceptible states.!*31:324144 Thege
reversible tolerance phenotypes underscore the importance of genome-wide strategies that can resolve

gene contributions across multiple physiological landscapes.

Biofilm-associated environments provide a clear example of how metabolic remodeling shapes immune
interactions. Lactate production inhibits histone deacetylase 11 (HDACI11), driving elevated IL-10
production in macrophages and G-MDSCs and promoting immune suppression. *® ATP synthase activity
contributes to biofilm persistence by maintaining metabolic stability within structured communities,*’
while alterations in formate metabolism affect biofilm architecture and diminish toxin-induced immune

modulation.*®

Although not the analytical focus of this thesis, these mechanisms exemplify how local environmental
signals can reshape metabolic pathways and immunomodulatory outcomes during infection, reinforcing
the broader conceptual framework of niche driven adaptation. Together, these connections bridge the
immunosuppressive microenvironments introduced in Sections 1.1 and 1.5 with the metabolic plasticity

that sustains chronic infection, persistence, and tissue-specific survival strategies.




1.7 Genome-Wide Functional Genomics and TraDIS

Traditional genetic approaches such as allelic replacement mutants, conditional knockdowns, and
complementation studies have been fundamental for defining the role of individual virulence factors,
metabolic enzymes, and regulatory components in S. aureus and other bacteria. These methods have been
particularly important for dissecting regulatory networks and virulence circuits in S. aureus but are
inherently low-throughput and usually interrogate one locus at a time.*’ Because infection phenotypes
emerge from coordinated, pathway level responses rather than isolated single gene effects, understanding
S. aureus pathophysiology requires approaches that can probe the contributions of thousands of genes in

parallel under physiologically relevant constraints.*

High density transposon mutant libraries enable genome-scale fitness analysis by generating large
populations of mutants in which each non-essential gene is disrupted by a transposon insertion. This
strategy was established in several bacterial pathogens using transposon-insertion sequencing (TIS)
methods such as Tn-Seq (transposon sequencing), HITS (high-throughput insertion tracking by deep
sequencing), and INSeq (insertion sequencing) and TraDIS.>!>* When these libraries are exposed to in
vivo or stress-defined conditions, changes in mutant representation provide a quantitative measure of

each gene’s contribution to survival.>®

This approach captures not only genes that are required for fitness
under the tested conditions, but also genes whose disruption confers a competitive advantage, thereby
revealing regulatory costs, immune visibility trade-offs, and metabolic burden states that would be

undetectable with classical loss of function genetics.%>-7

Transposon-Directed Insertion-site Sequencing (TraDIS) and related TIS methods map insertion sites at
(near) base-pair resolution and allow robust quantification of mutant abundance across conditions. The
original TraDIS implementation in Salmonella Typhi and subsequent work established dense libraries
(>10°-10° mutants) that can be queried across many environments.>* TraDIS-style approaches have since
been adapted to S. aureus, where ultra high-density HimarI-based libraries have been used to define
essential genes and virulence regulators and to perform in vivo infection screens.>® In infection studies,
TraDIS is particularly powerful because libraries can be recovered directly from infected tissues or ex
vivo host milieus, minimizing out-of-host passaging that might erase niche specific fitness signatures.>
Importantly, TIS readouts capture both decreases and increases in mutant frequency, allowing the
simultaneous identification of essential pathways and condition-specific anti-fitness genes within the

same experiment.*




However, in vivo infection experiments often impose strong population bottlenecks in which only a
fraction of the initial library establishes infection, particularly in deep organs or highly restrictive niches.
Experimental factors such as suboptimal library saturation, loss of diversity during storage or inoculum
preparation, and severe host-imposed bottlenecks can all cause stochastic extinction of mutants and
thereby spuriously mimic gene essentiality.” Careful experimental design, including very high library
complexity, controlled inoculum sizes, biological replicates, and appropriate in vivo outgrowth periods,
combined with post-hoc analysis of insertion site distributions, read depth metrics, and population-
genetic modelling is therefore critical to distinguish true biological essentiality from bottleneck driven
artifacts and to ensure that TraDIS-based fitness maps faithfully represent the underlying infection
biology.” Together, these methodological advances create the foundation required for the high-

saturation, in vivo focused functional genomics framework developed in this thesis.
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1.8 Rationale for High-Saturation TraDIS in USA300 JE2

Understanding how S. aureus survives within the diverse microenvironments of the host requires
experimental strategies that resolve gene function under physiologically relevant constraints. Although
in vitro studies have clarified many aspects of S. aureus metabolism and regulation, they cannot
reproduce the spatial, metabolic, and immunological heterogeneity of skin, deep tissues, and the
bloodstream.®*%? These physiological gradients reshape bacterial behavior in ways that fundamentally

alter survival requirements.!:61-64

High-saturation transposon mutagenesis combined with TraDIS provides a systematic framework to
overcome these limitations. By testing tens of thousands of mutants in parallel, TraDIS identifies
conditionally essential genes and mutations that confer a competitive advantage capabilities unattainable
with classical one gene at a time genetics, while genes that cannot tolerate insertions are inferred as
essential >*>>7 The USA300 JE2 background offers a clinically relevant and genetically tractable
platform for this approach. As a representative CA-MRSA lineage, it retains epidemic virulence
properties while supporting efficient phage transduction, plasmid curing, and high-density
mutagenesis.>* High-quality functional genomic resources, including the NTML and recent ultra dense
Himarl libraries, demonstrate the suitability of JE2 for genome-scale interrogation of virulence,

metabolism, and stress survival.?*>®

By integrating a high-saturation Himar! library with in vivo and ex vivo TraDIS profiling, this thesis
defines the genetic architecture that supports MRSA fitness across skin, kidney, spleen, and human
blood. This unified framework identifies both conserved metabolic dependencies and niche specific
adaptive modules shaped by nutrient limitation, oxygen tension, and immune pressure. In doing so, it
provides insight into the physiological logic of S. aureus survival within host environments and

highlights vulnerabilities that may be exploited for therapeutic intervention.
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AIMS AND
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2. Aims and Objectives

The primary objective of this Ph.D. project was to investigate the contribution of non-essential genes to
MRSA survival and fitness in skin, systemic, and human-blood environments using high-throughput
functional genomics. To address this overarching goal, the research was organized into two published

papers and one accepted manuscript, each examining a distinct component of MRSA pathophysiology:

e Paper I — “Optimizing Phage-Based Mutant Recovery and Minimizing Heat Effects in the
Construction of Transposon Libraries in Staphylococcus aureus”: This study establishes an
optimized workflow for generating highly saturated S. aureus transposon mutant libraries suitable
for robust transposon insertion sequencing analyses.

This chapter is based on a published article in Scientific Reports (2024), published by Springer
Nature. This material is used in accordance with the publisher’s self-archiving and thesis

inclusion policies.10.1038/s41598-024-73731-y

e Paper II - “Genome-Wide Identification of Tissue-Specific Fitness Genes in Murine Models
of Staphylococcus aureus Infection”: This work defines the organ-specific genetic requirements
that enable MRSA survival in skin, kidney, and spleen during in vivo infection in mice.

This chapter is based on a published article in iScience (2025), published by Cell Press (an imprint
of Elsevier). This material is used in accordance with the publisher’s self-archiving and thesis

inclusion policies. https://doi.org/10.1016/1.1s¢1.2025.114261

e Accepted Manuscript III — “Profiling Genetic Determinants Required for Fitness of
Community-Associated Methicillin-Resistant Staphylococcus aureus During Growth in
Human Blood”: This manuscript characterizes the fitness landscape of MRSA in fresh human
blood, identifying genes required to withstand immune pressure and nutrient limitation.

This chapter is based on accepted for publication in Microbiology Spectrum 2026, publishing by

America Society for Microbiology.

Together, these three studies provide an integrated, genome-wide framework that maps how MRSA
reprograms its physiology across distinct infection environments, defining the tissue- and condition-

specific genetic signatures that underpin its success as a pathogen.



https://doi.org/10.1038/s41598-024-73731-y
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Abstract

Staphylococcus aureus (S. aureus), particularly Methicillin-resistant S. aureus (MRSA), poses a
significant global public health threat, necessitating advanced methodologies to enhance our
understanding of this organism at the omics levels. This study introduces a refined protocol for
constructing and curing high-density transposon mutant (tn-mutant) libraries in S. aureus, addressing the
challenges associated with low transductant yields, and the complex genetic manipulation mechanism in
Gram-positive bacteria. Our methodology employs a Himarl transposon based on a two-plasmid system,
leveraging Himar1’s high insertional efficiency in AT-rich organisms. Enhanced transduction efficiency
was achieved through chloramphenicol pre-treatment and the use of modified enriched media.
Complementing this, an optimized plasmid curing procedure ensured a representative and stable tn-
mutant library. The protocol was successfully applied to multiple S. aureus strains, demonstrating an
increase in mutant recovery and reduced post-curing impact. The method offers a robust approach for
Transposon Insertion Sequencing (TIS) applications in S. aureus, enabling deeper insights into survival,
resistance, and pathogenicity mechanisms. This protocol holds a significant potential for accelerating the

construction of tn-mutant libraries in various S. aureus strains.

Keywords: Transposon insertion sequencing, Staphylococcus aureus, Himarl, Transduction, High-

density Transposon mutant library, Plasmid cure
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Introduction

Staphylococcus aureus (S. aureus), in particular, Methicillin-resistant S. aureus (MRSA), represents a
significant global public health challenge. This bacterium is responsible for a broad spectrum of
concerning diseases, including bacteremia, endocarditis, skin and soft tissue infections, bone and joint
infections'. Given the significant health threat posed by this bacterium, there is a pressing need for
advanced, high-throughput methodologies to augment our understanding and knowledge at the omics

levels.

Since the discovery of the first well-characterized transposable element, Tn551, by Novick et al.,
transposon mutagenesis has revolutionized the field of S. aureus biology**. This began with the use of
Tn917 in the early 90s and the construction of the first tn-mutant library containing 1248 mutants and

led to the development of high-density transposon mutant (tn-mutant) libraries*>.

Over the last decade, there has been a growing focus on exploring the relationship between bacterial
genotype and phenotype on a large scale. This exploration has been facilitated by Transposon Insertion
Sequencing (TIS), a revolutionary technology that has significantly broadened our understanding of

gene-behavior connections on a genome-wide scale®’.

A thorough understanding of these genes is crucial for the comprehension of the genetic mechanisms
affecting survival, infection, resistance, and adaptation®. A central prerequisite for TIS is to establish
robust; and saturated tn-mutant libraries’. A successful TIS experiment requires a comprehensive library
of transposon insertions at all possible genomic sites'?. However, constructing such libraries for S. aureus
and other Gram-positive bacteria presents a significant challenge, in contrast to Gram-negative bacteria
where kits such as EZ-tn5 can be easily employed!!"!2. The application of these methods to S. aureus is
considerably less effective!®. A two-plasmid system for transposition has proven to be effective in
generating S. aureus tn-mutant libraries'>. However, constructing such a library using this system
involves several challenges'*!®. The first critical step is the efficient insertion of the transposition system
into the bacterial genome. The phage-based delivery system has proven to be a successful approach for
recovering mutants, which is essential for generating a high-density tn-mutant library'?. The second step
is curing the transposition system plasmids without affecting the representation of the mutants, which
can be particularly challenging for temperature-sensitive mutants'>. This step is necessary to ensure

plasmid-free mutants, thereby maintaining the stability of the transposon insertions within the tn-mutant




library. These challenges highlight the need to refine this approach to obtain a stable, high-saturated tn-

mutant library.

Our work aims to optimize the above key steps involved in constructing a tn-mutant library in S. aureus,
by boosting transduction efficiency and minimizing the heat-induced effect during plasmid curing. This
protocol, successfully applied to various S. aureus strains with different phylogenetic backgrounds; is

expected to accelerate the generation of highly saturated tn-mutant libraries for TIS screening.
Results

We optimized a protocol for constructing and curing a tn-mutant library as shown in Figure 1. We focus
on enhancing transduction efficiency by fine-tuning the multiplicity of infection, pre-treating with
chloramphenicol, and adjusting the transduction medium composition. Additionally, we validate the
efficacy of the Himarl transposition system in increasing the complexity and diversity of tn-mutant
libraries using Transposon directed insertion sequencing (TraDIS). Furthermore, we compare our
plasmid curing protocol to the conventional method, demonstrating its effectiveness in reducing heat-
induced bias and ensuring stable mutant recovery. The following subsections provide detailed insights

into our findings, highlighting the improvements achieved through these optimizations.
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Figure I: Schematic workflow of proposed optimizations for constructing tn-mutant
libraries in S. aureus. This figure illustrates the optimized workflow for constructing tn-mutant
libraries in S. aureus. The key steps are sequentially numbered, beginning with the introduction of
pFAS545 into the strain of interest (1). This is followed by phage-based mutant recovery using
¢11/pMARGK2b after pretreatment with chloramphenicol and the use of a transduction enhancer
medium (2,3,4,5). The process continues with a stepwise thermal increase and passage reduction during
the plasmid curing process (6), concluding with TraDIS (7). Details of the optimization are included in
the annotation boxes.

Enhancing mutant recovery by optimizing multiplicity of infection in S. aureus strains

The multiplicity of infection (MOI), defined as the ratio of infecting phages to host bacterial cells, can
significantly affect the infection process. We conducted experiments to determine the optimal MOI to
enhance mutant recovery. A range of MOI from 0.1 to 0.6 was explored for various S. aureus strains,
including JE2, ST398, Newman, COL, and MW?2. It was observed that a high MOI was associated with
an increased cell lysis, while a very low MOI was associated with reduced transduction efficiency. As
depicted in Figure 2, most of the tested S. aureus strains showed an optimal MOI within the investigated
range, with minor variations. These variations in optimal MOI among different S. aureus strains could
be linked to several factors, such as the presence and abundance of specific phage receptors on the

bacterial cell surface and the effectiveness of bacterial immune mechanisms against phages.
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Figure 2: Optimal MOI for maximal transduction efficiency in S. aureus strains. A
significant variation in transduction efficiency across S. aureus strains was noted at different MOI (0.1,
0.2, 0.3, 0.6). The most substantial number of transductants is observed at an MOI of 0.2 for COL strain,
MOI of 0.3 for JE2 and Newman strains, and MOI of 0.6 for ST398 strain. Although the MW?2 strain
generally exhibits a lower number of transductants, its highest efficiency is achieved at a MOI of 0.2.




Chloramphenicol pre-treatment and transduction medium composition improve ¢11

transduction efficiency in S. aureus

Phage ¢11 binds to its receptor on the wall teichoic acid (WTA) of bacterial cells. To increase the
bacterial WTA content, a sub-inhibitory concentration of chloramphenicol was employed in parallel with
tunicamycin and fosfomycin, known to inhibit WTA and decrease cell wall content, respectively. An
increase in transduction efficiency of JE2 was observed in the cultures pre-treated with chloramphenicol
while a significant reduction was observed with fosfomycin or tunicamycin (Figure 3). Pre-treatment
with chloramphenicol showed a consistent enhancement in transduction efficiency across all tested

strains (Figures 3, 4).
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Figure 3: Differential impact of antibiotics pre-treatment on bacterial transduction
efficiency. Comparison of the number of S. aureus JE2 pMARGk2b-Himarl/pFA545 transductants
obtained using SN transduction medium, following cultures pre-treatment with chloramphenicol,
fosfomycin, or tunicamycin. The highest yield of transductants was obtained after chloramphenicol pre-
treatment. The statistical significance of these differences was determined using one-way ANOVA,
followed by Tukey’s multiple comparisons test. The three asterisks ‘***’ corresponds to an adjusted p-
value < 0.001.

The transduction efficiency of phage ¢11 in S. aureus was also significantly influenced by the
composition of the transduction SN medium with 5 mM CaCl,. A significant increase in transduction

efficiency was observed across all tested strains, except Newman strain (Figure 4).
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Figure 4: Variations in transduction efficiency in TSB and SN media among S. aureus
strains with or without chloramphenicol pre-treatment. The use of SN medium with sub-
inhibitory concentrations of chloramphenicol (SN+CAM) showed a significant increase in the number
of transductants in strains JE2, MW2, ST398, and COL compared to TSB alone, TSB supplemented with
chloramphenicol (TSB+CAM), and SN medium used independently. The Newman strain did not exhibit
a significant difference in transductant numbers between SN+CAM and TSB+CAM conditions.
However, all S. aureus strains tested demonstrate higher transduction efficiency in presence of SN
medium plus chloramphenicol compared to SN alone. Statistical analysis was performed using one-way
ANOVA, adjusted by Tukey’s multiple comparison test. The significance levels are indicated as follows:
* corresponds to a p-value < 0.01, ** corresponds to a p-value < 0.001, *** corresponds to a p-value <
0.0001, and **** corresponds to a p-value < 0.00001.

Himar1 transposition system enhances complexity and diversity in S. aureus Tn-mutant

libraries

To measure the library complexity and transposition efficiency of the Himarl transposition system.
(TraDIS) was employed for both the optimized and conventional plasmid curing approaches of JE2 tn-

mutant libraries (Tn-Library 1 and Tn-Library 2, respectively (Figure 5).
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Figure 5: Mapping of mariner transposon insertions in S. aureus JE2 genome. The plot was
generated using Artemis 18.2.0. The two tracks represent the frequency and location of transposon
insertions in Tn-Library 1 (a) and Tn-Library 2 (b), in both sense and antisense orientations, which are
colored in green and red, respectively. The raw transposon junction sequences were mapped and
processed onto the USA300 FPR3757 reference genome.

No significant differences were observed in the quantitative aspects such as plasmids cure percentage,
library size, and number of unique insertion sites (UISs) (Table 1). Linker PCR confirmed the presence

of unique transposon insertions in ten randomly selected mutants prior to sequencing (data not shown).

Table 1: Library size, plasmids removal and UISs for both transposon mutant libraries.

Library % pFAS545 % pMARGK2b- No. of No. Of UISs
Size Cure Himarl cure reads mapped
reads
Tn- Library1 2.7 x 10° 99.99 100 24865224 19622134 446053

Tn- Library2  1.2x10° 99.93 99.99 14331985 13326649 420490




The number of unique transposon mutants in both libraries was significantly high, with more than

400,000 UISs and a coverage of more than 75% of all possible insertion sites. This was significantly

higher than the two previous studies '®!7, with at least a more than 1.5-fold increase. In Tn-Library 1 and

Tn-Library 2, 317 and 401 essential genes were respectively identified using the tradis essentiality.R
script, with a shared set of 310 genes (Figure 5). A total of 281 genes were common between both

libraries and the essential genes reported by Grosser et al. 1 (Figure 6, Supplementary Table S2).
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Figure 6: Comparative analysis of the number of UISs and essentiality in JE2. (a) This part
of the Figure presents a comparative analysis of the number of UISs in Tn-Library 1 and 2, along with
other studies '%'8, (b) This part of the Figure shows a Venn diagram that illustrates the distinct and shared

essential genes among Tn-Library 1 (represented in green), Tn-Library 2 (represented in orange), and the
study conducted by Grosser et al. ' (represented in blue).

Gradual thermal increase and passage limitation reduce heat-induced bias in S. aureus tn-
mutant library

After normalizing and comparing the read numbers from Tn-Library 1 and Tn-Library 2, a significant

mutant depletion in Tn-Library 2 was observed compared to the slight depletion in Tn-Library 1 (Figure
7).
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Figure 7: Differential gene abundance and essentiality between Tn-Library 1 and Tn-
Library 2. (a) This chart displays the differential abundance of normalized reads for genes identified
by Santiago et al.'%, as being depleted at high temperatures, comparing Tn-Library 1 (green) and Tn-
Library 2 (orange). Each gene is represented by a pair of bars showing its relative abundance in each
library. (b)The volcano plot represents the comparative analysis of Tn-Library 1 and Tn-Library 2.
Mutants that were depleted in Tn-Library 2, with a log2 fold change (1o0g2FC) less than -2, are highlighted
in jungle green. Conversely, those in Tn-Library 1 with a log2FC greater than 2 are highlighted in sage
green. (¢) Numerous transposon insertions were present in pbp4 in Tn-Library 1, whereas they were
almost absent in Tn-Library 2.

By using the tradis_essentiality.R script, 91 genes were identified as conditionally essential in Tn-Library
2; but not in Tn-Library 1, under their respective curing conditions. This substantial depletion of mutants
in Tn-Library 2 particularly affected mutants mainly involved in cell wall biosynthesis and homeostasis
(pbp3, pbp4, fmtC, and auxA) and heme biosynthesis pathway (hemB, hemC, hemD, hemE, hemL) (Figure
7, Supplementary Table S3).

Conversely, other genes were more enriched in Tn-Library 2 such as serine protease htrA4, [yrA, sgtB and

regulators such as the membrane two-component system member s77B, rot, SarS (Supplementary Table

S3).




Discussion

TIS was pioneered by emerging tn-mutant libraries using high-throughput sequencing, providing a
comprehensive perspective on a range of bacterial species’. Numerous studies on both human and
livestock strains of S. aureus have used various TIS methodologies, including Transposon Sequencing
(Tn-seq), and TraDIS'®!*%, Despite its promising potential, TIS has continually encountered obstacles
due to the strict restrictions imposed on the genetic manipulation of multiple S. aureus strains'®*'. This
demonstrates the necessity for continued improvements, particularly in the generation of highly saturated

and unbiased libraries to ensure the success of TIS in vitro and in vivo screens.

