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Abstract

Staphylococcus aureus known for its ability tathrive in diverse host niches through various
adaptive strategies. A key feature of this species is its ability to exhibit various phenotypes, such
as the small colony varias(SCVs) and the inoculum effect, both of which are associated with
persistent and difficulto-treat infections. However, our current understanding of these phenotypes
mostly comes from studies on relatively small cohorts, with findings that, while valuablepotmay
fully represent the complexity seen in r@airld infections. To address this gap, | leveraged a
collection of 7,604S. aureussamples from a larger study cohort of over 38,000 bloodstream
infections (BSIs) collected in the Calgary health zone froi626 2020. Wholgenome
sequencing on these isolates was completed at the Broad Institute of MIT and Harvard.
Metabolomics and proteomics data wegenerated usingultra-high-performance liquid
chromatography masspectrometry (UHPLEMS) andtandem mass ta@MT)-labelingLC-MS

based analyses, respectively, at the Calgary Metabolomics Research Facility. This uniquely large
cohort of isolatesntegrated with multibomics data and administrative health recppisvided a

great opportunity toreevaluate exiging knowledge and deeply investigdtemolecular
underpinnings of these two clinically important phenotygetditionally, from my experience

with working in the field of microbial metabolomit¢dearned that one of the key challenges in
studying metabolism in the complex systems isvdrgability in metabolomic phenotypesross
differentbatchesf culture mediaTo address this, along the way of understanding the molecular
underpinnings 08CVs and theefazolin inoculum effect (CzIE) i8. aureusSls, | developed a
chemically defined mediuén Biomarker Enrichment Medium (BEM)thatnot onlysupports the
growth of BSI pathogensncluding S. aureuy but also enableantibiotic susceptibility testing

and restorekey metabolic biomarkers used to differentiate six common@8iogensMy thesis
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has two main biological findings. First,ynresearch on SCVs differs fropnevious reports
regarding phenotypic instability and more severe infectidnike confirmingprior findings related

to SCMinked protein expression patterns. Furthermore, this researchshwsn a greater
molecular diversity underlyinthe SCV phenotype than previously appreciatasl my genomic
analysis identified >300@andidatemutations associated with SEVIhese findings suggest that
characterization of SCVs as a single phenotype is a simplification of what they areworeal
infections. Second, my research on thelactamaseroducing methicillirsusceptible
Saphylococcusaureus(MSSA) isolates fromhe Calgary BSI cohort collected in 202014 and
2019 study did not find a significant association between CzIE and higher mortality rates.
However, specific molecular characstitcs for the majority of CzIE isolates were identified:
cl onal compl ex 30, accessor y -lagtemaseAdditogallylaat or y
novel single nucleotide polymorphismm the bla operon was identified in MSSA isolates
exhibiting the norCzIE phenotype, which led to a disruption in the inducibility oftilaeoperon

in these isolates.Collectively, these studies have provideddegper understanding of
epidemiologic, phenotypic, and molecular characteristiahe@8CV phenotypeand CZIE in S.

aureusBSIs.



Preface

My thesis includes two introductory chapters followedhrgeresearch chaptersontaining both
published and unpublished wofkhapter 1 is an unpublished minireviewthe author, M. Mapar
discussing the clinical relevance, characteristics, and adaptatioBsapifiylococcus aureus
Chapter 2 is a review artictecentlypublished asM. Mapar, T. Rydzak, J. W. Hommes, B. S. J.
Surewaard, I. A. Lewis, Diverse molecular mechanisms underpirBtaghylococcus aureus
small colony variantsTrends Microbiol, (2024).Appendix | contains copyright permission from
co-authors and the copyright disclaimer from the joufimahds in MocrobiologyChapters 3 and
4 are manuscripts in progress, containing unpublished data generated and dyallyzemlithor.
The genomics data in these chapters were generated through collaborations between the University
of Calgary, the Harvard T.H. Chan School of Public Health, and the Broad Institute of MIT and
Harvard. Theclinical samplesandtheir correspondingmicrobiology records were provided by
Alberta Precision LaboratorieShe administrative health recordsked to the bloodstream
infection sampleswereprovided by Alberta Health ServiceBhe experiments reported in these
two chapters were covered by the ethics certificate number RBBAR Chapter 5 is a research
article published asyl. Mapar, T. Rydzak, R. A. Groves, I. A. LewBjomarker enrichment
medium: A defined medium for metabolomic analysis of microbial pathogeost. Microbiol.

13, 957158 (2022). Appendix Il contairpyright permission from the eauthors and the
copyright disclaimer from the journkrontiers in MicrobiologyAdditionally, | have contributed
to two other published papers and varioupriogress manuscripts during my PHr example,

| am the second author of a paper publishedrags. Groves, M Mapar, R Aburashed, LF.
Ponce, SL. Bishop, T Rydzak, M Drikic, D. G. Bihan, H Benediktsson, FClement, D B.

Gregson, I A. Lewis, Method for quantifying the metabolic boundary fluxes of cell cultures in
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large cohorts by highesolution hydrophilic liquid chromatograpimyass spectrometrnAnal.
Chem .94, 88748882(2022. | amalso the sixth author of a paper publishedlafkydzak, R A.
Groves, RZhang, RAburashed, RPushpker, MMapar, | A. Lewis, Metabolic preference assay

for rapid diagnosis of bloodstream infectioNst. Communl3, 2332 022.
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Chapter 1: Background Information

1.1: Importance of Staphylococcus aureus

Staphylococcus aureus a versatile human pathogen responsible for a wide range of clinical
syndromes, from minor skin rashes to severe conditions, such as bacteremia, endocarditis,
osteomyelitis, pneumonia, sepsis, toxic shock syndrome, and delated infectiond1,2].
Infections withS. aureuscan occur in both community and hospital settings, and treatment has
become increasingly difficult due to the rise of mdliug resistant straing8,4]. S. aureuss
commonly found in the environment as well as in the normal human flora, particularly on the skin
and mucous membranes, with the nasal passages being a common colonizatidh. site
Approximately 3650% of healthy adults are colonized w&haureuswith 1020% persistently
carrying the bacterig]. Colonization increases the risk of subsequent infection, with rates notably
higher among individuals with type 1 diabetes, intravenous drug users, patients undergoing
hemodialysis, surgical patients, those with acquired immunodeficiency syndrome, limddrea

workers[1,5].
1.1.1:Morphological and biochemicalcharacteristics

S. aureuss a Grampositive bacterium (stained purple by Gram staining) that appears cocci
shapedn grapelike clusters (cells divide itwo planesjunder microscopical examinatiQRigure

1.1). This species is nemotile (no flagella) and nomsporeforming, and its cell size is
approximately 1 um in diamet@r]. S. aureuss different from other staphylococcal species due

to its characteristic goldecoloured colonies(he name fAaur euso means gol

[8] and its ability to test positive for typical biochemical identification tests, including catalase
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trait shared by all pathogenstaphylococcakpecies) coagulasedjfferentiating it from other
staphylococci specigs novobiocin sensitivity (distinguishing it fromStaphylococcus
saprophyticuy and mannitol fermentatiofdifferentiating it fromStaphylococcus epidermiglis
[1,9,10] As a facultative organisng. aureuscan grow both aerobically and anaerobically and

thrives at temperatures ranging from 18°C to 4[FIC

BB0IKV/1.0. 50000x SE '3

Figure 1.1: Scanning electron micrograph ofS. aureusunder high magnification of 50000x.

Photo has a fre-use CCO licence and is adopted fraanee picturestaphylococcus aurep:

bacteria (pixnio.con))

The genome o8. aureuss approximately 2.8 megabase pairs and contains around 2600 open
reading frames, which make up 84.5% of the genome. The GC content is roughly 33%.
Additionally, S. aureugypically harbors a single plasmid of about 25 kilobase pairs, with a GC
content of 28.7%. This plasmid carries genes responsible for encoding resistance to antibiotics,
antiseptics, and heavy metdlsl]. The genome ofS. aureusvas completely sequenced and

annotated for the strain NCTC 8325 in 2(JA@Q]. Since then, other reference strains, such as
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Newman, COL, USA300, MRSA252, MW2, MSSA476, N315, Mu50, JH1, JH9, and RF122, have

been completely sequenced and used for many studes

1.1.2:Cell structure and virulence factors

The cell wall ofS. aureushas a complex structure. It is composed of approximately 50%
peptidoglycan, which surrounds the cytoplasmic membrane, providing integrity and physical
strength (Figurd.2). Peptidoglycan also plays an important role in immune system evasion and
serves as a scaffold for attaching proteins and other molecules invol$diumeussirulence,

such as protein Al4]. Teichoic acids are the other major components of the cell wall that are
composed of alternating phosphate and ribitol (wall teichoic acids) or glycerol (lipoteichoic acids).
Wall teichoic acids covalently bind to peptidoglycan, and lipoteichoic aciddirkked to a
glycolipid terminus anchored in the cytoplasmic membrane. Teichoic acids increase cell wall
integrity and are important in bacterial pathogenesis, such as adhesion to host cells and biofilm
formation[15]. Most staphylococcalpecies produce capsular polysaccharides, which are known
for their antiphagocytic roleCapsular polysaccharides camask surface components, like
peptidoglycan and teichoic acids, thus reducing the effectiveness of the immune system in
recognizing the bacterig 6]. Penicillinbinding proteins (PBPs) are also one of the important
components of th8. aureusell wall that are embedded in the cytoplasmic membrane, playing a
crucial role in the assembly of the bacterial cell iadl]. These componerg are essential for
maintaining bacterial integrity, facilitating immune evasion, and supporfngaureus

pathogenicity.
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Figure 1.2: The structure ofS. aureusalong with the most important secreted andsurface

proteins, and the timing of their synthesis during different stages of bacterial growth.