In this study, we present an enhanced methodology for constructing tn-mutant libraries and validate this
approach in commonly studied S. aureus strains. The efficiency of mutagenesis protocols is influenced
by several factors, including the type of transposon, the transposition system employed, transduction
efficiency, and curing method to generate highly cured, comprehensive tn-mutant libraries. Although the
Tn5 transposon was used to create tn-mutant libraries in S. aureus, enabling insertion at diverse genomic
sites, it demonstrated a bias for regions with high GC content®?. In contrast, the Himarl transposon is
constrained to insertions specifically at TA dinucleotides®. In S. aureus, the AT content constitutes
approximately 67% of the entire genome, underscoring the significance of employing the Himarl

transposon to study AT-rich organisms?*.

We tested five S. aureus strains representing three clonal complexes (CC): CC8 (JE2, Newman, and
COL), CC1 (MW2), and CC398 (ST398). These strains included both methicillin-resistant and
methicillin-sensitive variants. Considering that S. aureus possesses a thick cell wall, a robust restriction

1325 we used a phage-based system to

system, and lacks an efficient delivery system via conjugation
achieve higher transposition efficiency. The phage ¢11-based delivery method has been successfully
used to construct S. aureus transposon libraries'*?%?’. Consequently, we optimized the transduction

protocol for this phage to enhance the transduction efficiency across different S. aureus strains.

Phage ¢11, one of the most thoroughly characterized staphylococcal phages, is frequently used as a
laboratory tool for genetic manipulations. The interaction between S. aureus and phage ¢11 occurs via
its receptor-binding protein, which binds to a- or B-N-acetylglucosamine moieties on the cell wall
WTAZ2%_ To enhance transduction efficiency, we conducted transduction experiments following pre-

treatment with three different antibiotics: chloramphenicol, tunicamycin, and fosfomycin, in comparison

with a no-treatment control. Our results showed a significant improvement in transduction efficiency




with a sub-inhibitory concentration of chloramphenicol compared to other pre-treatments. Tunicamycin
and fosfomycin were used as negative controls, known for reducing cellular WTA levels and
polysaccharide cell-wall content, respectively, at sub-inhibitory concentrations®’. Our findings align with
Nygaard et al., who demonstrated using whole-cell NMR spectroscopy, that exposure to chloramphenicol
results in a relative increase in the content of polysaccharides, which constitute the primary component
of the staphylococcal WTA3!*2, This increase in cell wall WTA content augments the surface area

available for phage ¢11 attachment to its receptor, thereby enhancing the transduction process.

Another aspect that we opted for optimizing the transduction step, is the use of the appropriate MOI for
each strain. This helps maintain a balance between maximizing the recovery of tn-mutants and

minimizing negative impacts on the bacterial cells.

Moreover, to facilitate the accessibility of the phage to bacterial cells and increase the transduction
efficiency, we prepared an in-house transduction SN medium that contains extra carbon and nitrogen
sources, along with divalent cations. We observed a significant increase in the number of transductants
in JE2, ST398, COL, and MW2 when SN medium with 5 mM CaCl, was employed in the transduction
step compared to TSB. This enhancement can probably be attributed to the addition of carbon and
phosphorus sources, such as [S-glycerophosphate disodium salt, which induces physical changes to the
surface area of Staphylococcus, positively influencing phage adsorption®>. Additionally, it acts as a
chelating agent for calcium residuals®*, preventing reinfection and interrupting the infectious cycle of the
phages. Furthermore, we included divalent cations (Ca’" and Mg®") in the transduction medium to
facilitate phage attachment by neutralizing the charge between the host cell surface polymer and the
phage surface***> Evaluating transduction enhancers, that suit the specific phage and strain in use, is an

essential process that can greatly influence the process of generating a tn-mutant library.

Beyond transduction, the cure process of temperature-sensitive plasmids is considered the tipping point
in the construction of a successful tn-mutant library. Specifically, this event can introduce significant
bias into the library representation, potentially leading to the underrepresentation of certain mutants that
are sensitive to high-temperatures'>. To evaluate this, we chose JE2 as a model strain to evaluate this
process. We initially implemented a gradual increase in temperature and skipped passage after a brief
time at 43°C to mitigate the bias introduced during the curing step. Parallelly, we imitated the
conventional plasmid curing process employed in previous studies*®!®. We found that numerous genes

became defective due to a sudden temperature change and a short exposure at 43°C before the first




overnight incubation. This intensifies the defective effects of slow mutants at high temperatures during
the curing process, resulting in a skewed library. Transposon reads of 91 genes were depleted in Tn-
Library 2 compared to Tn-Library 1. Defining essential or fitness genes can be challenging, as it depends
on the medium, conditions, and the competition-based approach used in tn-library construction.
However, within the context of our tn-library construction, these genes may play a role in responding to
high-temperature treatment under the conventional curing protocol. This observation aligns with
Santiago et al. findings, who showed that a sudden temperature rise to 43°C resulted in a significant
depletion of mutants, especially those involved in heat-shock response!®. These heat survival genes were
reported to significantly impact cell wall biosynthesis and signaling systems, protein folding, and c-di-
AMP metabolism'*~*7. For instance, transposon insertions in cell wall biosynthesis genes, such as pbp3,
pbp4, mreC, ssaA, IcpA, IytH, fmtC, auxA and auxB were found in Tn-Library1 but not in Tn-Library 2.
This indicates that, despite the reduced fitness of these genes at high temperatures, the adjustments in the
curing process led to better recovery of these genes. Nonetheless, no or few transposon insertions were
detected in genes involved in protein folding such as dnaJ, grpE, and dnaK'**"¥. Previous reports
indicate that these genes are non-essential at 37°C and essential at 43°C. Our findings show that
transposon insertions in these genes were detrimental in both libraries. Furthermore, it has been observed
that certain mutants in the menaquinone biosynthesis pathway (including menC, menF, aroB, aroF, and
ubiFE) and in the pyrimidine pathway (such as pyrB, pyrC, and carB) were significantly enriched in both
libraries. These genes have been reported to be essential at 30°C'?. Previous studies have established a
connection between mutations in these pathways and the small colony variant phenotype™. Interestingly,
Tn-Library 2 showed an enrichment of certain genes, including serine protease htrA, lyrA, and sgtB, and
regulators, such as the membrane two-component system members s77B, rot, and sarS'>*. This implies
that the curing process of the plasmids can qualitatively influence the representation of mutants in the tn-

mutant library.

It’s important to note that this process did not significantly impact the quantitative aspects of the tn-
mutant library. For instance, the unique number of transposon insertions in both libraries represents a
coverage of nearly 76% of all TA sites (with ca. 6 bp distance between transposon insertions). This
coverage was significantly higher in both libraries compared to previous studies conducted on the

USA300 background, where the coverage of insertions was around 55% and 28%'%17.

To summarize, our optimized protocol offers a reliable basis for constructing tn-mutant libraries in S.

aureus, which is considered the rate-limiting step of a successful TIS application. This will accelerate




functional genomics studies enabling more efficient exploration of bacterial survival, resistance, and

pathogenicity mechanisms in S. aureus and other staphylococcal pathogens.

Methods

Bacterial strains, plasmids, phage and culture conditions

In this study, we used MRSA strains (JE2, MW2, COL, ST398, Mu50) and methicillin-susceptible S.
aureus (MSSA) strains (Newman, SH1000, SH1000 pMARGK?2b-Himarl, SH1000 pFA545, SH1000
pFAS545gen), and Escherichia coli (E. coli) IMO8B strain (Supplementary Table S1). All wild-type (WT)
strains of S. aureus were cultured in Brain Heart Infusion (BHI) broth or BHI agar (BHI-A), and Tryptic
Soy broth (TSB) or Tryptic Soy agar (TSA), at 37°C. E. coli IMO8B was cultured in Luria broth (LB) or
Luria agar (LA) agar at 37°C. Additionally, BHI, TSB, BHI agar, and TSA were used as well for growing
SH1000 strains harboring temperature-sensitive plasmids at 30°C. The appropriate antibiotics used
included tetracycline, chloramphenicol, erythromycin, tunicamycin, gentamicin and fosfomycin (Sigma
Aldrich). Two temperature-sensitive plasmids transposition system were used: pMARGK2b-Himarl,
carrying  Himarl  transposon and 33 base pairs (bp) mariner mosaic ends
(GAGACCGGGGACTTATCAGCCAACCTGTTAATC), and pFAS545, which contains a mariner
transposase. Transduction experiments were conducted using phage ¢11. For propagation and
transduction, an in-house medium, designed SN [TSB supplemented with filtered components: 1 mg/mL
gelatin (Sigma Aldrich), 13.48 mg/mL f-glycerophosphate disodium salt (Sigma Aldrich), and 72
mg/mL MgSO4 was used] and CaCl, (Sigma Aldrich). Transductants were selectively grown on BHI
agar plates supplemented with 5 pg/mL erythromycin, and either 5 pg/mL tetracycline or 5 pg/mL

gentamicin.
Plasmid-based transposase introduction into S. aureus strains

The temperature-sensitive pFA545 plasmid containing mariner transposase was introduced into the S.
aureus strain of interest, following two rounds of transformation via the E. coli IMO8B shuttle strain.
First, pFA545 plasmid was extracted from an overnight culture of S. aureus SH1000 at 30°C using the
Qiagen mini-prep plasmid DNA extraction Kit (Qiagen) according to the manufacturer’s instructions.
The extracted pFA545 plasmid was used for heat shock transformation of chemically competent cells of
E. coli IMO8B according to the method described by Monk et al.*!. E. coli IMOSB pFA545 transformants

were then selected on LA plates containing 5 mg/I of tetracycline following 48 hours incubation at 30°C.




Once again, the pFA545 plasmid was isolated from E. coli IMO8B transformant using the Qiagen Midi-
Prep Plasmid DNA Extraction Kit (Qiagen). This plasmid was then used for the electroporation of
electrocompetent S. aureus strains (JE2, MW2, COL, ST398, and Newman), following the method
described by Monk et al.*%.

High concentration pFA545 DNA (up to 5ug) was then added to 50 ul of freshly competent cells,
followed by electroporation under specific conditions (18 kV/cm, 200 €, 25 pF). Subsequently, the cells
were incubated in preheated BHI at 30°C for two hours. Ultimately, the transformed cells were plated on

BHI agar supplemented with 5 mg/1 of tetracycline and incubated at 30°C for 48 hours.

Due to the resistance of ST398 to tetracycline, the selection marker cassette was replaced with aac6'-
aph?2' gene, which encodes gentamicin resistance and was obtained from the Mu50 strain. This was done
to construct pFA545gen, following the method of Christiansen et al.'®. For colony screening and the

subsequent experiments, tetracycline was substituted with gentamicin.

Introduction of Himarl transposon into S. aureus strains containing transposase using

phage ¢11

The propagation and harvest of phage ¢$11/pMARGK2b-Himarl were conducted using freshly prepared
SN medium with 5 mM CaCl.. SH1000 pMARGK2b-Himarl strain containing the Himar1 transposon,
was cultured overnight at 30°C on TSA agar and a single colony was resuspended in 1 mL of SN medium
with 5 mM CaCl,. The phage ¢11 stock (approximately 10'° pfu/mL) was then serially diluted in SN
medium with 5 mM CaClz. A mixture of 10 pL of SH1000 pMARGK?2b-Himarl resuspended cells and
100 pL of phage ¢11 serial dilutions (up to 10 ) was prepared in 4 mL of pre-maintained TSA soft agar
at 50°C and poured onto TSA plates supplemented with 5 mM CaCl;, followed by incubation at 30°C for
24 hours.

For lysate ¢$11/pMARGK2b-Himarl harvest and titer determination, plates exhibiting near confluent
lysis were selected. The lysate was harvested by adding 3 mL of SN medium to the plates, centrifuged
for 10 min at 10,000 x g. The supernatant was filtered through a 0.22 um filter and titrated using the

aforementioned propagation method and then stored at 4°C.

The introduction of ¢11/pMARGK2b-Himarl into S. aureus strains (JE2, MW2, COL, ST398 and

Newman) was performed with high efficiency using transduction, following the Krausz and Bose




protocol with modifications*. An overnight culture of the recipient strains was diluted 1:100 in 400 mL
TSB with 1.5 pg/mL chloramphenicol and incubated at 30°C with shaking (200 rpm) until reaching the
mid-exponential phase (ODsoo 0.2 :0.3). The culture was then transferred to eight 50-mL conical tubes
and centrifuged at 4,500 x g for 10 min. The supernatant was discarded, the pellets of each tube were
resuspended in 0.5 mL of freshly prepared SN medium with 5 mM CaCl,, and an appropriate aliquot of
phage ¢11/pMARGK2b-Himarl was added to achieve the desired MOI for each strain. The tubes were
incubated at room temperature for 10 min and then at 30°C for 35 min without shaking. An additional
2.5 mL of TSB was added to each tube, followed by centrifugation at 4,500 x g for 10 min to pellet the
cells. After discarding the supernatant, the pellets of each tube were resuspended in 5 mL of TSB,
incubated with shaking (200 rpm) for 2 h at 30°C, and then centrifuged at 4,500 x g for 10 min. Finally,
the pellets from each tube were resuspended in 250 uL of TSB and plated each on 15 cm @ BHI Agar
supplemented with 5 mg/L erythromycin and 5 mg/L tetracycline and incubated at 30°C for 48 hours.
This process was repeated 20 times, resulting in 160 plates. Colonies were harvested from each plate by
adding 3 mL of BHI supplemented with 5 mg/L erythromycin. All aliquots were then combined into a

single pool, distributed into 1 mL glycerol stocks, and stored at -80°C for future use.

To optimize this process, transduction experiments were conducted in SN medium with 5 mM CaCly,
with and without a pre-treatment of TSB containing sub-inhibitory concentration of chloramphenicol,
tunicamycin (4 pg/mL), or fosfomycin (4 ug/mL) as above. Additionally, a range of MOI ratios (from
0.1 to 0.6) with approximately 10° CFU/mL of S. aureus JE2, ST398, Newman, COL, and MW?2 strains,
to identify the optimal MOI that yields the highest number of transductants.

Curing of temperature-sensitive plasmids from transposon mutants

JE2 was chosen as a model to investigate the thermal effects of plasmid curing on the tn-mutant library.
An aliquot of glycerol stock of an uncured tn-mutant library of JE2 was thawed on ice and subsequently
inoculated into 600 mL of BHI medium containing three antibiotics (chloramphenicol, tetracycline, and
erythromycin). The culture was then subjected to a stepwise temperature increase starting at 35°C for 20
min, then increased to 38°C for 20 min, further to 41°C for 20 min, and finally a step at 43°C for 20 min.
The ODsoo was monitored for the subsequent 100 min until it reached 0.4. A 30 mL aliquot of the culture
was then recovered by centrifugation (4000 rpm for 10 min), resuspended in 600 mL of pre-warmed BHI
(43°C) containing 5 mg/L erythromycin, and incubated with aeration overnight at 43°C. This procedure

was repeated for two days to yield a third generation tn-mutant library, designed as Tn-Library 1. In




parallel, an aliquot of the uncured library of JE2 was subjected to a conventional curing process without
the gradual increase to 43°C and included an extra passage before the first overnight incubation at 43°C.
This library was assigned as Tn-Library 2. For both libraries, cells were plated, each day, on mono-
antibiotic BHI plates containing 5 mg/I of erythromycin, chloramphenicol, or tetracycline and incubated
at 37°C overnight. The curing percentage was calculated for each step. Aliquots of the cured transposon

libraries containing 20% glycerol were stored at -80°C.
Verification of tn-mutant library complexity by Linker PCR

The complexity of the tn-mutant library was confirmed using a method known as Linker PCR, as
described by Christiansen et al'®. Random selection of ten colonies from BHI plates containing 5 mg/I
erythromycin, were cultured in BHI broth at 37°C overnight. DNA was extracted from these overnight
cultures using the DNeasy Blood & Tissue kit (Qiagen), with the addition of 0.5 mg/mL (250 units/mL)
of lysostaphin (Sigma Aldrich). The DNA was then digested with the Rsal restriction enzyme (Thermo
Fisher Scientific) at 37°C for 16 h, followed by purification using the GenJet PCR Purification Kit
(Thermo Fisher Scientific).

Oligo 254 and 256 adaptors (Supplementary Table S4) were prepared by resuspending them in an
annealing buffer composed of 100 mM Tris-HCI (pH 8), 500 mM NaCl, and 20 mM EDTA, and then
diluting each adaptor to a concentration of 100 uM. The adaptor solutions were combined in a 1:1 ratio
and denatured at 95°C for 3 min, followed by an hour-long incubation at room temperature. The annealed
adaptors were then ligated to the digested DNA using T4 ligase (Thermo Fisher Scientific) at 22°C for
an hour. Post-ligation, DNA was purified using the GenJet PCR Purification Kit (Thermo Fisher
Scientific) and subjected to PCR using Phusion high-fidelity DNA Polymerase (Thermo Fisher
Scientific) with specific primers (forward TnL and reverse primer 258) (Supplementary Table S4). The
PCR conditions were as follows: an initial denaturation for 3 min, followed by 30 cycles of 45-sec
denaturation at 94°C, 1 min annealing at 53°C, and 2 min elongation at 72°C, with a final 10 min

elongation at 72°C. PCR products were then visualized on a 1% agarose gel run at 90 volts for 30 min.
TraDIS sequencing and data processing

DNA was extracted from two aliquots of the previously mentioned two cured libraries, separately. Two
pg of each extracted DNA sample in 100 nLL H>O were sheared to an average fragment size of 300-400

bp using a sonication device (Bioruptor® Pico, Diagenode) with the following profile: 10 cycles of 30 s




ON, 90 s OFF at low frequency. Following the methodology outlined by Barquist, et al.**, these
fragmented DNA samples were prepared for TraDIS with adapters and primers previously designed'®.
The libraries were sequenced on an Illumina MiSeq platform using Miseq V2 50 cycles kit resulting in
reads with the initial 10 bp (CAACCTGTTA) being transposon insert-specific followed by the junction

region.

The resulting data were subsequently processed for bioinformatic analysis using the Bio-Tradis pipeline
(https://github.com/sanger-pathogens/Bio-Tradis). This analysis generated files that facilitated the
determination of the number of reads and the accurate enumeration of UISs for each gene within the JE2
reference genome (Genbank: CP000255.1). To compare output reads of the optimized curing method
with those of the conventional method, the Tradis comparison.R script was used. The UISs were
visualized at both the individual gene level and within a circular representation of the genome using

Artemis (version 18.2.0) and Artemis DNAPIotter (version 18.2.0), respectively.
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Summary

Staphylococcus aureus must dynamically rewire its metabolism to persist within distinct host tissues
during infection. We applied in vivo transposon-directed insertion site sequencing (TraDIS) in murine
models of skin, kidney, and spleen infections to define tissue-specific fitness landscapes for the epidemic
USA300 lineage. We identified 46, 76, and 69 fitness genes in the skin, kidney, and spleen, respectively.
The core gluconeogenesis gene fbp was essential across all tissues, whereas pckA and gapB showed
organ-specific essentiality in the kidney and spleen. Skin infection required oxidative stress and DNA
repair genes (ahpC, ahpF, dps, uvrC, xseA), consistent with elevated genotoxic pressure. In contrast,
kidney and spleen relied on branched-chain amino acid catabolism (bkdAB), lipid metabolism
(SAUSA300_0355), and putative polyamine biosynthesis (SAUSA300 _0458). Competition assays in vivo
and under oxidative (H20:) and gluconeogenic (M9) conditions validated these tissue-specific
dependencies. These results reveal how S. aureus remodels metabolic networks and identifies context-

specific vulnerabilities for therapeutic targeting.
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Introduction

Staphylococcus aureus 1s a versatile pathogen capable of causing infections ranging from superficial skin
abscesses to life-threatening systemic disease.! Its success across diverse host environments relies not
only on a wide array of virulence factors but also on robust metabolic adaptability and stress resilience.>”
4 Although virulence regulation is well characterized, the genetic and metabolic strategies that underpin

tissue-specific survival remain incompletely understood.>*

Under nutrient and oxygen limitations, S. aureus reprograms central metabolism to maintain redox
balance and energy production. This includes the suppression of the tricarboxylic acid cycle (TCA),
activation of fermentative pathways, and reliance on amino acid catabolism.>® These responses are
tightly regulated by global regulators, such as CodY and CcpA, which integrate carbon and nitrogen
availability with biosynthetic demand.’ Studies have shown tissue-dependent transcriptional changes; for
instance, during bone infection, S. aureus upregulates gluconeogenic and proteolytic genes,'® whereas
glycolytic pathways predominate in glucose-rich lungs.!! Despite multiple in vivo Tn-seq studies, cross-
tissue analyses within one coherent framework remain less common, especially when replicates and

bottlenecks are systematically handled.