S. aureusexhibits a diverse set of virulence factors that contribute to its capacity to cause severe
infections. The surface proteins $f aureusnclude protein A (which masks antigens by binding

to the Fc region of immunoglobulin), clumping factors, fibronebiimding proteins, collagen
binding proteins, and elastliinding proteins. These surface proteins play an important role in the
ability of bacteria to colonize host tissues and aid in immune evasion by binding the bacteria to
extracellular matrix proteins within host cells [1]. Thus, these proteins have been designated

microbiatsurface components recognizing adhesive matrix moleculestidwhly, S. aureus
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secretes a range of toxins and extracellular proteins, such as coagulase (which catalyzes the
conversion of fibrinogen to fibrin), hemolysins (which lyse erythrocytes), staphylokinase, lipase,
toxic shock syndromtxin 1, enterotoxins (which trigger systemic inflammatory responses), and
pantonvalentine leucocidin (a toxin with broad cytotoxic capabilities). Together, these virulence
factors destroy host tissues and facilitate the spread of infection. Anotheirldeynce factor is
catalase, which facibites the intracellular survival of bacteria by degrading hydrogen peroxide, a
reactive oxygen species employed by host immune [ddlls In summaryS. aureusemploys a

wide range of surface proteins, toxins, and enzymes to effectively colonize host tissues, evade

immune defenses, and damage host cells.

1.2: Resistancepatterns

S. aureusas demonstrated a remarkable ability to develop antibiotic resistance, primarily through
the acquisition of mobile genetic elements that facilitate the transfer of resistance and virulence
factors from other bacterial speciexluding Staphylococcustraing[18]. Overuse of antibiotics

also exerts selective pressure, pushing previously susceptible isolates to evolve resistance
mechanismg$19]. The most wetknown example of antibiotic resistanceSn aureusemerged
following the introduction of penicillin in 194420]. This species developed resistance by
acquiring theblaoper on, wh Hactamasenan endyee thdb inactivates penicillins by
hydr ol y Aactangring. This prdress prevents penicillin from binding to its target, the PBPs,
thus inhibiting the drug to disrupt bacterial cell wall synthEs8$. This mechanism was acquired
through plasmieencoded penicillinase, rather than being nativeéStcaureus[21]. In 1959,

semi synthetic penicillins, such as methicill:i

lactamase resistance, but shortly after their introduction, methigkistantS. aureugMRSA)
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strains emergefR2]. This resistance was conferred by thecAgene, which encodes PBP2a, a
protein that reduces the binding affinity of antibiotics to the bacterium. It is believesl tnatus
acquired themecAgene from other staphylococcal specj2g]. These examples show how

resistance to penicillin was rapidigvelopedn S. aureusnfections.

There has been increasing concern abougactheisition of resistance to other antibioticsSin
aureus Vancomycin resistance is an important example that is likely to pose a major therapeutic
challenge in the future. Identified I®96, vancomyckintermediateS. aureugVISA) displayed

mi ni mum inhibitory concentrations (MIC) of vat
of <2 [¥JgYantbmycinresistantS. aureugVRSA), which was first reported in 2002,
shows an even HnmlLy Thes resisthhce is knkad 6 the agquisition of amA

gene fromEnterococcus a completely different bacterial gen{&8]. Another example of
resistance acquisition 5. aureusis the emergece of clindamycinresistant strains. The
susceptibility ofS. aureuso clindamycin can be variable, and both methicilursceptibleS.
aureus(MSSA) and MRSA isolates can either have inherent or inducible resistance. Studies have
shown clindamycin resistance rates as high as 32.7% in MSSA and 90.8% in [dBSBata

from a multihospital database between 2007 and 2011 reported that 39.1% to 48.48arelus
isolates were resistant to clindamycin, without distinguishing between MRSA and [235A
These examples show thasistance to different antibiotics is rapidly spreading an®ragireus

strains.

1.3: Inoculum effect

Soon after the introduction of n-lmdtammardibiotiggeni ci

became widespread due to their fast bacterial eradication and broad therapeutic [@Bjdow
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Around the same time, researchers first observed that bacterial inoculum size could aifiexct
susceptibility testing of penicillif26]. Throughout the 20th century, the impact of bacterial
density on tlicem anfibfotice eeame actdpic @ interest as clinicians debated
whet her t he -lasten shoultl be adjustedfaccading to the bacterial load at the site of
infection[27,28] Since its discovery, the inoculum effect (IE) has been observed in several high
burden infection models, including endocarditis, sepsis, osteomyelitis, and pne{2AR28e84].
Extensive resear ch h a slactarrasgroduciogisttains, suencas MSSAt he
and Grarmegative bacteria likeEscherichia coli Klebsiella pneumonige Pseudomonas
aeruginosaandHaemophilus influenzg@3,35-39]. Due t o t helactamadectypesa n g e
produced by Gramegative pathogens, many studies have investigated enzymes ranging from
narrows p e c t-lactammasds, such as temoneira (TEBT) and sulfhydryl variable (SH}?0],

to extendees p e c t-lactamasdf31,33]and carbapenemasiéd].

IE can lead to increased antibiotic toleranceSinaureusin addition totraditional resistance
mechanismsAt high bacterial densities (> 1ICF U/ mL) , the | arge- amoun
lactamase enzyme can effectively hydrolyze penicillin at a high enough rate to inactivate its
antibacterial effecf42]. As a result, the antimicrobial activity is attenuated, leading to reduced
susceptibility even in strains that are otherwise susceptible at lower concentfa@pnshis
phenomenon highlights the importance of considering bacterial load in clinical treatment, as even

susceptible strains may exhibit resistatike behaviour under higbensity conditions.

IE camot be detected wittoutine antimicrobial susceptibility testing, as this effect is not observed
at lower bacterial concentrations 18> CFU/mL). As a result, thelinical relevance of minimum

inhibitory concentrations determined at standard concentration, according to Clinical and
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Laboratory Standards Institute guidelines, may be limited, particularly for infections with high
bacterial densities, such as endocarditis or medical daggeciated infectior{g3]. Therefore, it
is essential for clinical microbiologists to recognize the significance of the IE and adjust their

testing protocols accordingly to screen for the IE phenotype.

1.4: Small colony variants

Unlike traditional resistance mechanisms that rely on acquiring new resistance genes from other
strains during the horizontal gene transfer process or increased resistance due to high bacterial
load,S. aureusan develop phenotypes within a clonal population that confer antibiotic tolerance
[44]. Phenotypic adaptation enables the pathogen to withstand environmental stresses within the
host, evade the host immune system, and resist antimicrobial treatment. Gkieomegllexample

of these phenotypic shifts . aureusare small colony variants (SCVE)5]. SCVs are a slow

growing subpopulation of bacteria characterized by distinct phenotypic and pathogerjég}aits

As their name suggests, SCVs form colonies that are approximatelgrdhehe size of wiliype

bacterial colonies (Figuré.3) [47]. First reported in 1910 as an atypical formEdferthella
typhosa(now known asSalmonella entericaerovar Typhi), SCVs have since been identified in
various bacterial genera and species, includBigphylococcus aureusStaphylococcus
epidermidis Staphylococcus capitiBseudomonas aeruginggdurkholderia cepacigSalmonella
serovars,Vibrio cholerae Shigella spp., Brucella melitensisEscherichia coli Lactobacillus
acidophilus Serratia marcescensandNeisseria gonorrhoeapt6,48,49] SCVs from many of

these organisms have been isolated from clinical samples, including abscesses, blood, bones and

joints, the respiratory tract, and soft tiss{&3.
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Figure 1.3: Tryptic soy bloodagar plates that show (A) normal and (B) SCV phenotype

of S. aureus

Many factors contribute to the formation of SCVs. Environmental stressors, such as low pH, low
temperature, nutrient starvation, exposure to antibiotics or disinfectants, and intracellular
localization within the host, can trigger the emergence of the[@@¥Wotype (Figuré.4) [51,52]

These pressures may sometimes induce permanent geneticsslrasgking in a stable SCV
phenotype[53]. Additionally, genetic mutations in biosynthetic pathways, including those for
hemin, menadione, thymidine, and fatty acids, have also been associated with the development of
a stable SCV phenotys4-60]. However, SCVs may exhibit an unstable phenotype when their
phenotype are not linked to permanent genetic alteraf8js In such cases, removal of the
environmental stressors can lead to spontaneous reversion to tiypevptienotypg1]. Clinical

SCVs are reported to have this unstable phenotype, with a tendency to rapidly revert to the
wildtype form under favourable conditiof#5,62,63] Overall, the variability in SCV phenotypes

highlights the complexity of their persistence and adaptation in different environments
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Figure 1.4: Origins of SCV formation and their universal characteristics.This figure is

adapted from the review paper by Guo ef{¥], which is free to use under the Creat

Commons Attribution licence (G8Y) license.

The identification of SCVs in routine diagnostic laboratories poses significant challenges due to

their distinct physiological, metabolic, and morphological characteristics. For example, SCVs

require more than 24 hours to become visible on solid meditodheir notably slower growth

(approximately six¥fold reduced generation tim¢)0]. Additionally, SCVs exhibit reduced or

absent pigmentation and diminished hemolysis, characteristics that make them difficult to

distinguish from other bacteria, such as sm@molytic streptococdi64] or coagulaseegative

staphylococc[65]. SCVs can also be overgrown by normal isolates in mixed cufd@gsThis

challenges in identification can lead to the premature termination of antibiotic treatments before

clearing SCVs from an infection.
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1.5: Thesis hypotheses and objectives

Although significant progress has been made in understanding the resistance mechaBisms in
aureus critical gaps remain in our knowledge of how these resistance mechanisms affect overall
bacterial fithess and clinical presentation. Two notable examples are the SCV phenotype and the
IE. The primary goal for this thesis was to provide a richer molecnlderstanding of the basis

of these two phenotypes. Unfortunately, a major barrier to studying these phenotypes has been the
limited availability of clinica isolates for indepth investigation. However, | was fortunate to
participate in development of the Calgary bloodstream infections (BSIs) cohort, which includes
7,604S. aureussolates from a larger study cohort of over 38,000 BSIs samples collected in the
Calgary health zone from 2006 to 2020eVeraged this cohort to test two primary hypotheses
related toS. aureusmolecular mechanisms of resistance. My first hypothesis was SCVs do not
originate only from a handful of mutations in hemin, menadione, and thymidine biosynthesis
pathways; instead, SCVs can be caused by a wide range of mutations that have a simiitar growt
related effect. This hypothesis directly contradicts the currently held opinion that SCVs originate
from a limited set of genetic changes. After testing this hypothesis, | went on tg #sses
molecular mechanisms underlying the IE. My second hypothesis proposed that disruption in the
blaoper on, el i mi nat es t-lacemmasgarddacing MSSA isolates whehz | E)
treated with cefazolin. This large Calgary BSI cohort, integrated with omiics data and
administrative health records, provided a unique opportunity to test fyesindses in a way that

has not been previously possible. Over the course of my PhD, | prestrdedevidence that 1)

SCVs represent an ensemble of loosely related phenotypes, not a single phenomenon, 2) a deletion
of adenine at position 1417 of thkaoper on i s one of several me

lactamasegproducing MSSA strains from exhibiting the CzIE phenotype.
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Additionally, from my experience working in the field of microbial metabolomics | learned that
one key challenge in studying metabolism in the complex systems is the variability in metabolomic
phenotypes across different batches of culture media. Thaspadary goal of my thesis was to
develop a reliable method for reproducing stable metabolic bacterial phenotypes. My hypothesis
was that a consistent nutritional environment leads to stable and reproducible metabolic
phenotypesin vitro. Using liquid chronatographymass spectrometrybased metabolomics
approaches, | developed a chemically defined medium that supports the growth of pathogens,
restores the metabolic biomarkers used to differentiate the top six BSI species, and allows for

antibiotic susceptibility testing.
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2.1: Abstract

Small colony variants (SCVs) dbtaphylococcus aureusre a relatively rare but clinically
significant growth morphotype. Infections with SCVs are frequently difficult to treat, inherently
antibioticresistant, and can lead to persistent infections. Despite over a century of research, the
molecular underpinngs of this morphotype and their impact on the clinical trajectory of
infections remain unclear. However, a growing body of literature indicates that SCVs are caused
by a diverse range of molecular factors. These recent findings suggest that SCVsestionud it

of as an ensemble collection of loosely related phenotypes, and not as a single phenomenon. This
review describes the diverse mechanisms currently known to contribute to SCVs and proposes an

ensemble model for conceptualizing this morphotype.
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2.2: Small colony variants: adaptive lifestyle for persistent infections

Staphylococcus aureusolates have a variety of growth morphotypes that can affect the clinical
trajectory of infection$66,67] Small colony variants (SCVs) are one of these morphotypes that
are reported to have an incidence as high as 72% in clinical specimens and are frequently linked
to persistent infectionf68]. SCVs are characterized by their pinpoint colonies, which are one
tenth the size of their wildtype counterpart when grown on agar pé8EsS. aureusSCVs also
exhibit other key characteristics, including slow groyiB], altered metabolisni59,71-76],
decreased hemolytic activify7], reduced pigmentatiod6,78], altered expression of virulence
factors €.g, decreased toxins and increased adhe§®Yy983], increased biofilm formation
[84-90], and elevated antibiotic toleran¢@1-95]. These phenotypic differences make SCVs
inherently resistant to antimicrobial therg®g,91,92,96]and help bacteria evade clearance by
the host immune systef81,96:99]. As a result of these chang&s,aureusSCV infections can

relapse months or years later, even when combined antimicrobial therapies are efiplyed

Although SCVs are traditionally thought of as a single phenomenon, the piliteaayure has

made it clear that SCVs are an ensemble of loosely related phenotypes that have one feature in
common: small colonies. This distinction could have important implications in understanding the
clinical significance of SCVs. Herein, we seekliaster the known contributors to SCV formation

into four groups of (i) metabolism, (ii) regulatory systems, (iii) biofilm formation, and (iv)} host
pathogen interactions to help guide our conceptualization of this phenomenon. A selection of these

diverse divers of SCVs is summarized in Figu2el
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Figure 2.1: Schematic diagram depicting the most important mechanisms i8. aureus
SCVs A) Metabolic pathways that are associated with the formatié aluireusSCVs.Red
Simplified overview of the Agr quorum sensii
system and its interaction with the most important SCV regulators (SigB, CodY, and Sat
their influence on the production of virulence and adhesion determinants in SCVs. Arro
bars indicate activatioand repression, respectively) Internalization ofS. aureusSCVs by

host cells and their possible intracellular fates. ALjreolevulinatearcA, arginine deiminase
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arcB, ornithine carbamoyltransferasercC, carbamate kinasecitB, aconitase;DHFR,
dihydrofolate reductaseDHNA, 1,4-dihydroxy-2-naphthoic acid;DHPPP, dihydropterin
pyrophosphate DHPS, dihydropteroate synthetgs®MK, demethylmenaquinone; dUMF
deoxyuridine monophosphate; dTMP, deoxythymidine monophosphate; FADH2, flavin a
dinucleotide; FnBPs, fibronectininding proteins; GTP, guanosine triphosphattemB
porphobilinogen synthasdiemGC porphobilinogen deiminasdtemD uroporphyrinogen |li
synhase; heml, glutamatel-semialdehyde,l-aminomutase; menA 1,4dihydroxy-2-
naphthoic acid polyprenyltransferasesnen  2-succinyt5-enolpyruvyt6-hydroxy-2,4-
cyclohexadiend-carboxylate synthase; NADH, nicotinamide adenine dinucleoBdd3A,
paraaminobenzoic acippGpp, guanosine tetraphosphate; P2, promoter of RNAII operoi
promoter of RNAIIl operon; SEPHCHC;siccinyts5-enolpyruvyt6-hydroxy-3-cyclohexene
1-carboxylate. This summary figure was modified based on Figure 1 of Stanborough &]a
Figure 2 of Garzoni and Kelley [107], Figure 2 of Schilcher and Horswill [108], and Figur:

Proctor et al. [14]. The schematic is created with BioRender (BioRender.com).

2.3: Metabolic origins of SCVs

Historically, S. aureusSCVs were thought to arise from mutations in metabolic pathways
[56,59,7175,101] One of the most widely characterized examples of these metaibelesied

SCVs is mutations affecting the function of the electron transport chain (56(7)1,95,101]
Specifically, a collection of SCVs has been generated in laboratories by introducing mutations in
the hemand menoperons (i.ehemA hemB hemG hemDQ hemE hemH hemL menA menB

menD andmenfg [2,55,56,74,95,10105]. These operons are responsible for the synthesis of

heme and menaquinone, respectively, which are essential cofactors used in the ETC and necessary
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for adenosine triphosphate (ATBynthesis via oxidative phosphorylation (Fig@réA) [106].
Unsurprisingly, heme and menaquindimked SCVs have a diminished membrane potefit@l]

and lower ATP synthesis capac[y01]. These changes have a direct impact on essentially all
cellular functions, includingmino acid uptake, carbohydrate transport, cell wall biosynthesis, and
DNA synthesig45]. The direct metabolisstBSCV connection is strengthened in this context by the
observation thahemandmenmutants can be reversed to wildtype by supplementing media with
hemin and menadione. Consequently, these mutations are commonly referred to aamhémin
menadioneauxotrophic SCV$57,102,108] These examples showcase how mutations in-ETC
linked metabolic pathways @&. aureuscan lead to the formation of related electron transport

defective SCV phenotypes.

Electron transportiefective SCVs affect a broad range of biological functions. For example,
altered capsule production has been observed in different f8M<D5] with menD mutants
showing reduced capsule production compared to bottywaddchnchemBmutantd105]. Reduced
colonization capacity has also been reported imeanA in-frame deletion mutan{104].
Additionally, electron transpodefective SCVs exhibit increased resistance to various classes of
antibiotics, such as aminogl ylac@ams vdreanycincaad i oni
daptomycin[55,77,94,95,109.13]. These examples collectively suggest thlatctron transport
defective SCVs demonstrat@rying cellular capabilities beyond just metabolisrarthermore,
nonrmetabolic stressors likentimicrobial pressurean induce emergence of electron transport
defectiveSCVs. One primary example is treatment with aminoglyco$6#85,93,107,114.16],
which require a proton motive force to be transported into the bacteri§®4dlD7] Similarly,
coinfection withPseudomonas aeruginog®. aeruginosy usually in the respiratory tract of

cystic fibrosis (CF) patients, can also lead to the formatiagleuitron transportiefectiveSCVs
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[117,118] These isolates are able to withstand the detrimental effect of toxins-(g.droky-2-
heptylquinoline Noxide and pyocyanin) secreted HW. aeruginosathat target the ETC

[115,119,120]

While mutations in heme and menaquinone biosynthesis pathways are the mdsiowell
metabolic adaptations associated with SCV formation, a growing body of literature shows that
these mutations are not the only metabolated origins of the SCV format and that a variety

of other metabolic mutations can give rise to this morphofyp£8,60,71,736,101,121124].