To address this, we applied Transposon-Directed Insertion Site Sequencing (TraDIS) and a previously
published, highly saturated S. aureus USA300 JE2 transposon mutant library!? to identify genes that
contribute to bacterial fitness in a tissue-specific manner during murine models of skin and systemic
infection. TraDIS offers a high-throughput approach enabling identification of fitness genes under
defined conditions,'? providing insights into the regulatory and metabolic networks that support S. aureus
survival across these distinct host niches. These findings offer a foundation for targeting context specific

vulnerabilities during infection.

Results

S. aureus population bottlenecks are minimized during in vivo library screening

To minimize bottlenecks, i.e., the loss of mutant diversity due to a sharp reduction in the number of
mutants successfully establishing infection, mice were inoculated with a high dose of S. aureus (3 x 10°

colony forming units (CFU) per mouse) for both the skin (SC) and systemic (IP) models, as determined

in predesigned pilot experiments. Bacterial burdens were consistently high across organs, with average




CFU/organ counts of 8 x 10" in skin, 7.4 x 10' in kidney, and 4.4 x 10'? in spleen. Each organ was
represented by three samples: two from individual mice and one pooled sample derived from eight mice,
enabling both inter-individual comparison and robust signal detection. Mutant diversity was well
maintained, with 85,000 to 300,000 unique insertion sites (UISs) recovered from output libraries. To
evaluate the post-infection diversity, we applied two complementary metrics. The effective population
size (Ne) reflects the evenness of mutant representation within each tissue-specific population, while the

insertion reduction percentage quantifies loss of insertional diversity relative to the input library.

Post-infection diversity analysis showed that kidney and spleen samples, whether from individual mice
or pooled groups, maintained high effective population sizes (Ne ~90,000—100,000) with <30% insertion
reduction, indicating minimal bottleneck effects. In contrast, skin samples exhibited greater variability
(Ne ~15,000-90,000). One individual sample (Mouse B, MB) showed the lowest diversity, with a high
insertion reduction (>70%). The other individual skin sample (Mouse A, MA) had a moderate reduction
(~55%) but retained a relatively high Ne of 67,808, indicating a relatively even distribution of mutants
despite some loss. For this analysis, insertion reductions <50% were interpreted as mild bottlenecks,
while values above that threshold reflected more substantial diversity loss!* (Table 1). Overall, the
population structure remained sufficiently balanced to support robust genome-wide analysis. These
findings are consistent with previous observations in host-associated microbial systems, where effective
population sizes are typically 10-20 times smaller than total bacterial loads due to clonal expansion and

stochastic bottlenecks.'?

Insertion profiles were directly compared across the two individual mice and the pooled sample within
each organ. Gene-level depletion patterns were highly concordant among the three replicates, supporting

the decision to combine data per organ for genome-wide fitness analysis.

Table 1: Statistical overview of TraDIS analysis of output screening profiles.

No. of No. of Mapped % of Mapped Insertion
Sample UISs Ne
Reads Reads Reads Reduction (%)

Skin Infection Screening

M, 5207936 4754884 91.3% 178366 67808.29 55.41%

M3 8540154 7498355 87.8% 84996 15397.69 78.75%

Psgin 9455334 8293759 87.7% 205820 90288.78 48.56%




Systemic Infection Screening (Kidney)

Mc 7157160 5346875 74.7% 299974 99769.27 25%
Mp 7930996 6994453 88.1% 298045 98490.25 25.49%
Prianey 9122370 8008825 87.79% 303906 102401.9 24%

Systemic Infection Screening (Spleen)

Mg 7611438 6551695 86.07% 288322 99910.91 27.92%
Mr 7557340 5144540 68.07% 296786 105863 25.8%
Pspleen 5981364 5237243 87.55% 246929 73282.72 38.26%

(M= individual mouse, P= pooled sample)

Multi-stage filtering identifies fitness and anti-fitness genes across infection sites

To identify fitness genes, we compared each output library to the input library and filtered for mutants
that were significantly depleted, yielding 106, 122, and 113 condition-specific essential genes for skin,
kidney, and spleen infections, respectively (Table S1). As a post comparison proof reading step, we
applied a read depth aware quality control (QC) to all depleted calls.!*!¢ This QC addresses limits of read
count based (edgeR) calls!” by incorporating UIS counts alongside reads per UIS (RPU) to catch unusual
read shifts not accompanied by proportional UIS changes. We compared UIS and RPU between
combined inputs and organ outputs.'!”!® A mutant was flagged as false depleted when insertion diversity
was stable (AUIS% < 20 with UIS;, and UlSqu > 5) but RPU fell at least two-fold (RPU fold-change,
RPUgc <0.5). In the input vs output contrast this QC flagged 0 genes in skin, 2 in kidney, and 0 in spleen
(Table S2). Next, we refined these results by intersecting them with mutants depleted in comparison to
the outgrowth control (input library grown at 37°C in Brain Heart Infusion),'? identifying 46, 81, and 73
condition-specific essential genes in the skin, kidney, and spleen infections, respectively (Table S1), that
were specifically lost under in vivo selection pressure. Applying the same QC to this outgrowth control
vs output contrast flagged 0 genes in all organs; therefore, no additional exclusions were required at this
step. Finally, we excluded genes for which mutants were also depleted during in vitro outgrowth (Table

S1), resulting in 46, 76, and 69 genes (Table S3A-G) in the skin, kidney, and spleen, respectively (Figure
1).
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Figure 1: Comparative analysis of fitness genes in USA300 JE2 in skin and systemic infection models.
(A) Venn diagrams showing the overlap between mutants depleted in each infected organ (the kidney,
spleen, skin) relative to the input and outgrowth control at 37°C. Each diagram illustrates organ-specific
and shared sets of fitness genes. (B) UpSet plot visualizing the intersections of fitness genes required for
in vivo survival across the kidney, spleen, skin, and outgrowth control versus input groups (Table S3A-
G). The left bar chart shows the total number of fitness genes for each group, whereas the top bar chart
quantifies the number of genes in each intersection. The analysis was conducted using the following

criteria: log fold change (log2FC) < -2, log counts per million (logCPM) > 2, and g-value < 0.01.

To identify enriched (anti-fitness) genes, we mirrored the depletion workflow and applied the same read
depth aware QC. QC removed flagged genes from the input vs output and outgrowth control vs output
contrasts (skin: 47, 95; kidney: 4, 118; spleen: 8, 31). We then intersected the curated contrasts and
excluded genes enriched in outgrowth control vs input, yielding the final organ-specific enriched sets

(Figure 2, Table S2).
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Figure 2: Provenance and curation of enriched (anti-fitness) genes across infection sites.
(A) Alluvial overview. For skin, kidney, and spleen (left to right), four stages are shown: Source — QC
— Intersection — CI/Final. Band width is proportional to gene count. Colors indicate enrichment origin
at Source (I0 & CO, IO only, CO only, other; see key). QC filter removes likely read-depth artifacts,
namely genes with stable insertional diversity (AUIS <20% with UIS;, >5 and UlSeu >5) but >2-fold
change in reads per insertion (RPU). Intersection retains genes enriched and QC-clean in both contrasts
(IO N CO). CI/Final excludes genes also enriched in the outgrowth-control vs input contrast (CI); the
remainder constitutes the Final enriched set (Table S4). (B-D) Stepwise bar chart. For each organ, bars
report gene counts at each step: 10 enriched — after IO QC — CO enriched — after CO QC — IONCO
(clean) — after CI exclusion — Final enriched. Exact counts are shown above bars; “0” at “after CI
exclusion” indicates no removals at that step. Abbreviations: 10, input—output; CO, outgrowth
control—output; CI, outgrowth control—input; QC, quality control; UIS, unique insertion sites; RPU,
reads per unique insertion site.

This conservative three-tiered approach and the QC approach enhanced result specificity and reduced the
risk of false positive results, enabling robust identification of tissue-specific fitness genes that reflect the
physiological challenges encountered by S. aureus in distinct host environments. Thus, these genes

constitute sets of high-confidence, organ-specific fitness genes.




Distinct metabolic and stress response requirements shape tissue-specific fitness

Analysis of fitness genes during S. aureus infection in the skin, kidney, and spleen revealed distinct
patterns of metabolic and stress response gene depletion. Mutants of genes involved in purine and
pyrimidine biosynthesis (purd, purE, pyrC, and pyrE) were consistently depleted in the kidney, spleen,
and skin. However, mutants of purB were flagged enriched in the skin (Figure 3A). Prophage genes
encoding PVL-like proteins (e.g., SAUSA300 1959, SAUSA300 1962) were depleted in skin, whereas
the PVL toxin genes lukS-PV/IlukF-PV (SAUSA300 1382/1381) were not.

A pronounced depletion of oxidative stress response mutants (ahpC, ahpF, and dps) and DNA repair
mutants, including (uvr4, uvrB, uvrC, recD and xseA) were observed in the skin infection, Mutants such

as ahpC and dps, and uvrC were also depleted in the spleen (Figure 3B).

Mutants of gluconeogenic genes pckA, gapB (SAUSA300 1633), and fbp (SAUSA300 2455) (Figure 3C
and 4A) were also strongly depleted in the kidney, spleen, and skin. Notably, mutants in glk (spleen),
gpml (skin), and pyk (kidney and spleen) were enriched, glk functions in upper glycolysis, whereas gpm/
and pyk act in lower glycolysis.

Mutants of genes associated with aromatic amino acid biosynthesis (ar042 and aroE) and menaquinone
biosynthesis (SAUSA300 1470, menH, menC, menE and ubiE) were enriched in the skin but depleted in
the kidney (Table S1). Mutants of genes involved in branched-chain amino acid metabolism (bkdAA,
bkdAB, bkdB, ilvE, and IpdA) were strongly depleted in the kidney and spleen, along with
SAUSA300 0355 mutants, an uncharacterized gene positioned at a key junction of the mevalonate
pathway (Figure 3D and 4B). Notably, mutants of other genes in this pathway, SAUSA300 2483 (mvaA)
and SAUSA300 2484 (mvaS) (Table S1), were also significantly depleted in systemic tissues. In the same
organs, mutants of SAUSA300 0458, annotated as a putative ornithine/lysine/arginine decarboxylase,

was also required for the fitness during systemic infection.

Finally, mutants of genes related to central carbon metabolism and oxidative energy production (pdhA,
pdhB, and SAUSA300 0995) were enriched in the skin, whereas heme detoxification system mutants
(hrtA, hrtB, hssR, and hssS) were specifically depleted in the spleen (Figure 3C).
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Figure 3: Tissue-specific essentiality of metabolic and stress-response pathways across skin, kidney,
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and spleen infection models. Heatmaps illustrate the logoFC values of USA300 JE2 mutants during skin
and systemic infection (kidney, and spleen), grouped into various biologically relevant pathways: (A)
purine and pyrimidine biosynthesis, (B) oxidative stress response and DNA repair systems, (C) central
carbon metabolism, gluconeogenesis, and heme detoxification system, (D) BCAA-associated and
connected metabolic pathways. Each heatmap represents genes on the y-axis, and tissue sites on the x-
axis. Blue shading indicates gene depletion (log2FC < -2; survival fitness genes), and pink shading
indicates gene enrichment (log2FC > 2; dispensable or advantageous when inactivated). Dotted fill
denotes enriched calls that were QC-flagged (read-depth/UIS criteria) and not carried forward into the
final call set. A cross (x) within a cell indicates that the gene was not detected as significantly depleted

or enriched in that tissue.
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Figure 4: Metabolic pathway vulnerabilities identified by TraDIS during S. aureus infection. (A)
Overlay of gluconeogenesis, glycolysis, and the pentose phosphate pathway (ppp), highlighting the genes
required across both systemic (kidney, spleen) and skin infection models. (B) Branched-chain amino acid
degradation and the mevalonate pathway, depicting genes specifically required during systemic infection.
Universally essential genes are shown in gray, gene whereas survival fitness genes, identified by TraDIS
(log2FC < -2, 10gCPM > 2, q<0.01), are shown in dark teal. The pyk and gpml genes, which were
enriched with transposon insertions in systemic sites and skin niche respectively, are shown in pink.




Cross-study benchmark of our USA300 JE2 TraDIS with explicit bottleneck control

To contextualize our organ-resolved calls, we intersected our filtered gene sets (log.FC <- 2, q < 0.01)
with the published final significant lists from prior in vivo Tn-seq studies (Figure S1, Table S5). In skin,
applying our thresholds recovered 10/153 of Valentino et al., (MSSA HGO03/NCTC8325) overall
abscess-specific essentials (~6.5%) and confirmed 10/46 of our benchmark calls; versus Grosser et al.,
(MRSA USA300 LAC/JE2) we observed 7 shared genes at day 3 and day 7.2%?! In systemic screens, we
compared our datasets to the recent datasets of Chang et al., (MRSA USA300-HOU-MR, TCH1516)
who reported single-replicate liver (~6M reads; log:FC < -2, P <0.01,) and lung (~3M reads; log.FC <
—4, P <0.01) datasets and noted bottlenecks that prevented kidney/spleen discovery. Overlap with their
liver set comprised 12 genes with our kidney calls and 6 with our spleen; overlap with their lung set
comprised 10 with our kidney and 4 with our spleen.?? Li et al., (MSSA Newman) reported >90% loss
of mutant population despite 12 liver and 6 kidney mono-infection replicates.”® Despite a different
infection route, Kim et al., (MRSA USA300 LAC) showed strong concordance with our data: 29 shared
genes with kidney and 22 with spleen.?* Calls here are made using a replicate-paired IONCO rule
(significant in Output vs Input and Output vs Outgrowth control) with prespecified q value, log-FC, and
logCPM thresholds.

Validation of tissue-specific fitness genes in skin and systemic infections

To validate fitness genes required for S. aureus survival in vivo, as identified via bio:: TraDIS analysis,
we performed in vivo competition assays using 11 selected mutants from the Nebraska Transposon
Mutant Library (NTML)* and the USA300 JE2 wild type (WT) in murine skin and systemic infection
models. In the skin infection model, ahpC, ahpF, dps, xseA, and uvrC mutants were significantly
outcompeted by the WT (Figure S5A). Similarly, during systemic infection, three mutants
SAUSA300 0355, SAUSA300 0458, and SAUSA300 1465 (bkdAB) displayed significant attenuation in
in the kidney and spleen (Figure SB and 5C). Notably, among the genes predicted by TraDIS analysis
to be fitness genes in both the skin and systemic sites, only the fbp (SAUSA300_2455) mutant exhibited
a significant fitness defect across all organs tested. In vivo validation suggested a kidney biased
requirement for pckA and a spleen biased requirement for gapB (Figure 5B and 5C). In rich medium
(BHI), NTML monocultures showed no sustained growth-rate defect, a subset displayed only a modest
lag (Figure S2A—C). In 24 h mixed-culture BHI competitions against WT, competitive indices (logio CI)

were centered near zero, consistent with neutrality in rich media (Figure S2D).
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Figure 5: In vivo validation of fitness defects in S. aureus mutants via competitive co-infection in
murine skin and systemic infection models. One experiment; single mixed inoculum with independent
biological replicates (n=5 mice). Mice were co-infected with a 1:1 mixture of WT and individual mutant
strains. (A-C) The competitive index (CI), representing relative mutant fitness compared to WT, was
determined following co-infection in murine skin (A), kidney (B), and spleen (C) infection models. CI
values are logio-transformed; a logio (CI) of 0 indicates equal fitness, while logio (CI) <—1 was considered
biologically depleted based on a hypothetical 10-fold attenuation threshold. (D-F) Bacterial burden
expressed as logio-transformed CFU recovered from the corresponding abscess (D), kidney (E), and
spleen (F) samples. Organ homogenates were plated on BHI agar (total CFU) and BHI agar supplemented
with 5 mg/l erythromycin (mutant-selective) to quantify relative abundance. Statistical analysis was
performed using one-sample, two tailed t-tests against a theoretical mean of -1 for CI comparisons (A-
C), two-way ANOVA with repeated measures, and Sidak’s multiple comparisons test for CFU data (D-
F). Each data point represents an individual mouse. Bars indicate group means. P-values are indicated as
follows: P <0.05 (*), P<0.01 (**), P<0.001 (***); ns, not significant.

Validation of oxidative and gluconeogenic fitness determinants by in vitro competition assays

To functionally validate genes associated with oxidative stress and central carbon metabolism,
competitive assays were performed under short H2O: exposure and in glucose-free M9 (gluconeogenic)
medium. Mutants of ahpC, ahpF, dps, uvrC, xseA and fbp were all significantly depleted following H20:
challenge. Similarly, mutants in gluconeogenesis linked genes (fbp, pckA, and gapB) were significantly
depleted during growth in M9 medium containing glycerol as the sole carbon source (Figure 6A-B).
Interestingly, the fbp mutant displayed an even stronger depletion under H-O. exposure than in M9

(Figure 6C).
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Figure 6: In vitro competitive assays under oxidative stress and gluconeogenic conditions. (A) Logio
CI of oxidative-stress mutants after short H.O: exposure. (B) Logio CI of gluconeogenesis-pathway
mutants in glucose-free M9 medium. (C) Comparison of logio CI for a representative gluconeogenic
mutant under H20: versus M9 conditions. Statistical significance was assessed by one-sample two-tailed

t-test vs zero for (A) and (B), and by unpaired two-tailed t-test (parametric) for (C). Two independent
experiments were performed, each with three independent replicates (n = 6 per group). Each point

represents one replicate and bars indicate group means. P-values are indicated as follows: P <0.05 (*),
P <0.01 (**), P<0.001 (***); ns, not significant.




Discussion

This study provides a comprehensive view of the tissue-specific genetic requirements for S. aureus
growth and survival across distinct host environments. By leveraging a highly saturated transposon
mutant library and in vivo TraDIS screening across skin and systemic infection models, we identified

both conserved and niche-specific fitness and anti-fitness genes that support infection.

A major strength of this study was the use of high-dose infection strategies to minimize bottlenecks,
allowing for robust library retention and meaningful assessment of mutant fitness.'?® As recommended
previously, the inoculum should contain between 10-100 cells per insertion mutant.?” This approach led
to high organ-specific bacterial burdens and supported the recovery of complex mutant libraries with UIS
counts that exceeded those reported in comparable in vivo TraDIS studies.?®?° Effective population size
and insertion retention metrics confirmed that mutant diversity was preserved across all samples;
however, one mouse (MB in the skin infection model) showed a strong bottleneck (Table 1). While this
sample showed reduced complexity, it was retained in the initial step of analysis as the mutant depletion
profile was highly concordant with the other skin samples, preserving biological signal. For subsequent
read depth aware QC post proof and curation which assume stable insertion diversity UIS and can be
distorted when severe bottlenecks decouple read depth from diversity, we excluded MB to avoid coverage
driven artifacts.!*!"'® In vivo Tn-seq/TraDIS is vulnerable to infection bottlenecks and PCR “jackpots,”
which can distort readouts independent of true fitness effects.'® Accordingly, read counts were used for
differential testing, while UIS tracked library complexity and skew.!”'® We then applied a post-hoc, read
depth aware QC that flags loci with stable UISs but >2x shifts in RPU, removing “read depth only”
enrichments and “false depletions” to increase specificity without losing genuine signal '*!® This strategy
follows field guidance and aligns with community pipelines (TRANSIT; Bio-TraDIS).!”!8 To further
improve the reliability of our findings, we applied a stringent three-tiered filtering pipeline to define
fitness and anti-fitness genes during skin and systemic infection. By excluding mutants that were also
depleted and enriched under in vitro conditions, we minimized background noise and isolated in vivo
specific fitness genes hits. This conservative approach was chosen to increase the specificity of gene

discovery and enable the robust identification of tissue-specific vulnerabilities.

Our replicate-resolved design with explicit bottleneck accounting (per-sample UISs and CFU) and the
filtration decision rule yields conservative yet stable TraDIS inferences across skin and systemic niches.

In skin, Valentino et al. and Grosser ef al. evaluated replicate correlation but did not pair input and output




within the same replicate, preventing direct bottleneck quantification (e.g., UIS; retention, Ne).2*?! In
systemic models, Chang et al., used a heterogeneity (HTR) score with organ-specific cutoffs and reported
strong kidney/spleen bottlenecks, while Li’s >90% post-recovery loss shows replication alone cannot
offset severe bottlenecks.?>?* Conversely, substantial overlap with the independent airway model of Kim
et al. supports a conserved in vivo fitness core when low bottlenecks are maintained.?* By requiring
concordant significance in both contrasts (IONCO) and enforcing logCPM/coverage and replicate-
stability filters, we remove CO-only and IO-only artifacts and mitigate bias from the standardized,
replicate outgrowth control. Together, these contrasts emphasize that our replicate-resolved design, high
CFU recovery, filtration decision rule, and UISs based bottleneck accounting yield conservative yet

robust cross study comparisons.