For example,mutations in genes involved in the thymidine biosynthesis pathway, such as
thymidylate synthase (encoded thyA), have been linked to clinically significant thymidine
dependent SCVs (Figur21A) [58,121,122] A 2-year longitudinal study of 230 pediatric CF
patients found that up to 56% of SCV isolates that evolved from selective pressure in these subjects
were thymidinedependen{l125]. It has been shown that shéerm exposure to trimethoprim
sulfamethoxazole (TMHSMX) can induce a thymidindependent SCV phenotype $1 aureus

while prolonged treatment with TMBMX selects for thymidinelependent SCVs with mutations

in thyA[62]. TMP-SMX inhibits the tetrahydrofolic acid synthesis pathway (Figui&), which

is a required cofactor for thymidylate synthase, and therefore, interferes with the conversion of
deoxyuridine monophosphate to deoxythymidine monophospl2®é¢ Thus, ptake of external
thymidine which is prolific in airway secretions of CF patiensssuggested as a mechanism for
thymidinedependent SCVs to bypass the effect of T®MAX [59,62,72,121]RemarkablythyA
mutants have exhibited increased expressionupiC; which encodes a nucleoside transporter
responsible for thymidine uptake from the extracellular m[&&,72] These findings collectively

show that metabolic adaptations in response to impaired thymidylate synthase function are linked

to the thymidinedependent SCV phenotype B aureus These alterations have also been
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observed to have broader immunological impaétst example,thymidinedependent SCV
infections have been associated with a significantly increased risk of respiratory exacerbations and
reduced lung functionl25]. This is especially evident ieghyA strainswith higher airway
inflammation and elevated activation of host immune responses relative to other SCV types or

wildtype straind127].

SCVshave also been linked to alterations in other metabolic pathways. For example, increased
expression of tharcABCDoperon, which is responsible for the arginine deiminase pathway, has
been observed in SCV[56,74,101] This pathway generates ATP and ammonia via arginine
catabolism under anaerobic conditions and plays a role in maintaining pH homeostasis (Figure
2.1A) [128]. In electron transpodefective SCVs, the arginine deiminase pathway is stimulated
aerobically, which enables SCVs to persist in acidic phagolysosomes and contributes to their
prolonged survival56,74,101,129]Another example of a metabolic alteration linked to SCVs is
changes in fatty acid synthesis, which are thought to lead to SCV formation due to their impact on
cell membrane integrit}0,123,124,130]Prolonged subinhibitory exposure to antibiotics such as
triclosan and daptomycin has been shown to induce the formation of fatigua@tiophic SCVs

by selecting for mutations ifabl, fabD, andfabF, the essential enzymes in bacterial fatty acid

synthesig§60,98,123,124]

In summary, SCVs have beeextensively linked to metabolic mutations in the heme,
menaquinone, thymidine, and fatty acid biosynthesis pathways, as well as the arginine deiminase
pathway However, this is not an exhaustive list. Other studies have shown that SCVs are also
associated with alterations in other metabolic pathways, including glycolysis, the tricarboxylic

acid cycle, and purine/pyrimidine metaboliff, 7376]. These findings collectively indicate that
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SCVs can arise from multiple metabolic origins, all of which contribute to their characteristic slow

growth/small colony phenotype.

2.4: Global regulatory systems in SCVs

Metabolic alterations are not the only mechanism influencing SCV formation. Changes in the
global regulatory systems &. aureusalso play a role in the emergence of the SCV phenotype
[79,80,82,131133]. One weltstudied example is the decreased activity of the accessory gene
regulator (Agr) system in SC\$31], which modulates gene expression of virulence factdss in
aureus[134]. The Agr system comprises two operons, RNAIl and RNAIIIl (FigufeB). The

RNAII operon encodeagrBDCAgenes, which are involved in the production and detection of the
guorumsensing signalling molecule, autoinducing pept[d85]. RNAIII, the intracellular
effector of the Agr system, upregulates genes encoding secreted toxins (e.g. hemolysins) and
downregulates genes encoding adhesins (e.g. fibroAaoting proteins) [135,136]
Comparative analyses of SCVs versus wildtype isolates have shown that SCVs are frequently
linked to decreased or no detectable expressiagofnd agr-linked toxins, which aid in the
persistence ofS. aureusinfections by minimizing damage to the host cell and lowering
immunogenicity[63,72,79,85,131,133]These adaptive changes can be further explained by
focusing on the dynamic regulation of virulence factors via the Agr system at different stages of
infection[63,79] In the early stages, the Agr system is inactive, allowing the bacteria to establish
themselves within the ho$79]. However, once the bacteria reach a critical density, quorum
sensing activates the Agr system, triggering the production of toxins, lipases, and enzymes to
eliminate recruited immune cells and establish an ab§c@sConversely, during chronic SCV

infections, Agr activity remains minimal with low toxin expression, enabling SCVs to persist by
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circumventing the host immune respof88]. In summary, tight regulation of the Agr systems
presents a nemetabolic mechanism by whicB. aureuscan interconvert between a virulent

phenotype and a chronic SCV phenotype.

Alterations in the Agr system are not the only regulatory changes associated with SCVs. The
stringent response is another global regulatory systeSnanireugl37] that has been implicated

in the formation of SCV§132]. This system allows bacteria to adapt to-fawrient conditions
through the intracellular accumulation of signalling molecules collectively known as (p)ppGpp
[137]. The buildup of (p)ppGpp depletes guanosine triphosphate (GTP), which subsequently
relieves the transcriptional repressor CodY, thereby enabling amino acid biosynthesis (Figure
2.1B) [138]. SCVs have been linked to the constitutive activation of the stringent response due to
specific mutations in theel gene, which controls intracellular levels of (p)ppGpp, andfok

gene, which encodes an enzyme involved in the GTP synii@3sl38] Additionally, some

SCVs have exhibited the @xcurrence of a constitutively activated stringent response with
rifampicin resistance (by developing mutason rpoB) and upregulation of capsule production
[139,140] highlighting the complex and multhyered nature of adaptation strategies in SCVs.
This complexity can be further observed in the production of cytotoxins such as-pblernié
modulins (PSMs), triggered by the stringent respdthd@]. While this aspect of the stringent
response is crucial fo. aureussurvival in the event of phagocytosis, whereby PSMs lyse
neutrophils and promote escdfpdl], SCVs can also decrease PSMs production likely as a result
of reduced Agr system activity97,98] This contradictory behaviour suggests complex
interactions between regulatory systems at different stages of infection, which ultimately enhances

bacterial survival. Collectively, these studies suggest that the stringent response may be
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independently selected along with other metabolic and regulatory systems, providing yet another

example of a higlevel gene regulatory system that can be altered in the context of SCV infections.

Alternative sigma factor B (SigB) is another stresisited regulatory mechanism $ aureus
[142] that favours the formation of persistent SG¥%,80,82,85,131,133,14.3The activity of the

SigB system positively controls the expression of many cell surface proteins, such as fibronectin

binding proteins, and negatively co-hemolysihs t he

[144]. This was evident in linical SCVs, which exhibited upregulation of adhesins and

downregulation of exoproteins due to sustained SigB activity, wasigB mutants showed

reduced expression dibronectinbinding proteinsand i ncr e as e d-hermalygimr essi o

[79,80,82,133]The role of SigB in developing chronic infections was further studied by infecting
mice with S. aureuswi | dt y pe slgiB 1, a nldSidRadmhm@emented strains. The

L S kigB mutant caused more abscess formation and a stronger inflammatory response and,
consequentl vy, a more rapid cl ear ansgBmutats t h e
did not form SCVH133,143] These findings suggest that the S{ihked SigB expression is

essential for maintaining lorAgrm infection143].

These regulatory systems do not exist in isolétitimey modulate the activity of each other. This
crosstalk allows SCVs to tightly control their virulence and adapt to every stage of inf&88an

For example, the SigB systeanhances staphylococcal accessory regulator (SarA) expression but
suppresses RNAIII transcription (FiguzelB) [145]. Meanwhile, SarA regulates gene expression

of several virulence factors either by promoting RNAIIIl transcription or through pathway(s)
independent of the Agr systdii¥6]. A proteome analysis by Tuchscherr et al. revealed that the

Agr and SarA systems were active during acute infections, while SigB action was predominant
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during chronic infectionfl33]. Collectively, these findings demonstrate how SCVs are linked to

a broad diversity of alterations in global gene regulatory systems (RiduBe However, there is

no oneto-one linkage between the SCV morphotype and the activity of these global regulators:
mutation or even deletion of the regulators does not necessarily lead to the formation of SCVs.
Consequently, understanding the relationdtepween regulatory systems and SCV phenotype
requires a detailed examination of the impact that each muta®worithe specific regulatory

pathway

2.5: Biofilm formation in SCVs

After changes in metabolism and gene regulators, perturbations in biofilm prope8iesuoéus

is one of the next most common phenotypes that have been linked to[$£93]. This is
particularly important in the context of clinical infections because biofilms are inherently more
persistent and difficulto-treat. SCVlinked changes in biofilms are generally characterized as
operating througlita-dependent aca-independent mechanisif&2,8588]. In theica-dependent
mechanism, thecaADBC operon is upregulated, which results in the elevated production of
polysaccharide intercellular adhesin (PIA), the main component of staphylococci biofilm matrix
[86]. In contrast, théca-independent mechanism results from changes in a range of regulatory
systems, including\gr, SigB, SarA, and RNAII[82,85,88] Theseca-independent changes can
occur spontaneously after exposuremyironmental stressors, whiehhance biofilm formation

in SCVs by promoting adhesion via fibroneetimding proteins and suppressing virulence via
exoproteases and nucleafe 82,85,88] Another example of thiea-independent mechanism is

the modulation of fermentative biofilm formation in SCVs with mutations in the electron transport

system through twwomponent regulatory systems, such as SrrAB and SaeRS, which positively
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affect peptidoglycan hydrolase activity and the production of fibronéatiding protein A
[147,148] However, another study has shown that the SrrAB system can also induce expression
of theicalocus and stimulate PIA production under anaerobic condifietty. In addition, some

SCVs appear to operate through a mixturecafdependent ancta-independent mechanisms.

This is evidenced by a parallel reduction in the expressitasf sigB, andsarAgenes, as well

as extracellular matrix production in SCVs of methicillesistantS. aureusafter exposure to
oxacillin[87]. Collectively, these findings show that the SCV morphotype and the bifafitmng

phenotype are intertwined and can interact through a range of molecular mechanisms.

2.6: Host-pathogen interaction in SCVs

One clinically important aspect of SCVs is their ability to evade the host immune response, which
is facilitated through a diverse range of mechani§381,96,97,99,112,133for example, SCVs

can have increased production of adhesins (i.e. clumping factors and fibrdneding proteins)
[72,79,80,97fand stronger interaction between host fibronectin and bacterial fibro#autimg

proteins (figure2.10) [80], which promote their internalization into host cells. This internalization
process helps create intracellular bacterial reservoirs that assist SCV evasion of immune clearance
[150]. These intracellular survival strategies are important as 1ty of engulfed bacteria can

resist intraphagolysosomal killing mechanisms (Fidui€) [96,151154]. In addition, SCVs can
have diminished t ox themolpsinardl PSMs), which rhakes themuldss n g |
immunogenid97,98] These alterations in toxin and adhesin production likely result from SCV
linked changes in global regulatory systems (i.e. reduced Agr and SarA, and elevated SigB)

[63,79,80,97,133]
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Alterations in toxin and adhesin production are not the only mechanisms that contribute-to SCV
linked hostpathogen dynamics. SCVs can also have changes that make them more tesistant
host defence mechanisms, such as toleran@ntohicrobial peptide$112,113]and oxidative

stress from catalyse activiy/55]. Moreover, some metabolic changes also affectimmune evasion.
For example, some SCVs have shown upregulation of the arginine deiminase pathway, which
helps maintain pH homeostasis and thereby protects the cells from the acidic environment of the
host (Figure2.1C) [56,74,101] In addition, some SCVs have increased expressidnnof, an
enzyme that degrades endogenous fumd@thb6] Fumarate depletion has been linked to
decreased methylation of the promoters of proinflammatory genes encoding numerous cytokines,
includingIL-1 b, -ONBJHIF1U. These epigenetic changes ar
activation [2,157,158] In summary, these findings highlight the diverse mechanisms SCVs
employ to enable colonization of the host, minimize immune activation, and survive

phagolysosomal digestion.

2.7: Concluding remarks

Historically, SCVs have been thought of as a singular phenomenon wherein phenotypic
characteristics are ascribed to the morphotype. However, this characterization is at odds with the
literature, which shows that SCVs can result from a broad transect abafietand regulatory
changes. This review highlights some of the diversity in mechanisms and shows how this diversity
can contribute to the clinical presentation of infections. This literature makes one observation
clear: SCVs are not a singular phenonmenahey are a collection of loosely related phenotypes
that have a similar growdtelated effect wheB. aureuss grown on agar plates. Reframing SCVs

as an ensemble of distinct phenotypes may help to clarify the nebulous relationship between SCVs
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and mortality rates from serious infection, characterize the impact diverse SCV mechanisms have
on antimicrobial tolerance, and map the impact that diverse-lB&®d changes have on hest
pathogen dynamics. In summary, redefining SCVs as an ensemble radtygiess may help
elucidate specific mechanisms through which SCVs modulate infections and pave the way to

future precision medical therapies.
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3.1: Abstract

Small colony variants§CV9 are a rardut clinically significant morphotype @taphylococcus
aureus SCVs are characterized by forming pinpoint colonies on agar plates and are generally
thought to have an unstable phenotype that will spontaneously revert to normal cdlbesss.
isolates are associated with chronic, diffigioltreat infectionsand poor clinical outcomes. The
molecular underpinnings of SCV have not been extensively mapgeate generally thought to

be caused by disruptions in electron transport chain function. However, our understanding of the
molecularunderpinningsof SCVs has largely been derived from analyses of a limited set of
laboratorygenerated strains, and it is unclear how well these strains represemtorigal
infections. To address this gap, we isolated e$ergureusSCV (n = 118) linked to bloodstream
infections in the Calgary health zone from 23@20. Our analyses of this cohort confirm previous
repors describing SCVMinked changes in protein expression patterns,(elgvated fibronectin
binding protein). However, this collection differs from previous reports in other respects: we show
that 1) 86% of these SCVs are phenotypically stable across repeatatisuiy, 2) SCVs are not

linked to severe infections, 3) SCVs are associated with >300 novel mutations in our cohort, and
4) many of these mutants.ge hpt, guaA gdpP, pyrD, and pdhD) disrupt a range of carbon

metabolism functions outside of the electron transport chain. Collectively, these findings show that
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SCVs are more diverse than previously appreciated and that labestatorgd strains do not

capture the full spectrum of clinical diversity.

3.2: Introduction

Staphylococcus aurewssnall colony variants (SCVs) ageclinically significant morphotype that

are associated with persistamfections.SCVsform colonies that arepproximately ongenth the

size of typical S. aureuscolonies [47,50], have slower than normajrowth, suppressed
metabolism, reduced hemolytic activity, decreased pigmentation, altered expression of virulence
factors, increased biofilm formation, and elevated antibiotic toleranceC|Bjically-derived

SCVs are also frequently reported as having an unstable phenotype, wherein colonies
spontaneously revert to a wildtype growth form after successive subdd8,;i83] Although

general characteristics of SCVs have been reported for almost a d&®d:%9] the molecular

basis of this phenotype in clinical isolates is still poorly understood.

SCVshave historically been attributedirutations in &mall selection ometabolic biosynthesis
pathwaysaffectinghemin[73-75,95] menadion¢56,73,95] thymidine[59,72,73] and fatty acid
biosynthesis[60,123,124,130]However, a growing body of literature suggests that a wider
constellation of molecular changes contribute to S[286]. Thesealterationsnclude changem

arginine deiminase[56,74,101] glycolysis [71], tricarboxylic acid cycle[71,73,75] and
purine/pyrimidine metabolisnj74-76]. In addition, SCVs have been linked to a variety of
alterations irglobal regulatory systes}79,80,82,131133]. Although this literature indicates that
multiple mechanisms contribute to SCVs, the molecular underpinnings of this morphotype remain

poorly understood.
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One reason for our limited understiamg of naturallyoccurring SCVs are the practical challenges
inherent to studying these isolatesSCVs arerare in clinical sample4161], frequerly
misidentified asnonhemolyticstreptococci64] or coagulasenegative staphylococ¢b5], and

tend to beovergrown by normab. aureussolates in mixed culturegl6]. As a result, much of
what we know about SCVs has been derived from laborgimgrated isolates with mutations in
hemandmenoperong2,55,56,74,95,10105]. What little we do know about naturally occurring
isolates is largely related isolates recovered from chronic pulmonary infections in cystic fibrosis
patients[162-167]. A smaller percentage of the literature reports on SCVs from osteomyelitis,

medical deviceelated infections, and woun{8,71,108,168.72].

Currently, there is very little information about SCVs in the context of bloodstream infections,
which is a critical gap given the high mortality rates linked to persistent bactdi&t@ja74] To
address this gapye collected alb. aureus$SCVs observed in bloodstream infections (BSIs) in the
Calgary health zone between 2006 to 2020. Using this cohort, we conducted a systematic multi

omics survey of isolates to map molecular mechanisms contributing to theekB8ISCVs.