S. aureus navigates a complex landscape of host-imposed stresses that necessitate the dynamic
reorganization of its metabolic, regulatory, and stress-response networks for effective infection. Our
analysis showed that nucleotide biosynthesis is required for S. aureus survival during skin and systemic
infections, in agreement with previous studies.’*? This agreement further supports the validity of the
results produced. Consistent depletion of pyrimidine biosynthesis mutants across the skin, kidney, and
spleen suggests that this pathway is broadly essential for in vivo fitness, regardless of the specific tissue
environment. In parallel, several purine biosynthesis mutants also showed widespread depletion across
the three tissues, albeit with slightly more variability. Notably, purB and purR mutants were flagged as
enriched in the skin, suggesting that S. aureus may have a local availability of host-derived purines or
engagement of salvage pathways. As previously described, cutaneous infection is neutrophil-dominated
with abundant Neutrophil Extracellular Traps (NETs),>**° where S. aureus nuclease (Nuc) and adenosine
synthase A (AdsA) convert NET DNA into deoxyad enosine (dAdo) that engages host purine salvage and
triggers caspase-3 apoptosis.’®?’ Taken together, these observations may suggest reduced reliance on
strict pathway control in environments where host-derived purines may be available. By contrast, kidneys
at 24 h post-infection are PMN-rich but not yet mature abscesses with organized architecture typically
evident at 48h.>%* Splenic macrophage subsets specialize in rapid filtration/clearance of blood-borne
microbes.**Choueiry et al. demonstrated that purine metabolism in S. aureus is tightly regulated by
nutrient availability and Li et al. showed that strains with impaired purine biosynthesis can persist in
vivo, likely through compensatory virulence mechanisms or alternative metabolic routes.*!*?
Nevertheless, the overall pattern reinforces that de novo purine synthesis remains essential, particularly

during systemic infection. As previously described, de novo guanine biosynthesis is essential in systemic




infection, and salvage alone is insufficient (guaB/guaA required, xpt/pbuX dispensable).** Supporting
this, mutants disrupted in purR, a transcriptional repressor of the purine biosynthesis pathway, were

enriched in systemic infection model.>!:#443

TraDIS screening of the skin abscess model highlighted the essential roles of the stress response pathways
in promoting S. aureus survival within the hostile skin microenvironment. Mutants in genes encoding
antioxidant defenses, including ahpC, ahpF, and dps were significantly depleted in the skin, reflecting
the oxidative and genotoxic pressures imposed by host immunity. /n vivo and in vitro competitive index
assays, including a short H.O2 exposure variant confirmed that the disruption of ahpC, ahpF, and dps
impairs bacterial fitness, pointing to their importance in counteracting oxidative stress and maintaining
genome integrity at the host pathogen interface. In the inflamed skin niche, ROS oxidatively inactivate
PerR, de-repressing redox defenses (e.g., ahpC, ahpF, dps).***" Alkyl-hydroperoxidases (AhpC, AhpF)
mitigate ROS toxicity by detoxifying peroxides, while Dps sequesters iron and protects DNA from
oxidative damage.*® Excess iron drives Fenton chemistry, escalating DNA-damaging hydroxyl
radicals.*! Interestingly, mutants in perR were highly enriched, particularly during skin infection,
suggesting that repression of oxidative stress genes may be disadvantageous in this niche, possibly

because constitutive de-repression of antioxidant systems enhances survival.

Moreover, several mutants in DNA repair genes involved in the SOS response and mismatch repair
systems were significantly depleted in the skin model, including uvrd, uvrB, uvrC, recD, and xseA,
suggesting they are critical for survival under genotoxic stress. /n vivo and in vitro competitive assays -
including an H20; exposure mimicking oxidative DNA damage- confirmed that disruption of uvrC and
xseA significantly reduced S. aureus fitness in the skin infection model, emphasizing the importance of
DNA repair mechanisms in promoting bacterial persistence within the abscess microenvironment.
Genotoxic stress typically activates the SOS response via RecA-mediated cleavage of the LexA repressor,
thereby inducing the expression of nucleotide excision repair genes such as uvrC.>? This inducible system
plays a broader role in promoting bacterial persistence and population-wide stress tolerance.”® The
mismatch repair pathway, which includes rec/ and the ExoVII complex (xsed, xseB), contributes to
maintaining genome integrity under oxidative and host-imposed stress, and has been shown to be critical

for repairing immune-mediated DNA damage in S. aureus.>*

TraDIS analyses identified the genes fbp, pckA, and gapB, which encode fructose-1,6-bisphosphatase

(FBPase), phosphoenolpyruvate carboxykinase (PckA), and glyceraldehyde-3-phosphate dehydrogenase




(GapB) as fitness genes during S. aureus infection in the skin, kidney, and spleen, implicating
gluconeogenesis as a core metabolic requirement across infection sites. Mutants in pyk were consistently
enriched in systemic sites where gpm/ in skin niche. and eno (enolase) is essential under basal conditions,
these patterns collectively suggest a metabolic bias toward gluconeogenesis over glycolysis during
infection. /n vitro competition in glucose-free M9 (gluconeogenic) likewise showed depletion for fbp,
pckA, and gapB. However, subsequent validation using competitive assays revealed striking tissue-
specific dependencies. In the kidney, both pckdA and fbp were indispensable, whereas gapB was
dispensable, indicating reliance on canonical gluconeogenesis from oxaloacetate, with the potential
bypass of GapB through host-derived glycerol or redundant enzymatic activity. In contrast, in the spleen,
S. aureus required both gapB and fbp, but not pckA, consistent with gluconeogenic flux driven by
substrates that enter downstream of oxaloacetate, such as glycerol or amino acids, allowing S. aureus to
flexibly reroute carbon into hexose biosynthesis under tissue-specific nutrient constraints.>> In the skin,
only fbp was essential, implying a restricted but targeted use of gluconeogenesis, likely sustained by
triose intermediates and a glucose-depleted abscess milieu.’® The common essentiality of fbp emphasizes
its pivotal role in maintaining fructose-6-phosphate (F6P) pools, thereby fueling anabolic pathways and
redox homeostasis. Although not a constituent of the pentose phosphate pathway (PPP) per se, fbp
enables F6P regeneration, which could sustain PPP flux, an indispensable process in S. aureus for
NADPH production, energy metabolism, nucleotide biosynthesis, and oxidative stress resistance.’’ In
line with this model, an in vitro short H.O2 exposure variant competitive assay showed the fbp mutant
was significantly outcompeted by the wild type. This depletion under short H.O. exposure was even
stronger than in M9. Disruption of this pathway compromises these functions, ultimately impairing
biofilm formation and reducing virulence in vivo.’® While our findings emphasize the importance of
gluconeogenic flux, there is compelling evidence that glycolysis is also vital, particularly for
counteracting nitric oxide (NO-) stress.’® Consistent with this, our TraDIS analysis revealed that multiple
glycolytic genes including pfkA4, SAUSA300 2079, gapA, pgk, and eno were essential for growth in both
input and output libraries, indicating that glycolysis is likewise indispensable under infection conditions.
This metabolic adaptability aligns with prior findings that S. aureus requires both glycolytic and
gluconeogenic activities to endure host-imposed pressures.®® Our findings underscore the importance of
tissue-specific metabolic flexibility, with fbp emerging as a central node linking carbon flux to redox
balance and biosynthesis. Further research is needed to elucidate how S. aureus coordinates glycolysis

and gluconeogenesis during infection and how this balance is modulated by the immune environment

and nutrient availability in vivo.




Notably, aromatic-amino-acid (AAA) biosynthesis mutants, aro42 (SAUSA300 1683) and aroE, were
enriched in the skin but depleted in the kidney; this pattern may reflect glucose depletion and peptide
availability in skin abscesses and the role of aroF in shikimate flux, whereby peptides/free amino acids
could buffer AAA biosynthesis in skin, whereas the kidney niche may require greater de novo shikimate-
pathway activity.”>¢6!

Furthermore, mutants in genes involved in branched-chain amino acid (BCAA) catabolism (bkdAA,
bkdAB, bkdB, ilvE, and IpdA) and the uncharacterized SAUSA300 0355 gene were strongly depleted in
the kidney and spleen, but not in the skin, underscoring a compartmentalized metabolic requirement and
a critical, tissue-specific role for amino acid catabolism in supporting S. aureus survival during systemic
infection. Mechanistically, this systemic pattern is most consistent with a membrane-centric requirement
in which the IIVE (branched-chain aminotransferase, BCAT), BKD (branched-chain a-keto acid
dehydrogenase; subunits Ela bkdAA, E1f bkdAB, E2 bkdB, E3 IpdA) and FabH (B-ketoacyl-ACP
synthase III; ACP, acyl carrier protein) route supplies branched acyl-CoA primers for the type II fatty-
acid synthesis (FASII) pathway to produce branched-chain fatty acids (BCFAs) (Figure 4). In S. aureus,
FabH initiates fatty-acid synthesis using branched primers derived from BCAA catabolism.®* %4
Disrupting BKD lowers BCFA content, reduces membrane fluidity, and increases sensitivity to alkaline,
oxidative, and solvent stress, with chemical rescue by an anteiso-BCFA precursor (2-methylbutyrate).%
BCFAs are also required for activation of multiple two-component systems (TCSs), linking membrane
composition to virulence signaling.®® Concomitantly, SAUS4300 0355, annotated as a putative acetyl-
CoA acyltransferase likely feeds the mevalonate pathway (MVA), MvaS (3-hydroxy-3-methylglutaryl-
CoA synthase) and MvaA (3-hydroxy-3-methylglutaryl-CoA reductase) — IPP/DMAPP
(isopentenyl/dimethylallyl diphosphate) (Figure 4) — FPP (farnesyl diphosphate), providing Und-PP
(undecaprenyl pyrophosphate) for peptidoglycan/WTA (wall teichoic acid) export and the isoprenyl side
chains of menaquinone for respiration; defects in MVA flux impair cell-wall biogenesis and are rescued
by mevalonate/FPP. *’ Despite filtration thresholds, mutants in bkdAB remained significantly depleted in
the kidney (LogoFC —1.8), and competitive assays validated the essentiality of both bkdAB and
SAUSA300 0355 for S. aureus survival in the systemic infection model. The gene bkdAB encodes the
beta subunit of the 2-oxoisovalerate dehydrogenase complex, a key enzyme in BCAA degradation, and
has previously been linked to conditional essentiality in a pneumonia model and increased susceptibility
to LL-37 and its synthetic analogs.?*%® Its disruption results in increased membrane permeability,

impaired biofilm formation, and reduced endothelial cytotoxicity, suggesting a role in membrane




integrity and virulence.®®* Additionally, the acetyl-CoA acyltransferase SAUSA300 0355 is implicated
in the maintenance of membrane potential and aminoglycoside resistance.”’ Homologous loci in other S.
aureus strains (e.g., SAOUHSC 00336, Q2G124, SAPIG0434) point to their involvement in lipid
metabolism and the mevalonate pathway for isoprenoid biosynthesis. Disruption of S4API/G0434 impairs

bacterial fitness under stressors, including temperature fluctuations and vancomycin exposure.’! 7

Taken together, these observations support a single, tissue-tuned metabolic network: amino-acid
catabolism supplies TCA intermediates that are recycled via Fbp/PckA/GapB to regenerate hexose
phosphates and may sustain PPP-dependent NADPH and anabolism.”>7* BCAA-derived acyl-CoAs
prime FabH-initiated FASII for membrane remodeling.5>64% In parallel, SAUSA300 0355 supports the
MVA pathway, channeling acetyl-CoA to isoprenoids and Und-PP for respiration and cell-wall/WTA

expor‘[.75’76

In parallel, the catabolism of basic amino acids is also required during systemic infection. Mutants in
SAUSA300 0458 were specifically depleted in the kidney and spleen but not in the skin, suggesting a
selective  requirement for deep-tissue colonization. Annotated as the sole putative
ornithine/lysine/arginine decarboxylase in S. aureus (EC 4.1.1.17, EC 4.1.1.18, EC 4.1.1.19), this gene
likely encodes an enzyme involved in the decarboxylation of basic amino acids to produce the
polyamines, consistent with the roles described for polyamine biosynthesis decarboxylases by Li et al.”’
These decarboxylation reactions produce biogenic polyamines; putrescine, cadaverine, and agmatine
which may ultimately give rise to spermidine and spermine through subsequent biochemical steps, as
shown in other microorganisms.”®”® These biogenic polyamines play important roles in stabilizing
nucleic acids and cellular membranes, and are implicated in gene regulation and biofilm formation.”
While S. aureus was long considered incapable of synthesizing polyamines and was highly susceptible
to their bactericidal effects, particularly spermine and spermidine, the acquisition of the Arginine
Catabolic Mobile Element (ACME) in USA300 strains conferred resistance to polyamine toxicity.”®
Although early studies failed to detect endogenous polyamine production, recent reports have
demonstrated the presence of putrescine and its derivative N-acetyl-putrescine in S. aureus, suggesting
an unrecognized role for this pathway in systemic infection.’3! These observations raise the possibility
that S4USA300 0458 contributes to a broader metabolic strategy that includes amino acid catabolism,
membrane adaptation, and redox balance, potentially supporting the persistence of S. aureus in the

nutrient-limited and immunologically hostile environments in systemic tissues.




In conclusion, these findings provide a comprehensive map of tissue-specific fitness genes required for
S. aureus survival during infection and reveal the organism’s remarkable metabolic flexibility. By
combining high-resolution TraDIS screening with in vivo and in vitro validation, we identified key fitness
genes involved in nucleotide biosynthesis, oxidative stress response, central carbon, and amino acid
metabolism with clear organ level differences. Stress-response functions predominate in skin, consistent
with an inflammatory milieu, whereas amino-acid catabolism is uniquely critical in systemic tissues,
aligning with higher metabolic demand and constrained nutrients.®? These results reveal distinct, tissue-
tailored adaptations and expose vulnerabilities that could be leveraged for precision antimicrobial

strategies.
Limitations of the study

While this study provides a comprehensive analysis of organ-specific fitness determinants in S. aureus
using high-resolution TraDIS and in vivo murine infection models, several limitations should be noted.
An inherent challenge of TraDIS is that it measures gene fitness effects within a pooled, competitive
environment, making it difficult to draw definitive conclusions about individual gene fitness without
follow-up validation. Using a high inoculum preserves library coverage but likely emphasizes acute,
early fitness requirements, extrapolation to low-dose or chronic models should be done with cautious.
Pooled TraDIS under-captures ‘public-goods’ genes because mutants benefit via trans-complementation,
so these loci may not appear depleted. We did validate key hits using competitive index assays, but these
analyses could not be extended to all genes of possible interest, nor were single-mutant infections
performed, which could further support individual gene contributions to fitness. NTML mutants were
used as supplied (JE2 background) without re-transduction; thus, potential unlinked secondary mutations
cannot be fully excluded. In vivo competition assays were performed once per model (n = 5 mice) using
mixed inoculum, without day or batch repeats. With a view to the importance of the results in relation to
human health, it is important to note that essentiality was assessed under murine conditions, which may
not fully represent the complexity of human infections. In addition, our stringent QC and statistics-based
filtering, implemented to maximize specificity, can exclude borderline but biologically plausible signals,
for example, bkdAB (log.FC —1.8) fell just short of our < —2 threshold yet was independently validated
as a potential requirement during systemic infection. Finally, our approach does not capture genes that
are essential under all conditions and therefore lack transposon insertions, nor does it fully account for
polar effects within operons and it was only performed with one strain, which is not representative of all

lineages of this important pathogen. Cross-strain portability was not evaluated. This could be addressed




by transducing priority mutations into other S. aureus backgrounds and testing fitness versus wild type;
unbiased confirmation would require multi-library screens across strains. Future studies incorporating
single-mutant infections, other strains, complementary omics approaches, and human-relevant models

will help to address these limitations.
Resource availability
Lead contact:

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Bianca Paglietti (biancap@uniss.it).

Materials availability:

This study did not generate new bacterial strains. All mutants used were obtained from the Nebraska
Transposon Mutant Library (NTML) and are listed in (Table 2). No new unique reagents were generated
in this study.

Data and code availability:

e TraDIS sequencing data generated in this study have been deposited in the NCBI Sequence Read
Archive (SRA) under BioProject accession number PRINA1284342.

e Our previously published input library data used in this study are available under BioProject
accession number PRINA1137847, as reported by Yousief et al. (2024) in Scientific Reports
(PMID: 39354068; DOI: 10.1038/s41598-024-73731-y). In addition, outgrowth control libraries,

where the input library was grown under standard in vitro conditions, are available under
BioProject accession number PRINA1190087, as reported by Nader Abdelmalek ez al. (2025) in
Antibiotics (PMID: 40001356; DOI: 10.3390/antibiotics14020112)

e Sample-specific BioSample and SRA Run accession numbers for all output, input and outgrowth

control libraries are provided in (Table S6).

e Custom analysis code used in this study is available in a private GitHub repository and includes
Data S1 (read-depth—aware QC and three-tier curation). QC thresholds (AUIS% < 20; UlSin/ouc>
5; RPU rc £0.5 or > 2.0) were pre-specified and recorded in GitHub release v0.9.0, pre-analysis



https://doi.org/10.1038/s41598-024-73731-y
https://doi.org/10.3390/antibiotics14020112

prior to differential testing. The QC procedure described above is implemented in Data S1 in
supplementary section, and per-organ QC outputs are provided (Table S2). The script requires
only readr and dplyr and accepts generic three-column input files (locus_tag, gene name, value)

for both read counts and UIS.

e Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon reasonable request.

e The codes used for TraDIS analysis is available through the Bio-Tradis GitHub repository:
https://github.com/sanger-pathogens/Bio-Tradis.

e Additional data supporting the findings of this study are available from the corresponding author

upon request.
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STARXMethods

Key resources table

Reagent or Resource | Source | Identifier
Bacterial Strains

S. aureus subsp. aureus USA300 JE2 BEI Resources, NIAID, NIH NR-46543

S. aureus USA300 JE2 uvrC::Tn (NE1212) BEI Resources, NIAID, NIH NR-47755

S. aureus USA300 JE2 xsed.::Tn (NE458) BEI Resources, NIAID, NIH NR-47001

S. aureus USA300 JE2 ahpC::Tn (NE911) BEI Resources, NIAID, NIH NR-47454

S. aureus USA300 JE2 ahpF::Tn (NE1571) BEI Resources, NIAID, NIH NR-48113

S. aureus USA300 JE2 dps::Tn (NE1929) BEI Resources, NIAID, NIH NR-48471

S. aureus USA300 JE2 pckA::Tn (NE1260) BEI Resources, NIAID, NIH NR-47803

S. aureus USA300 JE2 gapB::Tn (NE1343) BEI Resources, NIAID, NIH NR-47885

S. aureus USA300 JE2 fbp::Tn (NE542) BEI Resources, NIAID, NIH NR-47085

S. aureus USA300 JE2 SAUSA300 0355::Tn (NE1901) BEI Resources, NIAID, NIH NR-48443

S. aureus USA300 JE2 bkdAB::Tn (NE1829) BEI Resources, NIAID, NIH NR-48371

S. aureus USA300 JE2 SAUSA300 0458::Tn (NES9S) BEI Resources, NIAID, NIH NR-47438
Critical commercial assays

DNeasy Blood & Tissue Kit (250) Qiagen Cat# 69506
Bioanalyzer High Sensitivity DNA kit Agilent Technologies Cat# 5067-4626
AMPure XP PCR Purification Beads Beckman Coulter Cat# A63881
NEBNext End Repair module New England Biolab Cat# E6050
NEBNext dA-Tailing Module New England Biolab Cat# E6053
NEBNext Quick Ligation Module New England Biolab Cat# E6056
KAPA HiFi HotStart ReadyMix KAPA Biosystems (Roche) Cat# KK2601
KAPA Library Quantification Kit (Illumina, SYBR) KAPA Biosystems (Roche) Cat# KK4824
MiSeq V2 Kit [llumina Cat#t MS-102-2001

Chemicals

Brain Heart Infusion (BHI) broth/agar Microbiol, Italy Cat# 70.031

Tryptic Soy Broth (TSB) Microbiol, Italy Cat# 70.196

M9 minimal medium (glucose-free, 0.2% glycerol) Prepared in lab (see STAR *Methods)

Erythromycin Sigma-Aldrich, USA Cat# E5389

DPBS Sigma-Aldrich, USA Cat# D8537-500ML
Saline NaCl 0.9% B. Braun Melsungen AG, Germany Cat# 36553

H202 Sigma-Aldrich, USA Cat# H1009-100ML

Magnesium sulfate (anhydrous)

Sigma-Aldrich, USA

Cat#t M7506-500G

Calcium chloride (anhydrous)

Sigma-Aldrich, USA

Cat# C5670-100G

Ammonium chloride

Sigma-Aldrich, USA

Cat# 1011430050

Sodium chloride

Sigma-Aldrich, USA

Cat# 1041631000

Sodium phosphate dibasic

Sigma-Aldrich, USA

Cat# 567550-500GM

Potassium phosphate monobasic

Sigma-Aldrich, USA

Cat# 529568-250GM

UltraPure™ Glycerol

Invitrogen™

Cat# 15514011

Deposited Data




Raw sequencing data NCBI SRA PRINA1284342
Previously published input data NCBI SRA PRINAS834801
Outgrowth control libraries NCBI SRA PRINA928137
Experimental models: Organisms/strains

BALB/c mice (68 weeks old, female) Taconic Bioscience BALB/cAnNTac
C57BL/6 mice (6—8 weeks old, female) Taconic Bioscience C57BL/6NTac
Oligonucleotides

Table S7

Instruments

Qubit™ 4 Fluorometer Thermo Fisher Cat# Q33226
Bioruptor® Pico Diagenode Cat# B01060010
Agilent 2100 Bioanalyzer Agilent Technologies Cat# 228250
LightCycler® 96 Roche Cat# 05815916001
MiSeq Sequencing Platform [llumina Cat# SY-410-1003
Sensititre™ Nephelometer Thermo Fisher Cat# V3011
Bioscreen C Oy Growth Curves Ab Ltd., Finland N/A

Software and algorithms

Agilent 2100 Expert Agilent Technologies RRID: SCR 018043
LightCycler® 96 system Roche RRID: SCR 023415
Bio-TraDIS Toolkit Wellcome Sanger Institute (GitHub) RRID: SCR 015993
GraphPad Prism GraphPad Software RRID:SCR 002798
RStudio Posit RRID:SCR 000432

Experimental model and subject details

Mice

Female BALB/c (BALB/cAnNTac) and C57BL/6 (C57BL/6NTac) mice (6—8 weeks old) were purchased

from Taconic Biosciences. All mice were housed in individually ventilated cages under specific

pathogen—free (SPF) conditions, with a 12-hour light/dark cycle and ad libitum access to food and water.