3.3: Results

3.3.1: SCVs are notassociated withsevere patient outcomes

To better understand the clinical characteristics of SCVs, we collected all S,&@0#eusBSI

isolates from 2006 to 2020 in the Calgary health zone. Isolates that were recorded as SCVs by
Alberta Precision Laboratories (APL) during the original clinical microbiology workup (n = 118)
were identified from health records. We recovered thesetésofaom theircryostocksand
analyzed themia multi-omics approaches. To study the epidemiological characteristics of these

infections, we linked al5. aureusnfections to electronic health records provided by Alberta
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Health Services (AHS). We then analyzed the demographic and other characteristics of SCV
infections relative to ne®BCV infections. Records were filtered to incluhdy index isolates (i.e.

the first positive blood culture collected from a patient during any consecutiday3period).
Demographic analysis revealed a significant sex disparity in SCV bloodstream infections, with
76% oftheisolates originating from male patients and 24% from females, compared to 64% male
and 36% female patients for n@CV infections (Figure3.1A). Patients over 65 years age
regardless of sex, were more susceptiblé taureusbacteremia, independent of phenotype
(Figure3.1A). No significant differences between SCV and-4S£V infections were observed in

either the Charlson Comorbidity Index (CCI) or the probability of death (FRjuR). However,

weak associations were observed between SCVs and a select set of patient factors, including
di abetes, chronic pain, and mal e e$8.8XTogethkeh i coe:
these findings indicate that SCVs observed in the Calgary BSI Cohort are largely indistinguishable

from nonrSCVs based on patient demographics and outcomes.
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Figure 3.1: Clinical and demographic characteristics of. aureusSCV isolates of Calgary
BSI cohort. A) The association between SCV phenotype and demographics of the p
reveals a significant sex difference relate8 taureu$SCV BSI(76% men versus 24% womer
which is greater compared sex difference relates. taureusonSCV BSI (646 men versus
36% wome. Age distribution of patients showed tl&ataureudbacteremié regardless of the

phenotypé is more prevalent among patients over 65 years old, whether male or f€hisl
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analysis included only the index SCV isolates for each patient withinday@eriod. scv =

74. B) The Charlson Comorbidity Index (CCI) and the probability of death appeared
similar betweers. aureusSCVsand noRSCVs in the Calgary BSI cohort. Statistical analy
were conducted using unpaired ttadledSt u d et-h €8 ¢ wi t h ctidtedndldgiark
(MantetCox) test for the CCI anthe probability of death, respectively, withsignificance
threshold of U < 0.05. T rsdlatke foneach paientiwithinia-8
day period. scv= 74; monscv= 5,661.C) Incident of SCVs with their designated colony s
before and after rphenotyping on day one of subcultueganong 604 S. aureuBSIs. mitial

scvs= 118; Rronfirmed scvs= 111.D) Clinical S. aureusSCV isolates went through four subsequ
subcultures on TSA plates plus 5% sheep blood, forming colonies with a wide range of
sizes categorized as tiny, small, medium, large and mix colonies. Over the foultieals, 62
isolates maintained their phenotype, 37 isolates presented as the next closest size cate
only 4 isolatesshowed substantially different colony sizes between the first and

subculturing stepsOn day four, five isolates with tiny colonies, 54 isolates with small colo
38 with medium size colonies, and one isolate with a mix of small and large colonies cor
stable phenotype in these clinical strains. In total, 15 out of 118 isolatesatgd large siz
colonies. Tiny =<0.2mm; small >0.2mm & =<0.5mm; medium %.5mm & =<1mm; large >
1mm; mix (a combination of different colony sizeg).Frequency of SCV phenotype amo
7,604 S. aureuBSl isolates is estimated to be 1.2% on average over 15 years. 102.F)

The average frequency of the SCV phenotype across different clonal com@&®s 1%,
with CC1 (1.2%), CC5 (1.5%), and CC30 (1.7%) as the most prevalent lineages. This ¢
included only the isolates that passed the genomic QC pipedities B2; 5. aureussis= 7,169.

G) Mapping the SCV phenotype on the phylogeny 469 S. aureussolatesreveals diverse
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genetically distant genotypesnongour clinical SCV isolatesThe phylogenetic tree was bu

for the S. aureussolates, which passed our genomic QC pipelisevn 92.

3.3.2: SCVs form stablecolony sizes

To confirm that our cohort of isolates identified in the clinical microbiology records were indeed
SCVs, we accessed gesamples from the APL biorepository and regrew them on tryptic soy agar
(TSA) plates containing 5% sheep bloédgnongthe 7,604S. aureussolates, 118 (1.6%) were
originally reported a$. aureusSCVs by APL (Figure8.1C). Amongthe 118isolates 111 were
reconfirmed as SCVs after a singlebculturingstep (Figures3.1C, 3.1D, Supplemental Table

3.1). Isolates generally formed consistent colony sizes within a plate but showed a diverse range
of colony sizes between isolates: 6.8% formed tiny colonies (smaller than 0.2 mm), 64% formed
small colonies (between 0ad0.5 mm), 15% formed medium colonies (betweeradd&l mm),

and 7.6% formed mixed colonies of varying sizes. In comparison, thiypéldsolates produced
colonies of between And 3 mm under the sameulture conditions (Figures3.1C, 3.1D,
Supplemental Tabl8.1). To assess the lofigrm stability of the observed colony sizes, we
subcultured thésolatedterativelyover four days (Figurd.1D, Supplemental Tabl21). In these
replicate analyses, 62 tife111 isolates (56%) maintained their original size category across these
consecutiveculture steps and 37 ofthe 111 (33%) presented as the next closest size category.
Only 4 of the 111 (3.6%)coloniesdiffered substantiallyin size between the first and final
subculturingsteps. A small fraction adheisolates (9 of 111, 8.1%) presented with mixed colony
sizes on the original plate. These mixed cultures were processetduituringonly the smallest
colonies observet of which 8 of 9 isolates presented as SCVs wqdirculturewith no evidence

of mixed colony sizes. Only one isolate produced mixed colony sizes across allficuttures
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(Figure 3.1D, Supplemental Tabl8.1). Collectively, these findingsevealedthat SCVs have

diversecolonysizesbut that most isolatgeresentas consistent phenotypes wisarbcultured

3.3.3: SCVs exhibita low frequency but diverse lineages in th€algary S. aureusBSI cohort

To further characterize the SCV phenotypes within our BSI cohort, we studied both the frequency
and molecular diversity of the SCV isolates. For this analysis, we selected 102 SCV isolates with
consistent phenotypexrossthe foursubculturesThe average frequency of these SCV isolates
amongthe 7,604S. aureu8SI| samples was estimated to be 1.2% over 15 ygeagjngat 4% in

2013 (Figure3.1E). Of these 102 SCVs, four isolates were excluded from downstream genomic
analyses because StrainG$I75] indicated the presence of DNA from more than one
staphylococcakpecies. In addition, six isolates were excluded due to insufficient sequencing
quality (Supplemental Tablg.1). Multilocus sequence typing (MLST) was used to analyze the
molecular diversity of these SCVs. Sevasiginal complexesGCs, including CC1, CC5, CC8,
CC15, CC22, CC30, CC45, CC93, and CO®&re identified The overall frequency of the SCV
phenotype across these lineages was 1.0%, with CC1 (1.2%), CC5 (1.5%), and CC30 (1.7%) being
the most prevalent (Figu®1F). Among these SCV2.33% were not assigned to a specific CC,
and noSCV isolates were associated with CC93 or CC97. Phylogenetic mapping of 92 SCV
isolates within a tree of 7,168 aureuSl isolatesevealedhat isolates with the SCV phenotype
were dispersed across the phylogeny and did not cluster within any specific CC @Flgkire
These datacollectively highlight the molecular diversity of SCVs, suggesting that the SCV

phenotype typically emerges independently across diverse genetic backgrounds.

3.3.4: Over 30 novel and distinct mutations are linked to SCVs
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To better understand the molecular factors driving the SCV phenotype, we first sought to identify
near isogenic SCV/ne8CYV pairsthat could be evaluated for genetic differené@bolegenome
sequences of SCVs and RS8&Vs from theS. aureudBSI cohort were analyzeda Pilon v1.23

[176] for variant callingagainst theistrainGST reference genomé&he variant calls were then

used toassesshegenetic distances between SCVs and tgemnetically closeshon-SCVs. For

this analysis, we selected 54 unambiguous SCVs (small/tiny colonies) that displayed a consistent
phenotype acrossubculturingsteps.Near sogenic pairswere defined as having 25 single
nucleotide polymorphisms (SNPs) or fewer across their genfiié]. Using this strategy, we
identified 18 SCVs that could be paired with a genetically relatedS@w counterpart
(Supplemental Tablg.1). Electronic health records showed tietse 1&airs originated from 16

unique patients (i.e. each pair was recovered from a single patient and two patients had two pairs;
Supplemental Tabl@.2). These pairs included several cases where the SCV arfsiCdisamples

were collectednore thar30 days apart (e.g. PID 3, PID 5, and PID 7; Supplemental Bat)le

This collecton of near isogenic pairs creates an oppatyuo study diverse clinical SCV isolates

while controllingfor genetic background.

To better understand the molecular characteristics of SCVs, each pair of iscdastesther

classified using Ariba v2.14.5[178], MLST v2.15.1 [ittps://github.com/tseemann/m)isiand

StrainGST[175] (Supplemental Tabl&.2). Seven pairs carried thmecAgene, confirming
methicillin-resistantS. aureugMRSA), and displayed staphylococcal cassette chromosome mec
(SCCmec) types Il and IV. These MRSA pairs were associated with CC5 and CC22. The
remaining 11 methicillirsusceptibleS. aureugfMSSA) pairs belonged to CC1, CC5, CC8, and
CC30 (Supplemental TabR?2). These findingshow that our subset of paired isolates covers a

range of genetic backgrounds and methicillin resistance types.
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We nextperformed pairwise variant calling betwe@V and norSCV isolate®f each pair using
Pilon v1.23[176] to extend the range of genomic sitkat could be comparedhis analysis
identified more than 306andidatenutations associated with SCVs, affecting various metabolic,
regulatory, and virulence pathways (Supplemental Tal3e To narrow the pool of candate
mutations we focused our subsequent analyses on-symorymous mutations irthe protein
coding regiorof known geneg¢Table3.1). In total, we identified 3Gonsynorymousmutatiorsi
22/36were in metabolic gene$0/36in global regulatory genes, adB6in virulenceassociated
genesSCV strains from PID 6, PID 7a/b, PID 8, and PID 9 cam@asynonymousnutations in
genes involved in purine and pyrimidine metabolism, sut¢ipggncoding hypoxanthinguanine
phosphoribosyltransferasejyaA (encodingguanosines -Wjonophosphate (GMP) synthase) and
purR (encodingapur operon repressogdpP(encoding cyclic dB Njadergsine monophosphate
(c-di-AMP) phosphodiesteras&lpD (encoding sensitive Kchannel histidine kinase), apgrD
(encoding dihydroorotate dehydrogenase$pectively (Tabl&.1). Non-synonymousnutations

in other metabolic pathways, including tryptophan synthesis, spermidine/spermine uptake, cell
wall synthesisthe pyruvate dehydrogenase complex (PDHC), glutathigrsteake, manganese
uptake, and nitrate respiration were also detected in SCV strains from PID 4, PID 5, PID 8, PID
9/14, PID 11a/b, and PID 12, respectively (Tedib.

In addition to metabolismelated genesnutations in regulaticrand virulencerelated genes were
also identified. SCV isolatésom PID 1, PID 2, PID 5, PID 8, PID 11b and PID 13, PID 15, and
PID 16 developedonsynonymousnutations in regulatory genes includialpX (encoding an
ATP-dependent Clp proteasepoB (encoding DNAdirected RNA polymerase subunit bedayd
alaS(encoding alaninéRNA ligase),mutM (encoding formamidopyrimidir®NA glycosylase),

rpsM (encoding 30S ribosomal protein S18pW (encodinga serine protein kinase) clpP
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(encodingan ATP-dependent Clp protease proteolytic subumitjgd (encodinga transcription
repair coupling factor) anblV (encoding 50S ribosomal protein L22¢spectivelyTable3.1).
Furthermore, noisynonymous mutations in virulencelated genes such assG(encodingthe

type VIl secretion system protein EsaG) digC (encoding gammaemolysin component C)
were detected in SCV isolatieem PID 6 and PID 12, respectivelyable3.1). Collectively, these
results show thab. aureusSCV BSIs are associated with a wide range of mutations affecting

various metabolic, regulatory, and virulence pathways
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Table 3.1: Nonsynonymous mutations differentiating the genotypes of the isogenic SCV/n@CV pairs. Variant calling analysis

identified 36 mutationsin coding regions that result in changes to the amino acid sequence of the damgegroteinsNon-Syn,

nonsynonymous
PID Gene nge SUbSt.'t.u tion Substitution type Effect Gene name/function Category
coordinates position
1 clpX 1570916251 15731 Deletion (C) Early Stop ATP-depginnd d?rr:; (S::J;Lrsrt:ietase ATP Regulatory protein (a protefiolding chaperoh
X rpoB | 2982333374 30541 SNP (F>C) N-Syn (P945L) DNA'd'rescfg‘iSt'\'@ go'ymerase Regulation (RNA polymerase subunit)
alaS 64907 66362 SNP (G>A) N-Syn (A486T) Alanine-tRNA ligase Signalrecognition particle pathway
) Anthranilate ;
4 trpD2 1209713095 12971 Large deletion (108 bp) Early Stop phosphoribosyltransferase 2 Metabolism (tryptophan)
mutM 30064 30435 SNP (A>G) N-Syn (Y16gH) |  FormamidopyrimidineDNA Regulation (DNA repair)
5 glycosylase
Spermidine/putrescine import . - .
potA 217890 218104 SNP (T>C) N-Syn (L72P) ATP-binding protein Metabolism (spermidine/spermine uptake)
. Hypoxanthineguanine . .
hpt 9858 10293 Insertion (A) Early Stop phosphoribosyltransferase Metabolism (purine salvage pathway
105507 SNP (A>T) N-Syn : . :
6
essG_1| 105177105665 105510 SNP (F>A) (ED52DE) Type VII secretion system protei Virulence
essG_2| 105676106176 105859 SNP (A>C) N-Syn (R106S) | Type VIl secretion system protei Virulence
purR 2453825362 25077 SNP (T>C) N-Syn (R96C) Pur operon repressor Metabolism (purine biosynthesis regulator)
7 -
@ | guaA | 9005491595 91072 SNP (G>T) N-Syn (A340V) GMP f}i’;tr'gj‘;;rfg')“tam'“e Metabolism (purine salvage pathway)
purR 2453825362 25077 SNP (T>C) N-Syn (R96C) Pur operon repressor Metabolism (purine biosynthesis regulator)
7 i . )
b guaA 9005491595 91072 SNP (G>T) N-Syn (A340V) GMP ?]);/r:jtri:)?;;rsgl)utamme Metabolism (purine salvage pathway)
Metabolism (maintains intracellular levels of
gdpP 3356635533 33652 SNP (G>T) Early Stop Cyclic-di-AMP phosphodiesterasg cyclic-di-AMP, a purinebased signalling
nucleotide)
8 . Frameshift C . Metabolism (cell wall synthesis, cell
pbpH | 190782192854 192755 Insertion (ACC) (659P) Penicillin-binding protein H elongation)

- i . . Regulation (protein synthesigontrols
rpsM | 241342241707 241664 SNP (F>C) N-Syn (1108T) 30Sribosomal protein S13 translocation of the MRNA:tRNA complex)
kdpD | 1651719174 17531 Deletion (T) Early Stop Osmosens'“"ﬁnﬁf“”e' histidine Metabolism (edi-AMP)

9 pyrD 2404325107 24482 SNP(A->G) N-Syn (N147S) Dihydroorotate dehydrogenase Metabolism (pyrimidine de novo synthesis)
Dihydrolipoamide dehydrogenasg
pdhD 6404665452 64785 SNP (A>T) N-Syn (V223D) component of pyruvate Metabolism (pyruvateehydrogenase comple))
dehydrogenase E3
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Glutathione import ATRbinding

gsiA | 284829286421 285141 SNP (G>A) N-Syn (D105N) protein Metabolism (Glutathione uptake)
29287 SNP (A>G) N-Syn (T70M) . .
11 R 290192 HTH- | | M | ki
a mnt| 901929663 20455 SNP (F>C) N-Syn (R126H) type transcriptional regulato etabolism(manganese uptake)

Lp | TPW | 1496515444 14993 SNP (F>A) N-Syn (M10K) | Ant-SigB faifitr?;gje””@mte'” Regulation (controls SigB activity)
mntR 2901929663 29287 SNP (A>G) N-Syn (T70M) | HTH-typetranscriptional regulato Metabolism (manganese uptake)
higC 7219473141 72217 SNP (A>T) N-Syn (F309I) Gammahemolysin component C Virulence

100211 SNP (A>T) N-Syn (Q121H)
12 100266 SNP (A>T) N-Syn (R140W)
narH 99849101408 100837 SNP (G>T) N-Syn (T330I) Nitrate reductase subunit beta Metabolism (nitrateespiration)
101250 SNP (A>T) N-Syn (N468Y)
101254 SNP (G>T) N-Syn (S469L)
13 rsbW | 102993103472 103342 SNP (G>A) N-Syn (G117D) Anti-SigB falfitr?;,sseenneprotem Regulation (controls SigB activity)
14 pdhD | 439804441210 439886 SNP (G>A) N-Syn (E28A) Dihydrolipoyl dehydrogenase | Metabolism (pyruvate dehydrogenase comply
15 clpP 3331933906 33809 SNP (A>G) N-Syn (D33G) ATP-dependent Clp protease Regulatory protein (control transcription of
proteolytic subunit virulence factors)
% mfd | 1936622872 21158 SNP (A>G) N-Syn (G598D) Transc”p“?a”(';f(fra"co”p"”g Regulation (DNA repair)
rplv 104947105300 105299 Deletion (AATTAA) Early Stop 50S ribosomal protein L22 Regulation (protein synthesis)
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3.3.5: Metabolomic and proteomics results confirm the functional impact of SCV-linked

mutations in the purine, pyrimidine, and pyruvate pathway

To investigate the functional impact of Sdiwked mutations in metabolic genes, we conducted
targeted quantification of metabolites and proteins usliggid chromatographynass
spectrometryl(C-MS) based metabolomic and proteomic analydésselected fivenearisogenic
SCV/nonSCV pairs carryingsix different mutations in the purine, pyrimidine, and pyruvate
pathwaysi(e. each pair harbors one metabdiinkked mutation except for PID 9 with two different
mutations;Figures 3.2AE). We specificallyassessdthe impact of each mutation on dsectly
relaedenzyme and precursor metaboli@ir core hypothesis was thihesemutatiorswould lead

to reduced enzyme expression and accumulation of the precursor metabolite directly affected by
the mutation. Since each asdaygeteda single hypothesisnultiple test corrections were not
required. A summary of changes in metabolite and enzyme exprdssi@ach mutation is
provided in Supplemental Table 3.4. Briefly, all mutations were associated with significant
metabolic changes in upstream precursetabolits (Figures 3.2A and Supplemental Table
3.4).Additionally, ouranalysis identifiedsignificant reduction ipyruvate dehydrogenaksvels

in two different SCV isolateéPID 9; fold change =1.17,P = 0.0346; PID 14; fold change=
1.94,P < 0.0001; Supplemental Table 3.Qollectively, these findings show that S@wked

mutations in the purine, pyrimidine, and pyruvate pathways result in significant metabolic
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Figure 3.2: Metabolic phenotypes associated with mutations found in the pairwise
comparison. Extracellular andntracellular metabolomi@nalyses of isogenic SCV/n@CV

pairs revealed significant changes in the metabaigleded to the mutations distinguishing their
genotypesA) The extracellular level diypoxanthine and guanine in the pair of PIIB®.The
extracellular level of xanthosine in the pair of PICCY The intracellular level of-di-AMP in the

pair of PID 8.D) The extracellular level of dihydroorotate and orotate in the pair of PH) Bhe
extracellular level of pyruvate in the pairs of PID 9 and PIDTh¥ metabolomic data represent

signal intensities from three independ@abled replicates. Statistical analysigas performed

using multiple unpaired twet ai | e d tSestmd etnht 6WWe | ¢ h 6No multiple test c t i o n
corrections were applied as each mutation had single metabolic hypdthe€s05; **P < 0.01;