Both mouse strains were used for skin and systemic infection models. All animal experiments were

approved by the Danish Animal Experiments Inspectorate (https://dyreforsoegstilsynet.dk) under

protocol number 2021-15-0201-0098, in accordance with Danish Law LBK 474 of 15/05/2014 (Animal

Experimentation and Welfare Act).

Method details

Bacterial strains and growth conditions

S. aureus USA300 JE2 (WT) and selected transposon mutants were obtained from the NTML, originally

described by Fey et al.?

were routinely cultured in BHI broth or agar at 37°C under aerobic conditions. When appropriate, BHI

Strain details and infection model usage are provided in Table 2. All strains

was supplemented with 5 pg/mL erythromycin for transposon mutant selection.



https://dyreforsoegstilsynet.dk/

Growth curves of the WT and selected mutant strains were monitored using the Bioscreen C instrument.
Overnight cultures were diluted to a starting ODsoo of 0.05 in BHI broth, and 300 pnL. was transferred to
honeycomb plates. Optical density (ODsoo) was recorded every 15 minutes for up to 24 h at 37°C with
continuous shaking. Inoculum density for growth curves was standardized using a Sensititre™

Nephelometer according to the manufacturer’s instructions.
All the competition assays done based on CFU-matched (1:1) (WT: mutant).

Table 2: Bacterial strains used in this study.

Strain Infection mode used in  Description

USA300 JE2 Skin/ Systemic Wild-type parent strain of NTML

NEI1212 (uvrC::Tn) Skin Transposon insertion in SAUSA300 1045. Erm*
NE458 (xseA::Tn) Skin Transposon Insertion in SAUSA300 1472. Erm"
NE911 (ahpC::Tn) Skin Transposon Insertion in SAUSA300 0380. Erm*
NE1571(ahpF::Tn) Skin Transposon Insertion in SAUSA300_0379. Erm"
NE1929 (SAUSA300_2092::Tn) Skin Transposon insertion in SAUSA300 2092. Erm"
NE1260 (SAUSA300_pckA::Tn) Skin / Systemic Transposon insertion in SAUSA300 1731. Erm"
NE1343 (SAUSA300 _gabB::Tn) Skin / Systemic Transposon insertion in SAUSA300 1633. Erm*
NE542 (SAUSA300 _fop::Tn) Skin / Systemic Transposon insertion in SAUSA300 2455. Erm*
NE1901 (SAUSA300_0355::Tn) Systemic Transposon insertion in SAUSA300 _0355. Erm"
NE1829 (SAUSA300_ bkdAB::Tn) Systemic Transposon insertion in SAUSA300 1465. Erm*
NEB895 (SAUSA300 _0458::Tn) Systemic Transposon insertion in SAUSA300 _0458. Erm*

Animal inoculum

TraDIS screening inoculum (pooled library), frozen glycerol stocks of the S. aureus USA300 JE2
transposon mutant library (stored at —80 °C) were thawed on ice. When multiple vials were used, they
were pooled, pelleted (=4,000 % g, 10 min, 4°C), washed 2x with DPBS, and resuspended in DPBS. The

suspension was adjusted to deliver 3 x 10° CFU per mouse in a 0.1 mL injection volume within ~60 min

of preparation.




In vivo competition assays (WT vs mutant), overnight cultures were pelleted (~4,000 x g, 10 min, 4 °C),
washed 2x with DPBS, and diluted in DPBS to the target concentration. The mixed inoculum contained

~1 x 10° CFU per mouse, 1:1 WT: mutant (~5 x 10® CFU each)
In vitro competition assays

In rich BHI medium, overnight cultures (12—14 h) of WT and the indicated mutants were grown in BHI
at 37 °C, 180 rpm, diluted to ODsoo = 0.05 in pre-warmed BHI, and mixed 1:1 (WT: mutant) to a starting
density of ~103-10° CFU/mL (total volume 10 mL).

Short H.O: exposure outgrowth variant, after mixing WT and the corresponding mutants 1:1, the
inoculum was immediately diluted into 10 mL sterile saline (0.85-0.9% NaCl) and pulsed with H20:
(final 5 mM,3 stock 30% = 9.8 M) for 15 min at 37 °C, 180 rpm. H.O- was added last. At pulse end, 1.0
mL was transferred into 9.0 mL pre-warmed BHI (1:10) and outgrown 3.5 h at 37 °C, 180 rpm.

Glucose-free M9** (gluconeogenic) competition, overnight WT and the corresponding mutants were
washed 2% in PBS, resuspended in M9 minimal salts (Na:HPOa 6.78 g, KH2POs 3.0 g, NaCl 0.5 g, and
NH.4CI 1.0 g/ L) (post-autoclave supplemented with filtered MgSOs 1 mM, CaClz 0.1 mM, and glycerol
0.2% v/v as the sole carbon source), adjusted to ODsoo = 0.05, and mixed 1:1 to ~10° CFU/mL (10 mL
total; 37 °C, 180 rpm).

Sampling and enumeration (all assays), an input (to) sample was taken immediately, serially diluted in
DPBS, and plated in parallel on BHI agar (total CFU) and BHI + erythromycin (5 pg/mL) to enumerate
the erythromycin-marked mutant fraction; WT CFU were calculated as (BHI CFU — BHI+ery CFU) and
plates were incubated at 37 °C. For BHI and M9 competitions, endpoint samples were taken at 24 h, for
the H-O- outgrowth variant, the endpoint sample was taken at 3.5 h. All timepoints were plated using the

same scheme.

For archiving, glycerol stocks were prepared by mixing cultures with 50% glycerol to a final

concentration of 25% and stored at —80°C.




Mouse infection models
In vivo screening with BALB/c mice

A high-density transposon mutant library constructed in the USA300 JE2 background'? was used to
screen for fitness genes required for survival during skin and systemic infections. Female BALB/c mice
were used as the in vivo model host for library infection. For each model, mice were divided into two
groups: a control group of five mice injected with 0.1 mL sterile DPBS, and an experimental group of
ten mice infected with 3 x 10° CFU/mouse of the transposon mutant library suspended in 0.1 mL DPBS,
the same inoculum was used for both models. Infections were administered subcutaneously (SC) for the
skin model and intraperitoneally (IP) for the systemic model. Mice were euthanized at 48 hours post-
infection (skin) or 24 hours post-infection (systemic), and abscesses, kidneys, and spleens were
aseptically harvested. For each condition, two mice were processed individually, and samples from the
remaining eight mice were pooled, resulting in three biological replicates per group for downstream
analysis. Each sample was homogenized in 0.1 mL DPBS. Ten-fold dilutions were prepared, and 100 uL
was plated on BHI agar supplemented with 5 pg/mL erythromycin, followed by overnight incubation at
37°C to determine CFU counts. The remaining diluted suspensions were plated on 15cm BHI +
erythromycin plates (0.3 mL per plate) for mutant library recovery. Colonies were collected in 1 mL
aliquots, re-expanded, and stored in 1 mL volumes (~1 x 10'® CFU) at —80°C for DNA extraction and

sequencing.
In vivo validation with C57BL/6 mice

Selected NTML mutants were validated in vivo using competitive index (CI) assays in C57BL/6 mice
(68 weeks old; Taconic Biosciences, C57BL/6NTac). For each mutant—-WT comparison, a single mixed
inoculum (WT: mutant) (1:1) was prepared once per model and administered to independent biological
replicates (n=5 mice); organs were processed individually per mouse. For the skin infection model, nine
groups (n = 5 mice/group) were infected subcutaneously with ~1 x 10° CFU in 0.1 mL DPBS. For the
systemic model, seven groups (n = 5 mice/group) were infected intraperitoneally under the same
conditions. One group per model received sterile DPBS as a negative control. Organs were harvested at
48 hours post-infection (skin) or 24 hours post-infection (systemic). In three systemic infection groups,
early euthanasia at 12 hours was required due to humane endpoints. Samples were homogenized in DPBS

and plated on BHI and BHI + erythromycin agar to enumerate CFUs of wild-type and mutant strains.




DNA extraction and TraDIS sequencing

Genomic DNA was isolated as previously described®® using the DNeasy Blood & Tissue Kit. For each
infection model, three biological replicates were processed per condition: two from individual mice and
one pooled organ sample, each processed in duplicate. DNA was fragmented to an average size of 300—
400 bp using the Bioruptor® Pico, and fragment size was verified using the Agilent 2100 Bioanalyzer
with the High Sensitivity DNA Kit. Libraries were prepared following the protocol by Barquist et al.,!”
using pre-designed transposon-specific adapters and primers (Table S7). Final library quality was
assessed using the Bioanalyzer, and DNA concentrations were measured with the Qubit™ 4 Fluorometer.
Libraries were quantified using the KAPA Library Quantification Kit for Illumina platforms on a
LightCycler® 96 instrument. Sequencing was performed on an Illumina MiSeq platform using the MiSeq
Reagent Kit v2 (50-cycle),'” generating single end reads. The first 10 bp of each read (CAACCTGTTA)
corresponded to the transposon junction and were used to map insertions. Read alignment and unique
insertion site (UIS) mapping were performed using the Bio-Tradis pipeline, aligned to the S. aureus
USA300 JE2 reference genome (GenBank accession: CP000255.1). Comparative analysis of output
versus input libraries was conducted using the fradis_comparison.R script included in the Bio-Tradis

Toolkit.
Quantification and statistical analysis

To assess bottleneck effects, unique insertion site (UIS) counts, and diversity metrics were calculated.

(Np)?
2N;

sample and Y'NV; is the total UISs in the respective infection group (Skin, Kidney, or Spleen).?” Second,

Effective population size (Ne) was computed as: N, = where N, is the number of UISs for a given

insertion reduction percentage was calculated relative to the input library (400,000 UISs)!? using the

, , UISs Input — UISs Output
formula, Insertion Reduction (%) = (VIS Inp s QutPu s 100.
UISs Input

Bio-TraDIS (tradis_comparison.R /edgeR) tested Output vs Input and Output vs Outgrowth control. g-
values are Benjamini—-Hochberg FDR—-adjusted p-values (edgeR ‘FDR’); thresholds: logFC < -2, q <
0.01.

Fitness genes for S. aureus survival during both infection models were defined by a three-step filtering
strategy: (i) identify genes depleted in output versus input, (ii) intersect with those depleted versus the

outgrowth control, and (iii) exclude genes also depleted in outgrowth versus input. To distinguish true




biological changes in mutant representation from coverage artifacts, we implemented a read-depth—aware
post hoc QC on genes called differentially represented by Bio-TraDIS/edgeR. For each gene we
summarized, per organ, (i) unique insertion sites (UIS) and (ii) total reads, separately for inputs and

outputs (combined biological replicates per organ). We then computed AUIS% = 100 X

UISs Outputs—UISg Inputs Reads . . RPUoutput
< s and RPU = with its fold change RPUp; = ——==. We defined stable
UlSsInputs UIS RPUmnputs

insertion diversity as AUIS% <20 and required minimum diversity (UISinpus > 5 and UlSoutpuss > 5). We
flagged as read-depth-only enriched those genes that were DE-enriched (log 2FC > 2, q value <0.01) and
had stable UIS with RPUrc > 2. Conversely, we flagged false-depleted genes as DE-depleted (logoFC <
=2, q value < 0.01) with stable UIS and RPUrc < 0.5. QC-flagged genes were excluded from organ-
specific fitness lists and are provided in (Table S2) together with per-gene counts (reads, UIS, AUIS%,
RPU metrics). This procedure complements standard TraDIS statistics. Statistical analyses were

performed using GraphPad Prism (RRID: SCR_002798). The competitive index (CI) was defined as

Mutantcry
(W)Recovered . . . .
Cl = —Grutanicrgy . CI data were analyzed with one-sample, two-tailed t-tests, in vitro vs a

Injected

WTcru

theoretical mean of logio(CI)=0 (neutrality)*®*” and in vivo vs logio(CI)= —1 (10-fold depletion). CFU
time-course data were analyzed by two-way repeated-measures ANOVA with Sidak’s post hoc test. P

values are reported.
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Abstract

Community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA) is a leading cause of
bacteremia, yet the genetic basis for its success in this hostile environment remains poorly defined. In
this study, we employed transposon-directed insertion site sequencing (TraDIS) to map the fitness
landscape of CA-MRSA strain USA300 JE2 through a genome-wide screening in fresh,
immunocompetent human blood. We identified 76 genes required for fitness, including genes involved
in respiratory and central carbon metabolisms, heme detoxification, and de novo purine biosynthesis. As
validation of fitness genes, competition assays confirmed that individual disruption of purA, purB, fbp,
hssR, or aroA2 significantly reduced bacterial fitness in blood. Conversely, inactivation of specific
regulators, such as the saeRS two-component system, the alternative sigma factor o, and adhesins
including fnbA and clf4, conferred a competitive advantage. These findings provide a genome-scale map
of S. aureus fitness requirements in a physiologically relevant blood model, offering a platform for further

investigation of bacterial adaptation to the intravascular environment.
Importance

Understanding how Staphylococcus aureus maintains fitness in the human bloodstream is essential for

explaining its success as an invasive pathogen. This study provides a comprehensive, genome-wide
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definition of the genes that enable S. aureus to remain competitive in blood, revealing the key
physiological requirements for adaptation to this challenging environment. By identifying genetic
functions whose disruption impairs fitness, our findings highlight the specific pathways that sustain
adaptation and competitiveness under host-imposed stress. Extending previous genome-scale
investigations conducted in other infection niches, this study emphasizes the importance of physiological
context in shaping bacterial fitness and identifies conserved cross-fitness determinants shared among S.
aureus lineages. These insights advance our current understanding of how S. aureus adapts to the
bloodstream and strengthen the foundation for future functional and comparative studies on

staphylococcal pathophysiology.
Keywords: Staphylococcus aureus, TraDIS, Bloodstream infection, Fitness, Metabolism
Introduction

Staphylococcus aureus s an opportunistic pathogen capable of causing a wide range of infections, from
superficial skin abscesses to life-threatening systemic conditions such as bacteremia and endocarditis (1).
Among these, bloodstream infections pose a particularly severe clinical challenge to healthcare system.
S. aureus 1is the leading cause of invasive infection-related mortality worldwide, with case fatality rates
ranging from 15% to 30% and an estimated 300,000 deaths annually (2). A substantial proportion of these
fatalities are attributed to methicillin-resistant S. aureus (MRSA), which exhibits elevated resistance to

conventional antibiotics and offers limited therapeutic options, resulting in poorer patient outcomes (3).

A major contributor to the pathogenicity of S. aureus is its ability to survive and proliferate within the
human bloodstream, an environment characterized by robust immune defenses and limited nutrient
availability (4). Upon entering the bloodstream, S. aureus encounters multiple host defense mechanisms,
including neutrophil-mediated immune surveillance, complement activation, and nutritional immunity
which restrict microbial fitness (5). In response to these barriers, S. aureus has evolved a diverse array
of strategies to evade immune clearance and establish invasive infections (4, 5). However, the full

repertoire of genetic determinants required for fitness in the bloodstream remains incompletely defined.

Recent advances in functional genomics have facilitated comprehensive investigations into the fitness of
S. aureus and other bacteria across diverse host environments (6-9). Approaches such as transcriptomics,
genome-wide association studies, and high-throughput transposon mutant library screens have shed light
on S. aureus adaptation within the bloodstream (10—13). Among these, Transposon-Directed Insertion

Site Sequencing (TraDIS) has emerged as a particularly powerful method for genome-wide fitness




profiling (14). While TraDIS has been applied to livestock-associated MRSA (LA-MRSA) in fresh
human blood (12), and Tn-seq recently to CA-MRSA in commercially sourced, immune-depleted blood
(15), a genome-wide investigation has not yet been applied to CA-MRSA in fresh, immune-competent

human blood.

In this study, we employed TraDIS to comprehensively investigate both fitness-enhancing and fitness-
reducing genetic determinants involved in CA-MRSA fitness and metabolic adaptation in human blood.
These findings provide novel insights into the molecular mechanisms underlying MRSA persistence in

the bloodstream and establish a foundation for the development of targeted therapeutic strategies.
Results
Assessment of bottleneck effects during TraDIS screening in human blood

To investigate the genetic determinants of S. aureus fitness in human blood, a high-density USA300 JE2
transposon mutant library, containing approximately 2 x 10° CFU/mL (16), were seeded into fresh blood
from three independent human volunteers. Following the blood challenge, the recovered populations
(approximately 10° CFU/mL from each replicate) were processed for genomic DNA extraction and
sequencing (Table S1). Principal Component Analysis (PCA) of insertion counts revealed clear
separation among blood replicates, input (16), and outgrowth control samples (17), with high consistency
across blood replicates (Fig. S1). TraDIS analysis of libraries recovered after growth showed preserved
insertional richness, with approximately 400,000 unique insertion sites comparable to the input library
(Table S1). To quantitatively assess population bottlenecks, we calculated Shannon, Simpson, and
Pielou’s evenness indices from normalized gene-level read counts. All three indices confirmed that
neither diversity nor evenness were significantly reduced in the output libraries, indicating that the overall
complexity was largely maintained (Fig. 1A, 1B, 1C). The rank-abundance curve further showed nearly
overlapping input and output distributions (Fig. 1D), confirming that the relative abundance of most
mutants was conserved. The effective population size (N¢) estimated from the inverse Simpson index

remained at 70—-84 % of the input, averaging 77 %, consistent with a moderate bottleneck.
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Fig 1. Diversity and rank—abundance of transposon mutant libraries. (A) Shannon index, (B) Simpson
index, and (C) Pielou’s evenness for input (orange) and output (red) libraries. Points represent biological
replicates and bars indicate means. P values were determined by Mann—Whitney U test; asterisks indicate
adjusted significance levels (ns = not significant). (D) Rank-abundance curve showing the relative
abundance of each mutant ranked from most to least abundant in input (orange) and output (red) libraries;
curves largely overlap, indicating conservation of mutant representation.

Identification of genes of S. aureus with decreased fitness during growth in human blood

To identify genes required for bacterial fitness in human blood, we first compared the transposon
insertion profiles after 24 hours of exposure to human blood with the input transposon library, revealing
146 genes significantly depleted during growth in blood (log: fold change (LogFC) <-2, g-value <0.01,
log count per million (logCPM) >2, mean control reads > 150) (Table S2A). To distinguish genes

specifically required for fitness in blood from those broadly essential for growth under laboratory




conditions, we next compared the blood dataset with two previously generated outgrowth controls in
Brain Heart Infusion (BHI) broth (Table S2B) (17). TraDIS analysis identified 76 genes significantly
depleted during growth in blood (log. fold change (LogFC <-2, g-value <0.01, logCPM >2, mean
control reads > 150) but not during growth in BHI, indicating that disruption of these genes specifically
impaired fitness in blood. These genes included many involved in menaquinone-dependent respiration,

nucleotide metabolism, and metal regulation (Table 1, Fig. S2).

Table 1. Predicted genes required for S. aureus USA300 JE2 fitness during growth in human blood.

Locus tag Gene Name Description LogFC  g-Value
Menaquinone biosynthesis
SAUSA300 1737 menkE O-succinylbenzoate-CoA ligase -5.31 8.04 x 10%°
SAUSA300 0948 menB naphthoate synthase -4.22 4.04x 1018
SAUSA300 1360 ubiFE menaquinone biosynthesis methyltransferase ubiE -4.05 3.89x 1024
SAUSA300 0946 menD 2-succinyl-6-hydroxy-2, 4-cyclohexadiene-1-carboxylic -3.65 418x 10"
acid synthase/2-oxoglutarate decarboxylase
SAUSA300_0945 menkF isochorismate synthase family protein -3.61 4.90x 10"7
SAUSA300 1735 menC O-succinylbenzoic acid synthetase -3.31 4.85x 10
Chorismate biosynthesis
SAUSA300 1357 aroC chorismate synthase -4.60 3.40x 1077
SAUSA300 1355 aro4 3-phosphoshikimate 1-carboxyvinyltransferase -4.56 1.28 x 10
SAUSA300 0787 aroD 3-dehydroquinate dehydratase, type I -4.25 1.49x 10°13
SAUSA300 1356 aroB 3-dehydroquinate synthase -3.79 6.58 x 108
SAUSA300_1683 aroA2 chorismate mutase/phospho-2-dehydro-3-deoxyheptonate  -3.65 8.52 x 100
aldolase
SAUSA300 1499 arok shikimate kinase -3.55 1.09x 1018
SAUSA300 1555 aroE shikimate 5-dehydrogenase -2.67 2.48 x 10715
Isoprenoid biosynthesis
SAUSA300_0355 SAUSA300_0355 acetyl-CoA acetyltransferase -8.15 1.26 x 10°%!
SAUSA300 2484 mvaS hydroxymethylglutaryl-CoA synthase -7.37 1.01 x 10"
SAUSA300 2483 mvaA hydroxymethylglutaryl-CoA reductase -7.16 4.96 x 107
Central carbon metabolism
SAUSA300 1193 glpD glycerol-3-phosphate dehydrogenase -10.35 4.97x 10
SAUSA300 2455 fop putative fructose-1,6-bisphosphatase -7.40 1.27 x 104
SAUSA300 1916 aspB Aminotransferase -5.88 1.68 x 10"'%
SAUSA300 1246 acnd aconitate hydratase -3.36 1.12x 10710
SAUSA300 1640 icd isocitrate dehydrogenase, NADP-dependent -2.65 3.44x 10
SAUSA300 2362 gpmA 2,3-bisphosphoglycerate-dependent phosphoglycerate  -2.39 3.06 x 10-%!
mutase
SAUSA300 1014 pyc pyruvate carboxylase -2.08 5.08x 107"
SAUSA300_1190 glpP glycerol uptake operon antiterminator regulatory protein -2.19 1.17 x 10716

Nucleotide biosynthesis
SAUSA300_1889 purB adenylosuccinate lyase -6.16 1.62 x 10°%
SAUSA300_0017 purA adenylosuccinate synthetase -5.58 428 x 104




SAUSA300 0965 folD methylenetetrahydrofolate -4.46 6.25x 103
dehydrogenase/methenyltetrahydrofolate cyclohydrolase
SAUSA300 0473 purR pur operon repressor -4.26 7.38 x 10
SAUSA300 2526 pyrD dihydroorotate dehydrogenase -2.28 1.15x 10"
Transport and nutrient uptake systems
SAUSA300_ 2406 cntE putative transporter -9.72 0
SAUSA300 0620 mntA ABC transporter ATP-binding protein -7.60 6.93x10%
SAUSA300 0619 mntB ABC transporter, permease protein -7.19 2.24 x 102
SAUSA300 0618 mntC ABC transporter, substrate-binding protein -6.60 3.90x 1028
SAUSA300 0633 JhuAd ferrichrome transport ATP-binding protein thuA -6.05 1.60 x 10-%°
SAUSA300 2306 hrtA ABC transporter, ATP-binding protein -3.67 3.92x10%
SAUSA300 2307 hrtB ABC transporter, permease protein -3.55 7.51x10%
SAUSA300 2308 hssR response regulator protein -3.53 1.04 x 10-#
SAUSA300 1785 ecsB putative ABC transporter protein EcsB -3.13 1.16 x 1073
SAUSA300 2309 hssS sensor histidine kinase -2.91 2.13x 102
SAUSA300 1786 ecsA ABC transporter, ATP-binding protein EcsA -2.80 6.54x 104
SAUSA300 1516 znuC ABC transporter, ATP-binding protein -2.30 3.73x 101
SAUSA300 1515 znuB ABC transporter, permease protein -2.26 477 x 1071
SAUSA300 0687 mpfA putative hemolysin -2.06 421x107%
Chromosome maintenance and cell division
SAUSA300 1127 sme chromosome segregation protein SMC -4.72 2.46 x 1077
SAUSA300 1120 recG ATP-dependent DNA helicase RecG -3.54 1.54x 10!
SAUSA300 1086 diviVA putative cell-division initiation protein -2.51 1.40 x 10712
SAUSA300 1793 SAUSA300 1793  conserved hypothetical protein -2.35 5.25x 107
SAUSA300 1792 SAUSA300 1792  conserved hypothetical protein -2.28 5.92 x 10-07
Cell envelope biogenesis and lipoprotein processing
SAUSA300 0744 Igt prolipoprotein diacylglyceryl transferase -3.44 5.68 x 1071
SAUSA300 0980 auxA putative membrane protein -3.36 1.52x 1028
SAUSA300 0918 ugtP diacylglycerol glucosyltransferase -3.22 2.51x 101
SAUSA300 2439 galU UTP-glucose-1-phosphate uridylyltransferase -2.96 6.65x 1077
SAUSA300 1089 IspA lipoprotein signal peptidase -2.26 1.03x10°%
Virulence- and stress-related genes
SAUSA300 2100 SAUSA300 2100  lytic regulatory protein -4.71 3.25x 109
SAUSA300 2467 srtA Sortase -4.49 1.03 x 10°1¢
SAUSA300 2245 sarR staphylococcal accessory regulator R -4.43 3.76 x 102
SAUSA300 2506 isaA immunodominant staphylococcal antigen A precursor -4.40 9.25x 1030
SAUSA300 1842 perR transcriptional regulator, Fur family -2.61 7.79 x 10710
SAUSA300 1257 msrR peptide methionine sulfoxide reductase regulator MsrR -2.34 1.75x 101
SAUSA300 0310 pfoR perfringolysin O regulator protein -2.33 1.79 x 10"
SAUSA300 2249 ssaA secretory antigen precursor SsaA -2.11 1.49x 1013
Two-component system
SAUSA300 0022 walH YycH protein -3.03 5.05x 1042
SAUSA300 0023 wall Yyecl protein -2.78 7.33x 10!
Others
SAUSA300_1899 pncA conserved hypothetical protein -4.86 6.67 x 104
SAUSA300_0443 SAUSA300 0443  YibE/F-like protein -4.64 1.33x 1073
SAUSA300 0442 SAUSA300 0442  YibE/F-like protein -4.40 3.51x10°%




SAUSA300 1231 SAUSA300 1231  gamma-aminobutyrate permease -3.02 1.88 x 103!
SAUSA300 1155 rasP putative membrane-associated zinc metalloprotease -3.02 9.88 x 107
SAUSA300 2075 rho transcription termination factor Rho -2.73 2.86 x 1098
SAUSA300 1289 dapB dihydrodipicolinate reductase -2.67 2.49 x 1014
SAUSA300 1583 cymR conserved hypothetical protein -2.60 1.69 x 1014
SAUSA300 1017 ctaM conserved hypothetical protein -2.56 1.47 x10°%
SAUSA300 1112 stpl protein phosphatase 2C domain protein -2.48 1.74 x 10"
SAUSA300 0957 SAUSA300_0957  conserved hypothetical protein -2.42 5.99x 1071
SAUSA300 2156 lacR lactose phosphotransferase system repressor -2.40 2.94 x 10°%
SAUSA300 2037 cshA ATP-dependent RNA helicase -2.24 4.09x 10°7

Genes shown in bold were selected for further validation.

Respiratory and carbon metabolic pathways support S. aureus fitness in human blood

TraDIS analysis revealed that S. aureus fitness in human blood depends on intact electron transport chain
(ETC) and energy metabolism pathways. Mutants disrupted in chorismate biosynthesis (aroA, aroE,
aroB, aroD, aroK, aroC, aroA2) and isoprenoid biosynthesis (SAUSA300 0355, mvaA, mvaS) were
significantly underrepresented following blood exposure. These pathways intersect with menaquinone
biosynthesis (menF, menD, menC, menH, menE, menB, menG, ubiE), which also showed marked

depletion in mutant representation (Table 1, Table S2a, Table S2B, Fig 2A).

In addition to the menaquinone biosynthesis, glpD (glycerol-3-phosphate dehydrogenase) and its
regulator glpP emerged as critical for S. aureus blood fitness. glpD links glycerol catabolism to
respiratory electron transfer and gluconeogenesis (Fig 2A). Transposon insertions in genes encoding for
gluconeogenic enzymes (fbp, gpmA) directing carbon flux from glycerone-P to glucose were
underrepresented. Similarly, mutants in tricarboxylic acid (TCA) cycle genes (acnd, icd) and NAD*
biosynthesis gene pncA showed significantly reduced representation compared to outgrowth controls

(Table 1, Table S2B).

To validate these findings, transposon mutants of aroA2, SAUSA300 0355, glpD, pncA, and fbp were
subjected to fitness competition assays against the wild type (WT) strain in BHI and human blood.
Mutants lacking aroA2, pncA, or fbp exhibited pronounced fitness defects in blood relative to BHI (Fig.
2B). The glpD mutant was modestly reduced in human blood relative to BHI but stayed above the defect
threshold (logio competitive index (logioCI) < —1), while SAUSA300 0355 mutants showed no
significant competitive fitness defect in blood (Fig 2B, Table S3A, Table S3B).
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Fig 2. Schematic overview of fitness-associated gene depletion in the menaquinone pathway and central
carbon metabolism of S. aureus. (A) The diagram illustrates the menaquinone biosynthesis pathway,
gluconeogenesis, and the NAD" salvage pathway, highlighting genes that contribute to bacterial fitness




in human blood. Gene fitness was assessed using TraDIS analysis. Genes are color-coded based on fitness
classification: orange indicates genes whose disruption significantly reduced fitness in blood
(LogoFC <=2, g-value <0.01, logCPM >2, mean control reads > 150), blue denotes genes essential for
growth under standard laboratory conditions, and white represents genes with no significant fitness
impact or lacking statistical significance. (B) Competitive assays in which SAUSA300 0355, fbp, glpD,
pncA, and aroA2 mutants were each co-cultured with WT during growth in BHI and human blood. Data
represent mean = SD of biological replicates. The dashed line represents the cut-off (logioCI = —1).
Statistical significance was assessed using a two-tailed unpaired Welch’s t-test. Asterisks indicate
adjusted P values: * p <0.05, ** p <0.01, *** p <0.001, ns = not significant.

Purine auxotrophy impairs S. aureus fitness during bloodstream infection

The de novo purine biosynthesis pathway was identified as required for S. aureus fitness in human blood.
Among the most significantly depleted mutants were purA (Log,FC=—-5.58) and purB (Log2FC=—6.16)
(Table 1, Table S2A, Table S2B, Fig 3A). Additionally, folD, which encodes a bifunctional enzyme
involved in one-carbon metabolism and purine precursor synthesis, also showed substantial depletion.
To validate these findings, ex vivo competition assays demons trated that pur4 and purB mutants were

significantly outcompeted by the WT strain in blood (Fig 3B, Table S3A, Table S3B).
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Fig. 3. De novo purine biosynthesis is essential for S. aureus fitness in human blood. (A) Schematic
representation of the de novo purine biosynthesis pathway. Genes are color-coded to indicate fitness,
with orange for reduced fitness in blood, blue for essential genes under standard conditions, and white
for genes without significant effect. (B) Competitive assay of purA4 and purB transposon mutants
relative to the WT strain during ex vivo growth in human blood. Individual data values correspond to
biological replicates, shown as mean = SD. The dashed line marks the cut-off log1oCI equal to —1.
Statistical significance was assessed using a two-tailed unpaired Welch’s t-test. Adjusted P values: * p
<0.05, *** p <0.001.




Maintenance of metal acquisition and heme detoxification systems enhances S. aureus fitness in
blood

We also identified several genes involved in metal ion acquisition and heme detoxification that contribute
to S. aureus fitness in human blood. Among iron uptake systems, only fhuA, encoding a ferrichrome-
specific ATP-binding cassette (ABC) transporter, showed significant depletion following blood exposure.
Similarly, transposon insertions in manganese transport genes (mntA, mntB, mntC) and zinc transport

components (znuB, znuC) were markedly underrepresented (Fig 4A).

Disruption of the heme detoxification machinery, comprising the 4ssRS heme-sensing two-component
system and the associated /4rt4B efflux transporter, also resulted in a significant loss of fitness in blood
(Fig 4A). To experimentally assess this effect, an AssR transposon mutant was tested in competition
assays, exhibiting reduced competitiveness in human blood relative to BHI (Fig. 4B, Table S3A, Table
S3B).
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Fig. 4. Heme detoxification and metal ion uptake systems are essential for S. aureus fitness in human
blood. (A) Log2FC values from TraDIS analysis of S. aureus transposon mutants exposed to human
blood. Genes included those involved in the heme detoxification system, manganese transporter, zinc
transporter, nickel transporter and iron uptake. Genes with LogoFC < -2 (g-value <0.01, logCPM >2,
mean control reads > 150) are considered as conditionally essential in human blood (B) Competitive
assay of the AssR mutant and WT strain during co-incubation in human blood. Biological replicates are
shown as mean + SD. The dashed line indicates the cut-off log10CI equal to —1. Statistical significance

was assessed using a two-tailed unpaired Welch’s t-test. Significance levels are indicated as *** (p <
0.001).




Loss of the Sae and 6® regulatory systems confers a selective advantage for S. aureus bloodstream
fitness

TraDIS analysis revealed six mutants significantly enriched following exposure to human blood (Table
S2A, Table S2B). These included disruptions of the saeRS two-component system and genes of the
alternative sigma factor 6® operon (sigB, rsbV, and rshU), which were among the most strongly enriched
(Fig. 5A). Notably, mutants in fibA, co-regulated by both the Sae and ¢® systems, were also highly
enriched. Although c/f4 did not reach the statistical enrichment threshold, it displayed a modest increase
in transposon read abundance and was retained for validation due to its known o® regulation alongside
fnbA and saeR mutants (Fig. 5B). All selected enriched mutants showed a significant fitness advantage
over WT in competitive assays within the human blood environment (Fig. 5C, Table S3A, Table S3B).
To ensure that the enrichment represented a biologically meaningful advantage, we applied a cutoff of
logio CI1>0.17 (CI = 1.5), corresponding to a >50% increase in fitness, which is more stringent than the

logio CI > 0 (CI > 1) used in previous studies (18, 19).

A B <ifd

49 ek 100001
HAkkk =)

3 8000 —
Rk

kR

reads (Nor

6000

1 4000 ? . .

20001

Log,FC (Blood/outgrowth control)

Number of transy

<

saeR  saeS  sigB  rshV  rshU  funbA Outgrowih control  Blood

C
107 53

® BHI
® Blood

Competitive index (Mutant/WT)
=

e

saeR'::Tn fnbAl::Tn CUA'::Tn

=}

Fig S. Inactivation of regulatory and adhesion genes enhances S. aureus fitness in human blood. (A)
Log>FC values from TraDIS analysis for genes whose inactivation conferred a selective advantage during
survival in human blood (Log2FC > 2, g-value < 0.01, logCPM > 2, mean control reads > 150). Statistical




significance is indicated by asterisks, with **** corresponding to g-value < 0.0001. All g-values are
reported in Table S1B. (B) Normalized transposon read counts for c/f4 shown as mean + SD of
sequencing replicates. Statistical significance was determined by BioTraDIS analysis (Table S2B), with
* indicating g-value = 0.016. (C) Fitness competition assays of mutants relative to WT during 1:1 co-
culture in human blood. Data are shown as mean = SD of three independent biological replicates.

Statistical significance was assessed using a two-tailed unpaired Welch’s t-test. Adjusted P values: * p <
0.05, ** p<0.01.

Fitness landscape between community and livestock-associated MRSA

To identify conserved and lineage-specific fitness determinants in human blood, we compared our
TraDIS dataset from the CA-MRSA strain USA300 JE2 with two publicly available datasets from
livestock-associated MRSA (LA-MRSA) strains SO385 and 09V grown in human blood (12). Both
strains belong to Sequence Type 398 (ST398) within Clonal Complex 398 (CC398), allowing for a direct
comparison of fitness requirements between divergent lineages in the blood environment. We identified
21 genes consistently required for blood fitness across all three strains (LogoFC <-2, g-value <0.01,
logCPM >2, mean control reads > 150), primarily involved in menaquinone biosynthesis and purine
metabolism (Fig. 6A, 6B). In addition, we observed consistent enrichment of transposon reads the saeRS

and finbA genes in all three strains, where components of 6® operon were selectively enriched in USA300

JE2 (Fig. 6B).
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Fig 6. Comparative TraDIS analysis identifies conserved fitness determinants in S. aureus. (A)Venn
diagram showing the overlap of fitness-associated genes identified via TraDIS in S. aureus USA300 JE2,




ST398 SO385 and ST398 09V strains during growth in human blood. (B) Heatmap showing log.FC
values of transposon mutant abundance conserved between USA300 JE2 and at least one ST398 strain,
highlighting both fitness-enhancing (green) and fitness-reducing (red) loci.

Discussion

To establish infection in the bloodstream, S. aureus must adapt to multiple host-imposed stresses,
including nutrient limitation, oxidative burst, and immune recognition (20). These challenges drive
extensive metabolic reprogramming and coordinated expression of virulence factors that enable
persistence across diverse host environments (20, 21). Several high-throughput genetic approaches have
been applied to investigate fitness requirements during bloodstream infection. For example, phenotypic
screens utilizing the Nebraska transposon mutant library (NTML) have identified mutants with impaired
growth on blood agar plates (22). Additionally, genome-wide TraDIS analyses of livestock-associated
MRSA lineages, including ST398, have revealed genes that contribute to fitness in human blood (12).
Chang et al. recently performed a Tn-seq screen of USA300 in commercially processed, leukocyte-
depleted blood (15). While these studies offered important insights, a genome-wide analysis of CA-

MRSA fitness in fresh, immune-competent human blood has been lacking.

To address this gap, we conducted a genome wide TraDIS screen using a highly saturated transposon
mutant library constructed in the USA300 JE2 strain to systematically identify the genetic determinants
essential for fitness in human blood (16). A major drawback of transposon mutant sequencing studies is
the bottleneck effect, in which only a fraction of the initial mutant pool contributes to the surviving
population, reducing diversity and compromising statistical power (23). To mitigate this limitation, a
high inoculum was used to preserve library representation, consistent with strategies validated in
infection models (24,25). Despite the enrichment of mutants with specific fitness advantages under
blood-specific pressures, overall library richness and gene representation were found to be preserved.
Thus, the bottleneck observed in our TraDIS screen using fresh human blood was selective rather than
restrictive and did not compromise downstream analyses. Preservation of the transposon library diversity
is fundamental, as fresh blood represents a complex milieu of viable immune cells, active complement,
antimicrobial peptides and nutritional immunity absent in processed preparations (4, 26). The high
biological relevance of this environment, coupled with preserved library complexity, enabled robust
identification of clinically important genetic traits involved in fitness in human blood. Despite its recent
decline in prevalence, USA300 remains a clinically significant CA-MRSA lineage, and its well-annotated

genome provides a robust platform for functional genomics (27). Our screen identified 76 fitness-




associated genes, and six genes whose disruption enhanced fitness in human blood. Although bacterial
fitness in blood does not capture the full complexity of in vivo pathogenesis, it represents a crucial early
step in invasive disease (28). Several genes identified in our screen, including pyc, SAUSA300 1231, Igt,
IspA, msrR, srtA, gpmA, mntABC, cntE, stpl, cymR and isaA, have previously been validated in animal
models of systemic infection or proposed as immunotherapeutic targets, highlighting the biological

relevance of our findings (15, 29-36).

Our TraDIS screen highlighted de novo purine biosynthesis pathway as a critical determinant of S. aureus
fitness during bloodstream infection, evidenced by the significant depletion of purd4 and purB. This
pathway is essential for sustaining intracellular pools of purine nucleotides necessary for DNA
replication, RNA transcription, and energy metabolism (37). While S. aureus can salvage exogenous
purines under nutrient-rich conditions, the human bloodstream represents a nutrient-restricted
environment, where purine availability is constrained by host-mediated sequestration mechanisms and
rapid turnover of circulating nucleotides (38). While previous studies have reported inconsistent
validation outcomes in blood (12, 15, 22), our competitive assays confirmed that the pur4 and purB
mutants are significantly impaired in blood, affirming the necessity of metabolic autonomy in nucleotide
biosynthesis for bloodstream fitness (15, 22). Given their essentiality in multiple infection models,
including murine pneumonia and osteomyelitis, purine biosynthetic enzymes have been proposed as
attractive antimicrobial targets (7, 29). However, their considerable structural homology to mammalian

counterparts poses a major challenge in developing selective inhibitors.

Respiratory metabolism is a cornerstone of S. aureus physiology, supporting ATP generation, redox
homeostasis, and metabolic flexibility (39). In line with its central role in bacterial fitness, our genome-
wide TraDIS screen in blood revealed a pronounced depletion of transposon mutants in genes encoding
key components of ETC, including those required for the biosynthesis of chorismate (aro4, aroE, aroB,
aroD, aroK, aroC, aroA2), mevalonate (SAUSA300 0355, mvaAd, mvaS), and menaquinone (menkF,
menD, menC, menH, menE, menB, menG, ubiE). Menaquinone serves as the predominant quinone
electron carrier in S. aureus, and its biosynthetic disruption impairs aerobic respiration, resulting in
profound metabolic consequences (39, 40). Such defects often lead to small colony variants (SCVs), a
subpopulation with reduced growth, diminished virulence, and enhanced intracellular persistence, traits
that confer a short-term survival advantage after exposure to blood (39, 41). However, our competitive
fitness assays revealed that mutants such as aro42 showed reduced long-term fitness in blood, suggesting

that transient stress tolerance does not substitute for the robust metabolic capacity required to sustain




adaptation and persistence in this nutrient limited environment. In accordance with these findings, our
previous genome-wide TraDIS screens in murine infection models revealed that genes in the mevalonate,
menaquinone, and chorismate pathways were differentially required depending on the host niche (24).
In a systemic infection model, mutants disrupted in SAUSA300 0355, mvaA, mvaS, menE, aroB, and
aroC were depleted in transposon libraries recovered from the kidney, whereas in a skin infection model,
mutants disrupted in menF and ubiE were enriched (24). These data demonstrate how host niche-specific
conditions shape metabolic fitness requirements and highlight the importance of interpreting genome-

wide fitness screens within their environmental context.

S. aureus reprograms its carbon metabolism in human blood in response to the available nutrients rather
than following the hierarchical substrate preferences observed in rich laboratory media (15). Human
blood provides only modest glucose together with lactate and free amino acids, and S. aureus can
assimilate these substrates concurrently rather than sequentially (15). Consistent with this metabolic
flexibility, our genome-wide TraDIS screen identified a set of genes that channel diverse carbon sources
into central metabolism and biosynthesis, including fbp and gpmA, anaplerotic enzymes such as pyc and
aspA, and glycerol catabolic functions g/pD and glpP, as key determinants of fitness. fbp, which encodes
fructose-1,6-bisphosphatase that produces hexose phosphates to feed the pentose phosphate pathway and
support anabolic processes, was selected for competition assays and exhibited a pronounced fitness
defect, confirming its broad requirement in blood consistent with tissue-specific studies (15, 24). In
contrast, other gluconeogenic nodes, including pck4 and gapB, did not emerge as fitness determinants,
consistent with previous reports suggesting context-dependence (24). Although staphylococcal infections
have often been described as glycolysis dependent, pyk, encoding pyruvate kinase and previously
identified as essential in osteomyelitis, was not required for fitness in our human blood screen (42,43).
This observation aligns with prior studies in which pyk similarly did not contribute to fitness across

diverse infection models (15,24).

Mutants in TCA cycle enzymes, including acnA and icd, were also depleted, highlighting the central role
of the TCA cycle in generating reducing equivalents for the ETC and supporting oxidative-stress defense
(44). These results demonstrate the metabolic plasticity of S. aureus, which allows the pathogen to
dynamically recalibrate its central pathways in response to the diverse host environments encountered

during infection.

Importantly, this integration of central carbon metabolism and TCA cycle activity depends on NAD*

availability. PncA sustains NAD" pools by converting nicotinamide to nicotinic acid, fueling NAD"




regeneration and allowing continuous TCA flux (45). This, in turn, ensures a steady supply of NADH to
the electron transport chain, supporting ATP production and maintaining redox homeostasis (46). In
blood, transposon insertions in pncA were significantly depleted, a finding that was further confirmed by
phenotypic assays. Notably, PncA was recently identified as a novel regulator of the agr system, and its
loss was shown to reduce virulence in both Galleria mellonella and murine infection models (47).
Together, these findings support a model in which S. aureus fitness in blood relies on an integrated energy
hub that couple glycerol and amino acid catabolism, gluconeogenesis, TCA-cycle flux, and NAD"

regeneration to sustain respiratory ATP production, redox balance, and resistance to oxidative-stress.

The bloodstream imposes additional constraints on pathogens via nutritional immunity, limiting access
to essential metals such as iron, manganese, and zinc (48). Consistent with this, TraDIS results showed
that mutants in manganese (mntA, mntB, mntC) and zinc (znuB, znuC) acquisition systems were found to
contribute to bacterial fitness in blood. While iron acquisition pathways are known to be upregulated
during infection, our screen revealed only fhuA, encoding an ATPase essential for siderophore-mediated
iron uptake, as a fitness determinant in blood (10). FhuA supports the import of staphyloferrin A and B,
as well as hydroxamate-type siderophores, likely explaining its non-redundant function in iron

acquisition under iron-restricted conditions (49).

During bloodstream infection, hemoglobin-derived heme serves as a primary iron source for S. aureus.
However, while heme is a rich reservoir of iron, its intracellular accumulation poses a significant risk for
bacterial fitness due to its pro-oxidant potential. Free heme can drive the production of reactive oxygen
species (ROS) that inflict oxidative damage on cellular macromolecules, including lipids, proteins, and
nucleic acids (50). Our TraDIS screen identified the AssRS two-component regulatory system and its
associated efflux transporter srtAB as key contributors to bacterial fitness in blood. AssRS functions as a
heme-responsive sensor that activates hrt4B-mediated efflux in response to toxic intracellular heme
levels. This was validated by the reduced competitiveness of 4ssR transposon mutant. Previous in vivo
studies further demonstrated that disruption of AssRS or hrtAB impairs USA300 fitness in the spleen but
not in the kidney, lung and liver (15,24). This tissue-specific requirement likely reflects the spleen’s
function as a primary site of erythrocyte turnover and hemoglobin catabolism, which creates a locally
concentrated, heme-rich environment (51). However, disruption of /ssRS or hrtAB in the ST398 lineage
did not affect fitness in either human or porcine blood, suggesting lineage-specific differences in heme
handling or compensatory detoxification mechanisms, pointing to a broader diversity in metal

homeostasis strategies across S. aureus strains (12).




To assess conservation of fitness determinants, we reanalyzed TraDIS data from two MRSA ST398
strains (12). We found that 21 fitness genes overlapped, including genes involved in menaquinone and
purine biosynthesis. For some genes we observed differences between lineages. These differences may

reflect lineage-specific gene regulation or host adaptation, beyond technical variability.

Interestingly, we also identified several genes whose inactivation enhanced fitness in human blood.

Insertions in saeRS and the 6" operon (sigB, rsbU, rsbV).

These regulators control a broad array of surface-associated proteins, secreted factors, and stress response
pathways (52, 53). SaeRS is essential for cytotoxicity and intracellular survival in mammalian host cells
and has been reported to contribute to virulence in systemic infection models (15, 54). Paradoxically,
loss of saeRS has been reported to increase survival in both human and murine blood (53,54).
Consistently, saeRS and fnbA were enriched when analyzing fitness-disadvantageous genes in livestock-
associated MRSA strains exposed to human blood and in a USA300 transposon library challenged in
immune-depleted blood, highlighting a context-dependent effect (12,15). In this environment, where
adhesive substrates are limited, expression of SaeRS- and o® -regulated surface proteins such as FnbA
and CIfA may impose a fitness cost. These data must be interpreted with nuance, as reduced expression
of these genes may confer a fitness advantage in blood while they remain essential for tissue colonization,

abscess formation, and systemic dissemination in vivo (55,56).

To assess the influence of experimental context, we compared our results with a recent Tn-seq study in
USA300 performed in commercially processed, leukocyte-depleted blood (15). Only 13 genes
overlapped between the two datasets (fhud, purA, purB, srtA, glpD, fbp, mntA, mntB, mntC, cntE, pncA,
ubiE, perR) (15). These loci encode core metabolic and nutrient-acquisition functions that appear
essential in blood irrespective of the presence of immune effectors. The limited overlap likely reflects
both technical and biological factors. Technical differences may arise from variations in transposon
library saturation and size, experimental design, and statistical thresholds. Biologically, our study
employed fresh whole blood, which retains active immune components including leukocytes,
complement, antimicrobial peptides, and nutrient sequestration mechanisms (5). In contrast, Chang et al.
used processed blood, in which immune cells are removed and complement activity is largely inactivated
(15). This physiological distinction likely underlies the divergent signatures observed, particularly within
stress response and energy metabolism pathways. In processed blood, mutants lacking oxidative stress
protection (ahpC, ahpF) and mutants in several DNA repair genes (uvrd, uvrB, uvrC, recA, recG, recN,

xseA, xseB, nfo, nth, polA) were strongly enriched (15). This pattern reflects the reduced requirement for




these defensive systems in the absence of leukocyte derived reactive oxygen species and genotoxic
pressure (57). Pathways that support oxidative stress-defenses displayed an opposing fitness profile
between whole blood and processed blood. Mutants in genes of the mevalonate pathway (mvad, mvasS),
which produce isoprenoid intermediates serving as precursors for menaquinone and the antioxidant
carotenoid staphyloxanthin, were enriched in processed blood but depleted in whole blood (58). The
same trend was observed for acnAd, which encodes aconitase and links the tricarboxylic acid cycle to
NADPH production (44). A recent study has shown that loss of acnd markedly reduces NADPH
generation and staphyloxanthin levels, compromising the cell’s ability to detoxify reactive oxygen
species (44). In the absence of immune cells and oxidative stress, these pathways become dispensable
and disrupting them appears to confer a growth advantage. These observations illustrate that bacterial
fitness is context dependent and that the physiological environment can reshape the definition of fitness

requirements.

Despite the successful identification and validation of several fitness determinants, we observed that
some mutants depleted in TraDIS did not show fitness defects when tested individually. Such
discrepancies are common in pooled mutant screens and may result from stochastic loss, sampling noise,
or trans-complementation effects within complex transposon libraries (12, 23, 59, 60). Furthermore, the
use of stringent thresholds in both TraDIS analysis and competitive index assays may exclude genes with
moderate but biologically relevant effects. For example, rpoE (LogFC = —1.8), has been previously
shown to support fitness in blood (61). In competition assays, the choice of cut-off can affect
classification. Previous studies considered mutants with logi0CI < 0 as having reduced fitness relative to
the WT, whereas we applied a more stringent threshold of logioCI < -1 (18, 19). This approach may
explain why some mutants, such as glpD, were not identified as defective according to our criteria. In
addition, although the high density of independent transposon insertions and concordant competitive
assays provide internal validation, individual genetic complementation was not performed. While the
NTML is a well-characterized resource, the potential for secondary mutations cannot be fully excluded.
Finally, our ex vivo model relies on blood from healthy donors. Although this system is invaluable for
controlled experimentation, it may not fully capture the complex immunometabolic landscape present

during clinical bacteremia (62).

In summary, we identified and validated a set of genes that either promote or impair S. aureus fitness in
human blood. These findings expand our understanding of CA-MRSA pathophysiology and demonstrate

the utility of genome-wide fitness profiling in clinically relevant conditions. Future studies integrating in




vivo validation and cross-lineage comparisons will enhance our knowledge of S. aureus pathogenesis and

support the development of more effective targeted therapies.

Materials and methods
Bacterial strains and antibiotics

The strains used in this study are listed in Table S4. Transposon mutants were obtained from the NTML
(63). Strains were cultured in Brain Heart Infusion (BHI) broth or on Brain Heart Infusion Agar (BHIA)
(Microbiol, Cagliari, Italy). When required, erythromycin (5 mg/L) (Sigma-Aldrich, St. Louis, MO,

USA) was added to the medium to select for transposon mutants.
Screening of transposon mutant library in whole blood

Aliquots of the JE2 transposon mutant library were pooled, washed, and inoculated at approximately 4
x 10° colony-forming units (CFU) into 10 mL of whole human blood obtained from three healthy
volunteers. Blood was collected in lithium heparin vacutainer tubes (Hebei Xinle Sci&Tech Co., Ltd,
Hebei, China) and used immediately upon collection. The inoculated blood cultures were processed
independently and incubated at 37°C with aeration for 24 hours. After the first incubation, CFU counts
were determined on BHIA supplemented with erythromycin (5 mg/L). To enhance selection sensitivity
and increase the bacteria-to-blood ratio, 100 puL from each blood culture was transferred into 9.9 mL of
BHI broth and incubated at 37°C with aeration for an additional 24 hours (12). Following the second
growth round, genomic DNA was extracted from approximately 10° mutants using the DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany) with the addition of 0.5 mg/mL (250 units/mL) of lysostaphin
(Sigma Aldrich). The extracted DNA was considered as output and stored at -80°C for subsequent
analysis. A preliminary survival assay in whole human blood was conducted to determine the optimal
inoculum size. This step ensured that sufficient copies of each mutant were present to account for the

expected initial decline in bacterial cell counts upon exposure to whole blood.
TraDIS sequencing

Two micrograms of extracted DNA from the output libraries were resuspended in 100 pL of nuclease-
free water and mechanically sheared to approximately 300 bp using the Bioruptor® Pico sonicator
(Diagenode, Liege, Belgium). The efficacy of the mechanical fragmentation process was assessed by
evaluating the size distribution of the DNA fragments with a High-Sensitivity DNA Kit via the Agilent
2100 Bioanalyzer System (Agilent Technologies, Santa Clara, CA, USA). The fragmented DNA was




subsequently processed to generate blunt-ended fragments using the NEBNext End Repair Module (New
England Biolabs, Ipswich, MA, USA), followed by dA-tailing with the NEBNext dA-Tailing Module
(New England Biolabs). Subsequently, the dA-tailed DNA was ligated to SplAS adapters using the
NEBNext Quick Ligation Module. To enrich for transposon-inserted fragments, PCR amplification was
performed using transposon-specific primers and adapter primers (Table S5) (13, 64). After each step of
library preparation, DNA fragments were purified and size-selected using Agencourt AMPure XP beads
(Beckman Coulter, Brea, CA, USA). The prepared libraries were sequenced on an Illumina MiSeq

platform with the MiSeq V2 50-cycle reagent kit (Illumina), as previously described (60).
TraDIS data analysis

Sequence reads obtained from both the input and output libraries were filtered, mapped, and analyzed
using the BioTraDIS pipeline as modified by Garcia et. al (59, 64). Sequencing quality control of raw
data was verified by FastQC and then processed using the fg2bam.pl script, which adds the transposon
tag (TAAGAGACAG) at the end of the read name and converts the FASTQ files to SAM format. To add
tags to the read strings, SAM files were converted to BAM files using Samtools 1.6, and then back to
FASTAQ files for further analysis. Using the Bacteria tradis script, tags were filtered and removed from
the resulting reads. These reads were then aligned to the reference genome (GenBank accession number:
CP000255.1) using SMALT 0.7.6, with no mismatches permitted. As a result, unique transposon
insertion sites and the corresponding read counts were identified for each gene. The
tradis_comparisons.R script was used to assess the statistical significance of insertion differences
between input and output data and to calculate Log>FC, after normalizing read counts with the trimmed
mean of M (TMM) method in R. Significant genes (q-value < 0.01 and log: counts per million > 3) were
categorized based on their transposon insertion profiles following exposure to human blood. Genes with
LogoFC of < -2 were classified as fitness genes, indicating depletion of transposon insertions under these
conditions. Conversely, genes with a LogoFC >2 were considered enriched, reflecting an increased
representation of transposon insertions. To minimize false identification of fitness genes, we excluded
genes with a mean read count below 150 in the outgrowth control (65). The selected genes were re-
annotated using the AureoWiki database (http://aureowiki.med.uni-greifswald.de) and functionally

characterized using the eggNOG-mapper 2.1.9.




Diversity and bottleneck assessment

Insertional richness and diversity of the transposon mutant library during the ex vivo human blood assay
were quantified at the gene level using read counts from input and output samples. Read counts were
adjusted to account for differences in library size, and for each gene, proportional abundance (p;) was
calculated as the gene’s count divided by the total counts across all genes. Shannon’s diversity index,
Simpson’s diversity index, and Pielou’s evenness were computed from these proportional abundances
using the vegan R package (v4.3.2). Rank abundance curves were generated by plotting the logarithm of
proportional abundances against the ranked mutant lineages, allowing a visual comparison between input
and output libraries. To further quantify potential bottlenecks, the effective population size (N.) was

computed from proportional abundance data using the inverse Simpson diversity index:

1

Ne =
Y p?

This metric reflects the number of equally abundant contributors effectively represented in the population
(66). A decrease in the output relative to input indicates a reduction in library complexity in response to
the selective pressures of the blood assay and is interpreted as evidence of a genetic bottleneck (67). PCA
was performed on normalized insertion counts for all genes using factoextra package to assess replicate

similarity across input, outgrowth control, and blood conditions.
In vitro competition assays

Overnight cultures of WT and mutant strains were washed and mixed at a 1:1 ratio, then inoculated into
5 mL of human blood in triplicate to achieve an initial inoculum of approximately 107 CFU/mL. Cultures
were incubated at 37 °C for 24 h. After incubation, mutant counts were determined on erythromycin-
supplemented plates. WT counts were calculated by subtracting mutant CFUs from the total CFUs
obtained on plates without erythromycin. For assays conducted in BHI, the initial inoculum (TO) was
used as the reference for CI calculations. However, preliminary experiments in blood revealed early
population bottlenecks and rapid fluctuations in the mutant-to-WT ratio, which could bias measurements.
Therefore, the bacterial population after 2 h of incubation (T1) was used as the reference inoculum. CI
was calculated as the ratio of the mutant-to-WT population at the end of the assay divided by the mutant-

to-WT ratio in the initial inoculum.
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4. Discussion

S. aureus is an exceptionally adaptable pathogen whose capacity to transition from commensal carriage
to invasive disease depends on coordinated metabolic, regulatory, and stress response networks. %6366
This thesis used genome-wide functional genomics to interrogate how methicillin-resistant S. aureus
(MRSA) survives across three distinct but complementary environments: (i) the laboratory setting of
transposon library construction and optimization (Paper I), (ii) tissue-specific niches in murine skin,
kidney, and spleen (Paper II), and (iii) fresh immune-competent human blood ex vivo (Paper III). Across
these studies, we employed TraDIS, a specific implementation of Transposon Insertion Sequencing
(TIS), and developed an explicit quality control (QC) and filtration framework to address the unique
vulnerabilities of TIS to bottlenecks, insertion-site bias, and read-depth artifacts.>>>*6768 Together, these

data provide a unified view of the metabolic and physiological architectures that support S. aureus fitness

and highlight how niche specific pressures shape the deployment of shared pathways.
4.1 Strategic Use of TraDIS and the Foundation Laid by Library Optimization (Paper I)

TIS has transformed bacterial genetics by enabling simultaneous measurement of the fitness contribution
of thousands of genes across environmental conditions.*®**¢7% However, the quality and interpretability
of TIS results are entirely dependent on the properties of the underlying mutant library, its saturation,
evenness of insertion distribution, and absence of strong pre-selection events during construction.”®’! In
S. aureus, genetic manipulation is particularly challenging due to its thick cell wall, robust restriction

modification systems, and limited options for conjugative transfer.*’> These barriers have historically

limited library density and introduced strain specific biases that complicate cross study comparisons.

Paper [ addressed these issues by systematically optimizing phage-based transposon delivery and plasmid
curing using Himarl mariner transposon and ¢11-based transduction. Himar1 insertions are restricted to
TA sites, but S. aureus has a relatively high AT content, making this system well suited for high
saturation mutagenesis in this organism.”>’* We selected TraDIS as our TIS platform because it directly
sequences the transposon—genome junctions, enabling both accurate read count quantification and

explicit tracking of unique insertion sites (UIS) at nucleotide resolution.’>-68

A first methodological pillar of Paper I was enhancing transduction efficiency. Phage adsorption to S.
aureus depends critically on wall teichoic acids (WTA), which act as primary receptors for many

siphoviruses, including ¢11.7>7¢ We showed that sub-inhibitory chloramphenicol treatment increased the




number of transductants, consistent with reports that certain antibiotics trigger cell wall and WTA
remodeling that can increase phage receptor density on the cell surface.””-”® In parallel, we developed an
in-house “SN” transduction medium supplemented with B-glycerophosphate and divalent cations (Ca*",
Mg?"), which likely modulate surface charge and cell wall architecture to favor phage adsorption and
early steps of infection.”® These optimizations significantly increased transduction efficiency across
multiple S. aureus lineages (JE2, Newman, COL, MW2, ST398), allowing construction of dense libraries
in both MRSA and MSSA backgrounds.

The second and arguably more conceptually important pillar of Paper I was the demonstration that
temperature-sensitive plasmid curing can itself act as a strong selection bottleneck. Conventional
protocols employ a rapid temperature shift to 43 °C to eliminate the transposon delivery plasmid.’®’? By
comparing two libraries in JE2, one cured using an abrupt 43 °C shift and one cured using a gradual,
multi-step temperature increase, we showed that the rapid protocol caused dramatic depletion of mutants
in heat stress, cell wall, and DNA stability pathways, including genes in cell wall biosynthesis (pbp3,
pbp4, lcpA, auxA, auxB), chaperon e systems (dnaJ, dnakK, grpE), and menaquinone and pyrimidine
metabolism previously linked to small colony variants and temperature sensitivity.”>’#" These changes
occurred before any in vitro or in vivo fitness experiment and would have been misinterpreted as

“essentiality” or conditional essentiality if library construction were not examined explicitly.

By implementing a gradual curing regimen with shorter exposure at 43 °C and additional passages, we
reduced this curing-associated selection and preserved mutants in pathways that are known to be
important for virulence and stress adaptation.”>” Both libraries nonetheless reached ~76% TA-site
coverage, substantially higher than prior USA300 TIS studies that reported ~28—55% coverage.’®S! Thus,
Paper I established that high-density, relatively unbiased transposon libraries can be constructed in
MRSA when curing is carefully controlled, and that library construction steps must be considered an

integral part of experimental design and interpretation rather than a neutral prelude.

This optimized library and the accompanying methodological insight set the stage for Papers II and III,
where we applied TraDIS in murine infection models and fresh human blood to dissect tissue-specific

fitness signatures.




4.2 Design and QC of In Vivo TraDIS Screens: Bottlenecks, Filtration, and Read Depth Aware
Analysis (Paper II)

In vivo TraDIS experiments are uniquely vulnerable to population bottlenecks and PCR “jackpots” that
can distort apparent fitness signatures independently of true biological effects.’>! To address this, Paper
IT combined (i) experimental strategies to minimize bottlenecks, (ii) explicit quantification of library
complexity using UIS, and (iii) a multi-layer filtration pipeline including a bespoke read depth aware QC

step.50’56’68*70

First, we used high dose inocula in all murine models, following theoretical and empirical
recommendations that each insertion mutant should be represented by at least 10—-100 cells in the
inoculum to maintain diversity.® This resulted in high colony-forming unit (CFU) burdens and strong
retention of UIS across skin, kidney, and spleen samples. By quantifying effective population size and
UIS retention per sample, we found that most organs preserved sufficient diversity to support robust
TraDIS inference, with one outlier mouse in the skin model mouse B (MB) showing a pronounced
bottleneck. MB still displayed a depletion profile that was biologically concordant with other skin
samples, so it was retained for initial differential analysis to preserve statistical power but excluded from
downstream read depth aware QC and curation steps, which assume relatively stable UIS diversity and

are highly sensitive to bottlenecks.

Second, we implemented a three-tier filtration pipeline to define fitness and anti-fitness genes during

infection:
1. Dual-contrast requirement (Input—Output N Outgrowth Control—Output)

We required genes to be significantly depleted (or enriched) in both Input-Output (IO) and Outgrowth
Control-Output (CO) contrasts. This design was crucial, because the outgrowth control helps to
distinguish genuine in vivo fitness effects from changes arising during standardized in vitro handling and
early outgrowth in the absence of host pressures.® Genes that appeared significant in only one contrast
(e.g., only IO or only CO) were treated as potential artifacts and removed. This step already eliminated

many candidates that could have been misclassified as “hits” by a simpler [O-only pipeline.

2. Invitro exclusion




We next excluded genes that were also significantly depleted or enriched under purely in vitro conditions,
such as medium-specific growth effects. This ensured that our final set of hits reflected in vivo specific
fitness requirements, removing genes whose altered representation was driven by general growth defects

or medium composition rather than by host factors.
3. Post-hoc, read depth aware QC using UIS and reads per UIS (RPU)

Classical TIS analysis treats read counts as proxies for mutant abundance, but read depth alone is
vulnerable to amplification bias and stochastic fluctuations. To address this, we developed a custom “read
depth aware” QC script that jointly evaluated changes in UIS and reads per UIS (RPU) between

conditions. 707!

If a locus showed large changes in read counts but stable UIS numbers, with >2-fold
shifts in average RPU, it was flagged as a “read depth only” artifact, for example, PCR jackpots or
mapping bias, not a genuine change in mutant abundance. Conversely, loci with reduced UIS and
concordant declines in read depth were considered true depletions, reflecting actual loss of mutant
diversity under selective pressure. This read depth aware QC step is conceptually aligned with guidance

from Chao, DeJesus, Barquist, and others®>>%67:6%

7071 1t allowed us to classify genes into curated
categories such as “true depleted,” “true enriched,” and “flagged (read depth only)”, improving

specificity without sacrificing genuine signal.

A clear illustration of this issue comes from the behavior of purB and purR in the skin abscess model. In
the initial read count only analysis, both loci appeared enriched, which without further scrutiny could
have been misinterpreted as a true increase in mutant abundance. However, when examined through the
read depth aware QC framework, their UIS counts remained stable, and the apparent “enrichment” was
instead driven by a disproportionate rise in RPU, a hallmark of PCR jackpotting or mapping bias rather

533659677071 Consequently, purB and purR were reclassified as “flagged

than biological selection.
enriched”, technical artifacts rather than genuine anti-fitness signals, and were excluded from the final
tissue-specific hit list. This example underscores the necessity of applying a rigorous QC pipeline:
without UIS-based verification, raw read count distortions would have been mistakenly interpreted as

53.3659.68.70.71 Together, the high-dose inoculum strategy, UIS-based

meaningful biological outcomes.
bottleneck measurement, dual-contrast design, in vitro exclusion, and read depth aware QC produced a
conservative but stable set of tissue-specific fitness and anti-fitness genes. This design explicitly

addresses concerns raised in earlier S. aureus Tn-Seq studies, where replicate pooling, lack of input




output pairing, or unquantified bottlenecks hindered direct comparison and may have contributed to

conflicting results in the literature,3-60:61.81-83

4.3 Tissue-Specific Fitness Architectures in Murine Skin, Kidney, and Spleen (Paper II)

With this rigorous framework in place, Paper Il mapped the genetic requirements for S. aureus fitness in
three distinct niches: skin abscess, kidney, and spleen. These environments differ in immune
composition, oxygen tension, nutrient availability, and the balance of acute vs. chronic host responses,

and our results highlight both a conserved metabolic core and strong niche specific specializations.

Across all three tissues, we observed a common dependence on de novo nucleotide biosynthesis, central
carbon metabolism, and respiratory chain function, in agreement with recent reviews emphasizing
nucleotide and carbon metabolism as central to S. aureus pathogenesis.’®***® Pyrimidine biosynthesis
mutants were consistently depleted in skin, kidney, and spleen, reinforcing the view that this pathway is
broadly essential in vivo.®® Purine biosynthesis genes were likewise required in systemic tissues,
consistent with studies showing that de novo purine synthesis is crucial for intracellular growth and
hypervirulence of purR mutants.®*° The concordance of our curated hits with independent data

strengthens confidence in the biological signal after QC.

Gluconeogenesis emerged as a core requirement across sites, with fructose-1,6-bisphosphatase (fbp)
consistently classified as a fitness gene. This is compatible with models in which glucose is scarce during
infection and S. aureus must use gluconeogenic substrates -glycerol, amino acids, TCA intermediates-
to sustain hexose phosphate pools and pentose phosphate pathway PPP flux, thereby generating NADPH
for oxidative stress defense and supporting nucleotide and cell wall biosynthesis.”’®* Although TraDIS
alone could not fully resolve flux directionality, competitive assays in gluconeogenic medium (M9)
confirmed that fbp, pckA, and gapB mutants are at a disadvantage, and tissue-specific competitive index
results revealed that the relative importance of these nodes differs between kidney and spleen. In kidney,
pckA and fbp were critical, suggesting reliance on canonical gluconeogenesis from oxaloacetate, whereas
in spleen, gapB and fbp were more important, compatible with gluconeogenic input downstream of
oxaloacetate via glycerol or certain amino acids. In skin, only fbp was essential, reflecting a more

restricted but still crucial gluconeogenic role.

In the skin abscess model, strong depletion of ahpC, ahpF, dps, uvrABC, recD, xseA, and related loci

highlighted the dominance of oxidative and genotoxic stress at the host—pathogen interface.5%-8%-95-9




vivo and in vitro competition assays, including H20: exposure mimicking neutrophil-derived ROS,
confirmed that disruption of ahpC, ahpF, and dps compromises bacterial fitness, and similarly for uvrC
and xseA, underscoring the importance of DNA repair. Enrichment of perR mutants further supports a
model in which constitutive derepression of antioxidant defenses is advantageous in this niche.”>°’ These
findings are consistent with prior studies of neutrophil responses and ROS driven killing in S. aureus

infection.”’

In systemic tissues (kidney and spleen), fitness signatures shifted toward amino-acid catabolism,
membrane remodeling, and energy coupled envelope biogenesis. Mutants in the branched-chain amino
acid (BCAA) degradation pathway, bkdAA, bkdAB, bkdB, ilvE, IpdA, and in the uncharacterized
SAUSA300 0355 were strongly depleted in kidney and spleen but not in skin, pointing to a specific
requirement for these pathways under systemic conditions.”’** 1% BCAA catabolism supplies branched-
chain acyl-CoAs that initiate branched-chain fatty acid (BCFA) synthesis via FabH, which in turn tunes
membrane fluidity, resistance to environmental stress, and activation of two-component systems.”1%0

105 The link between membrane composition, envelope stress, and virulence regulation is well

established, and our data position the BCFA pathway as a central hub in systemic infection.

SAUSA300 0355, annotated as a putative acetyl-CoA acyltransferase, likely connects BCAA- and acetyl-
CoA—derived units to the mevalonate (MVA) pathway, which produces isoprenoid precursors used for
menaquinone and undecaprenyl pyrophosphate (Und-PP) synthesis (30,57,58). These intermediates are
required for respiration and for exporting peptidoglycan precursors and wall teichoic acid, so defects in
MVA flux impair cell-wall integrity and respiratory capacity.!*1% Competitive assays confirmed that
mutants in bkdAB and SAUSA300 0355 are severely compromised in systemic infection, supporting a
model in which amino-acid catabolism and MV A-dependent isoprenoid synthesis create an integrated

membrane respiration cell wall axis that is particularly important in kidney and spleen.

Parallel depletion of SAUSA300 0458, a putative ornithine/lysine/arginine decarboxylase, in systemic
but not skin niches suggests that basic amino-acid catabolism and polyamine production may also
contribute to deep-tissue fitness.!?” ! Polyamines are known to stabilize nucleic acids and membranes
and to modulate stress responses in other bacteria, and recent evidence of endogenous putrescine and N-
acetyl-putrescine in S. aureus indicates that this pathway may be more active than previously

thought.!®-!1 While our cautious interpretation avoids over-claiming functions not yet experimentally




validated, the systemic-specific depletion of SAUSA300 0458 is consistent with a broader theme: amino-

acid catabolism feeding global metabolic and envelope adaptations in deep tissues.

Taken together, Paper II delineates a tissue-tuned metabolic network wherein skin infection is dominated
by oxidative stress and DNA damage control, whereas systemic infection is dominated by amino-acid
catabolism, membrane remodeling, and energy-coupled envelope biosynthesis. Both regimes are layered

on top of a shared backbone of nucleotide, carbon, and respiratory metabolism.

4.4 Fitness Determinants in Fresh Human Blood and Context-Dependent Definitions of “Fitness”

(Paper III)

Paper III extended the TraDIS analysis to fresh human blood, an ex vivo system that captures key
elements of bloodstream infection including viable neutrophils, monocytes, complement, antimicrobial
peptides, and nutritional immunity factors.>>80-979%1L12 egpite a detectable bottleneck during the blood
exposure, UIS counts and effective population size indicated that the library remained sufficiently diverse
for meaningful TraDIS inference. This is crucial, because blood imposes simultaneous nutrient,
oxidative, and immune pressures that can rapidly collapse diversity if inoculum design and incubation

conditions are not carefully controlled.>>*7111:112

The blood screen revealed a strong dependence on de novo purine biosynthesis (purA, purB), consistent
with the view that the bloodstream offers limited salvageable purines due to host sequestration and rapid
nucleotide turnover.3>#!13 Competitive assays confirmed that pur4 and purB mutants are significantly
impaired in human blood, underscoring the need for metabolic autonomy in nucleotide supply. Combined
with prior data from pneumonia and osteomyelitis models, these findings reinforce purine biosynthetic

enzymes as attractive but challenging antimicrobial targets due to homology with host enzymes.348%90-114

In line with the murine work, blood fitness also depended on central carbon metabolism and respiration.
Mutants in glpD, glpP, fbp, gpmA and TCA-cycle genes (acnd, icd) were depleted, indicating a
requirement for glycerol catabolism, gluconeogenesis, and TCA-derived reducing equivalents to power
the electron transport chain.3619394115 The depletion of pncA, encoding nicotinamidase, further
highlighted the importance of NAD* regeneration for sustaining respiratory flux and redox
balance.”>!!*!15 These patterns are consistent with the idea that energy generation and NADH/NADPH
homeostasis form a central metabolic node that integrates inputs from glycerol, amino acids, and TCA

intermediates to support survival in a nutrient-limited, oxidatively stressful environment.




Blood also sharpened the role of metal acquisition and heme homeostasis. Nutritional immunity restricts
the availability of manganese, zinc, and iron through host proteins such as calprotectin, transferrin, and
lactoferrin. 3> 1116117 Muytants in manganese transport (mntA, mntB, mntC) and zinc uptake (znuB, znuC)
were depleted, consistent with their established roles in systemic infection and oxidative-stress
defense.®>!'%!7 Surprisingly, only fhud from the iron acquisition systems emerged as a robust fitness
determinant, suggesting that siderophore-mediated iron import is particularly important under the

specific conditions of our ex vivo blood model.!!!!13:116

The heme response regulator system hssRS and its efflux transporter hrtAB were also required for
optimal blood fitness, in line with the dual role of heme as both nutrient iron source and pro-oxidant
toxin.”*!!® Disruption of these systems impairs ability to detoxify excess heme and sensitizes bacteria to
oxidative damage.**!!® Interestingly, prior work in livestock-associated MRSA ST398 showed lineage-
specific differences in the contribution of hssRS/hrtAB to blood fitness,'!” suggesting that heme toxicity

management is an area where clonal background and ecological history strongly influence adaptation.

Perhaps the most conceptually intriguing findings in blood were the genes whose inactivation enhanced
fitness. Insertions in saeRS, sigB, and downstream surface adhesins such as fnbA4 and clf4 were enriched
after blood exposure, indicating that full expression of these virulence and stress regulons imposes a cost
in the bloodstream.’®!''2120 These loci are essential for tissue colonization, abscess formation, and
immune evasion in vivo,°*3%100115 byt in blood where adherence substrates are limited, and immune
surveillance is intense high level expression of immunogenic surface proteins and toxins can accelerate
opsonophagocytic killing. Thus, reduced expression of certain classical virulence factors can
paradoxically increase short term fitness in blood, illustrating the context-dependent nature of

“virulence” and “fitness.”

Cross lineage and cross-experiment comparisons further emphasized context dependence. When we
reanalyzed TraDIS data from ST398 strains and compared our fresh-blood results with a Tn-Seq study
of USA300 in processed, leukocyte-depleted blood, we found relatively limited overlap outside of core
metabolic and acquisition functions (e.g., purd, purB, fhuAd, glpD, fbp, mntABC, cntE, ubiE,
pncA).S% 12119 Processed blood lacks active leukocytes and has reduced complement activity, which
explains why mutants in DNA repair and oxidative-stress pathways that are disadvantaged in whole

blood may appear neutral or even enriched in cell-depleted preparations (24,49).”7-!!! These differences




illustrate a central point of this thesis: bacterial fitness is not an intrinsic property of a gene but an

emergent property of the gene—environment interaction.

4.5 A Unified Model: Metabolic Backbone with Niche-Specific Specialization

Taken together, Papers I-III support a unified model in which S. aureus survival across host niches is
built upon a conserved metabolic backbone overlaid with tissue-specific adaptations and context-

dependent trade-offs.

5. Conserved Backbone

a. De novo nucleotide biosynthesis, gluconeogenesis, TCA-cycle activity, and respiration
(menaquinone/MV A pathways) are broadly required in skin, systemic tissues, and blood.

b. Metal acquisition (Mn, Zn, Fe) and heme homeostasis are critical across host niches, with
heme stress being most prominent in systemic tissues and blood where nutritional
immunity is active.

c. These pathways intersect with stress defenses (e.g., PPP-derived NADPH and
ETC/quinone-mediated redox control) and are essential for supporting DNA repair,
envelope biosynthesis, and energy intensive virulence programs.

6. Skin Abscess

e Fitness dominated by oxidative stress defense (AhpCF, Dps) and DNA repair/SOS
response (UvrABC, RecD, XseA).

¢ Immune-driven ROS and RNS exposures create a landscape where maintaining genome
integrity and detoxifying peroxides are paramount.

7. Kidney and Spleen (Systemic Infection)

e Fitness dominated by amino-acid catabolism (BCAA, basic amino acids), BCFA-
mediated membrane remodeling, and MV A-dependent isoprenoid synthesis.

e These tissues demand robust energy generation, membrane integrity, and envelope
biogenesis under conditions of fluctuating nutrients and strong but more distributed
immune pressures.

8. Fresh Human Blood
e Fitness dominated by nucleotide and energy metabolism, metal acquisition, and heme

detoxification, alongside context-dependent costs of virulence expression.




e QGenes that are essential for tissue colonization may be disadvantageous for transient

survival in the bloodstream, highlighting a trade-off between “stealth” and “aggression.”

This model helps reconcile some of the variability across previous Tn-Seq/TraDIS studies in S. aureus,
by showing how differences in inoculum design, bottleneck severity, host compartment, and immune

status can reshuffle the apparent hierarchy of essential genes.

4.6 Methodological Limitations and Future Directions

Despite the advances made, several limitations remain. TraDIS measures fitness in pooled mutant
populations, so it underestimates the importance of secreted “public goods” and cooperative traits and
cannot assess genes that are essential under all conditions because they lack insertions. Polar effects in
operons complicate gene-level interpretation. Single-mutant infections were validated only for a subset
of hits; broader validation and complementation would strengthen causal inference. The murine models,
although physiologically relevant, cannot fully recapitulate the complexity of human infection, and the

human blood experiments used ex vivo conditions without repeated day/batch experiments.

Nevertheless, the combination of optimized library construction, explicit bottleneck measurement, dual-
contrast differential analysis, in vitro exclusion, read depth aware QC, and targeted competitive assays
provides a rigorous framework that can be extended to other strains and infection models. Future work
should integrate transcriptomics, metabolomics, and fluxomics with TraDIS to connect fitness
phenotypes to pathway activity and metabolic flux and explore cross-strain portability by transducing
key mutations into divergent lineages. Human-relevant models, such as 3D abscess systems, organoids,

and chronic infection models, will help translate these findings into clinically meaningful insights.

Ultimately, this thesis demonstrates that S. aureus pathogenesis is best understood as the behavior of a
tissue-tuned, metabolically wired, stress-responsive system, and that genome-wide fitness profiling,
when paired with robust QC and deep biological interpretation, can uncover vulnerabilities that might be

obscured in reductionist models.
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5. Conclusion

This thesis provides a comprehensive functional genomic analysis of how S. aureus USA300 adapts to
distinct host environments, integrating methodological refinement, rigorous TraDIS analytics, and
targeted validation. Together, the three papers demonstrate that MRSA survival is governed not by a
single universal set of essential genes but by the interaction between a conserved metabolic foundation

and niche-specific pressures.

Paper 1 established that transposon library construction is not a neutral process: conventional
temperature-sensitive curing can create strong, unrecognized selection on mutants involved in heat stress,
cell wall stability, and DNA maintenance. By optimizing phage-based delivery and implementing a
gradual curing protocol, we minimized these biases and produced a highly saturated, relatively unbiased
library suitable for in vivo experimentation. This work highlights the need to treat library construction as

a critical experimental variable when interpreting TIS data.

Using this optimized library, Papers II and III applied a stringent analytical framework -including high
inoculum design, UIS-based bottleneck quantification, dual-contrast (IO and CO) comparisons, in vitro
exclusion, and a bespoke read-depth—aware QC pipeline- to identify true fitness determinants while
filtering out technical artifacts. This framework directly addressed limitations that have complicated
earlier S. aureus Tn-seq studies, such as bottleneck distortion, PCR jackpotting, and misclassification of
read-depth—only changes as biological signal. Validation using NTML mutants confirmed the accuracy

of key findings.

Across infection models, a conserved metabolic backbone emerged: de novo nucleotide biosynthesis,
gluconeogenesis, and TCA cycle activity supported MRSA survival across multiple host environments.
However, each niche imposed distinct selective pressures that shaped specialized fitness signatures. In
skin, oxidative, and genotoxic stresses dominated, leading to strong depletion of antioxidant systems
(AhpCF, Dps) and DNA repair pathways (UvrABC, RecD, xseA), with enrichment of perR mutants

reflecting the advantage of derepressed oxidative stress responses.

In systemic tissues (kidney and spleen), the fitness landscape shifted toward amino acid catabolism,
branched chain fatty acid dependent membrane remodeling, and mevalonate/isoprenoid pathways
feeding cell-wall and respiration-linked processes. The strong depletion of BCAA degradation genes and

the uncharacterized SAUSA300 0355 underscored the importance of metabolic inputs that sustain




envelope biogenesis and energy production under deep-tissue conditions. SAUSA300 0458, a putative
basic amino-acid decarboxylase, showed similar systemic specificity, reinforcing the role of amino-acid

catabolism in tissue adaptation.

In fresh human blood, fitness reflected the combined action of nutritional immunity, oxidative pressure,
and energy limitation. Purine biosynthesis, central carbon metabolism, TCA-linked energy generation,
and metal uptake systems (Mn'', Zn'") were critical, alongside heme detoxification through
hssRS/hrtAB. Interestingly, several classical virulence regulators and adhesins (saeRS, sigB, fnbA, clfA)
were disadvantageous, illustrating that high expression of immunogenic factors carries a cost in immune

competent blood and emphasizing that “fitness” is context dependent.

Overall, these findings converge on a unified model: MRSA relies on a stable metabolic core but deploys
highly tailored adaptations depending on the host niche. Skin infection is dominated by oxidative damage
control; systemic infection depends on amino acid catabolism and membrane remodeling; and blood
survival requires metabolic autonomy, metal acquisition, and heme stress management. This work
clarifies inconsistencies in previous TIS datasets, provides methodological improvements to reduce false
discoveries, and defines physiologically relevant adaptations that underlie MRSA survival during

infection.
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