*** P <(0.00% **** P<0.0001 PID; patient ID.
3.3.6: SCVs and nornSCVs exhibit distinct proteomic signature

Many global changes in protein expression have been previously reported for SCVs. To better
understand the relevance of these reports irclimical cohort, we performethndem mass tag
(TMT)-labeling LC-MS based proteomic analysisn 18 SCVs and 16 ne8CVs. Our
investigation focused onl4 proteins related to toxins, adhesins, fermentation, and
purine/pyrimidine metabolispall of which have been previously associated wjkcific SCV-

linked protein expression patter#sgure 3.3AD). Sincethisassay tested 14 differeémgpotheses,

the calculatedP valueswere corrected usinthe BenjaminitHochberg approaciihe results ag
detailedin Supplemental Table 3.®verall, air findings supported these previously reported
SCV-linked protein expression patteritscluding lowera b u n d a sFhceem od fyhstholysin, b

o-hemolysin, and phospholipgsas well as higher abundance of fibronedtinding protein,
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extracellular fibrinogetbinding protein, and staphylococcal secretory antigedlitionally, our

clinical SCVs exhibited higher lewelof lactate dehydrogenase and lower levels of alcohol

dehydrogenase and formate acetyltransferase. Moraesovesistent with earlier findingsom this

study, four

phosphoribosyltransferase,

proteins

involved

aspartate

carbamoyltransferase,

IMP  dehydrogenase,

in purine and pyrimidine metabolism ,(i.eanthine

and

dihydroorotate dehydrogenase) exhibited significantly lower expression in our clinical SCVs.
Together, these findings highlight the unique proteomic signatures of SCVs, distinguishing them

from nonSCVs.
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Figure 3.3: Global proteomic profiling of SCVs compared to norRSCVs in CalgaryS. aureus

BSI cohort. Proteomic analysis of 18 SCV isolates compared to 16 isogeni&@bhisolates

revealed distinctive proteomprofilesfor SCV isolatesViolin plots show the relative abundance

of proteins including A) adhesins,B) toxins C) fermentation and D) purine and pyrimidine

metabolismThis experiment was conducted on 18 biological replicates of SCVs and 16 biological

replicates of nof8CVs. Statistical analysis was performed using unpaireddilbedSt udent 6 s
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tests with Welchés correct i ousing BéhjamikHoghbery t e st

approach. P <0.05; *P < 0.01.

3.4: Discussion

The cohort of 118 SCVs recovered from > 7,@0@ureudSls compiled for this study represents

one of the largest clinically derived SCV collections available to date. While there have been other
studies on clinical SCVis the context oéndocarditig179] or cystic fibrosig162], this study is

unique inits focus on bacteremia and acceshéocomplete spectrum BfSI-associate®. aureus
diversity observed in the Calgary Metropolitan region between 2006 and ip@R@ing their

linked administrative health records. Ogenomic analysisllowed us toidentify over 300
candidate mutations linked to SCVs in a select cohort of 18 near isogenic SESENopairs that

were separated by fewer than 25 SNPs. Using this genetically matched cohort, we identified 17

possiblemechanisms contributing to the formation of SCVs.

Some elements of this study replicate phenotypes reported in the literature. For example, our
proteomics analysis, which investigated the universal proteomic signatures of SCVs compared to
nonSCVs, supports earlier reports indicating that SCVs eximbieasegroduction of adhesins

and decreased toxin levé&3,79-83].

However, oher central aspects of our SCV cohort défitconsiderably from those previously
reported in the literature. One surprising observation in our study is the stability of our SCV
isolates. While spontaneous reversion from SCV to®6N growthis widely thought to be an
inherent characteristic of clinical SCVs (reviewed168]), our analysis finds little evidence for

this phenomenon. Our results show that despite alhdity to forma broad range of colony sizes,

they maintain a consistent SCV phenotype across multiple subcultures. The consistent
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maintenance of the colony size designation across conseautltge steps suggests that
bacteremia SCVs may be more stable than SCVs collected from othesigiteas the respiratory

tract where they have been more extensively studiéa167].

Likewise, the epidemiological characteristics of SCVs in our study were surprisingly different
from theliterature. Although different mortality rates have been associated with SCV infections

in previous studieqg180,181] our analysis of the CCI and the probability of death revealed no
difference between SCVs and RSC&Vs in BSI infections. This finding contradicts previous
expectations that SCV infections may be linked to poorer clinical outcbewsuse otheir
persistent nature and potential for antibiotic resistgh668]. Moreover, despite the identified

weak associations between our SCVs and specific comorbidities, such as diabetes and chronic
pain, which indeed promote chronic infection and make treatment more challeBgsgeus

SCV BSls do not necessarily lead to more severe or fatal outcomes.

Accurately measuring the prevalence of SCVs in clinical samples is challenging. These isolates
are often underestimated due to the difficulties microbiologists face in identifying
them[46,64,65,93,133]This study provides a ciyide estimate of SCV prevalence over a decade,
which may not fully represent the true prevalence of this phenotype within our BSI cohort. This
could explain why SCV incidence varies drastically across stdiésIn our study, the SCV
incidence was estimated at just 1.6% among 7,604 BSIs, with an averagace ratef 1.2%

over 15 years.

This result contrasts significantly with a recent study reporting an SCV prevalence as high as
23.93% among 58S. aureudpacteremia isolates, which were identifiedsibypculturingcells from
broth media to agar platd$82]. This discrepancy highlights the importance of the methods
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utilized for SCV identification, as certain techniques may not accurately capture the stable SCV

phenotype.

The size of our cohort allowed us to identify 18 near isogenic SCV3@nh pairs within the same
patient. This aspect of the study is particularly valuable as it enabled us to investigate genetic
differences in a consistent clinical and genetic backgrotiveteby minimizing confounding
variables (such as patient agex and comorbidities) and allowing the identification of mutations

that may drive the SCV phenotype. Surprisindl§% (18 out of 111) of SCVs coexisted wiith

the same patient as n@CVs. Although our data do not specify the origins of these isolates, they
suggest either withimost evolution or cdransmission of these near isogenic SCV/8&@V pairs.

We believe that this relatively high prevalencenear i®genicSCV/norSCV within-host pairs

is likely underestimated his underrepresentation could be due to two factors: (1) only one isolate
was saved from each blood culture, meaning that if mixed colonies were present, we may not have
captured both, and (2) as described before, the inhgracticalchallenges in identifying SCVs

likely led to further underestimation. Additionally, our review of patient records indicated that
SCV and their paired ne8CV isolates were sometimes collected more than 30 days apart. This
result could suggest an associatigith prolonged infectionfl73], whether as ongoing BSIs or

as infections elsewhere in the bodyergering the bloodstrearthe molecularclassification of

these pairs also revealed a variety of genetically distant genotypes, emphasizing that the formation

of the SCV phenotype is independent of genetic background or resistance determinants.

Our genomic findings alsohallengethe existing assumptions abdbe molecular mechanisms
underlyingthe SCV phenotypédn contrasto previous models based on laboratory strains, which

suggested mutations the hemin, menadione, thymidine, and fatty acid biosynthesis pathways
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[46], our variant calling analysis did not detect any mutations in these pathways among the near
isogenic pairs. Instead, our filtered results, which focused on genes encoding known proteins,
identified 36mutations in other pathways, including purine, pyrimidine, and pyruvate metabolism,
as well as in regulatory and virulence factors. It is likely that in our wider set of more than 300
mutations, there is a substantial number of additional mechanisnigtleyet to be verified as
contributing to SCV formation. Thus, these findings offer a cautionary note that interpreting the
molecular underpinnings of clinical SCVs solely based on laboratory strains may not fully capture
the diversity and complexity of@hanisms underpinning reabrld infections. Most importantly,

our data show that SCVs arise from potentially dozens of unrelated processes. This directly
supports our core hypothesis that SCVs are a collection of loosely related mutations that have one

feature in common: small colony morphology.

Our pairwise metabolomicand proteomiccomparison of near isogenic SCV/RBRV pairs
highlightedtwo main points. Firstinutations in purine, pyrimidine, and pyruvate metabolism led
to significant metabolic changes upstream precursor metabolites directly affected by these
mutations Secondthe observed metabolomic and proteomic phenotypes in the pairwise analysis
can explairseveralpreviously known traits of SCVs. Ok@own traitof SCVsis the deficieng

in nucleotidebiosynthesi$75], which isevidenced bympaired purine and pyrimidine metabolism

in SCV isolates from PID 6, PID 7, and PIDAdditionally, elevatedntracellular levels of the
purinederived signaling molecule-ai-AMP in the SCV isolatefrom PID 8 may explairother
SCV-linked characteristicsas edi-AMP is an essentialegulator of multiple cellular functions
including cell wall homeostasis, osmolyte balance, cell size, virulence)-Emiamresistance
[51]. Anotherexampleof known traits of SCVss thedisruption ofcentral carbon metatisin

[160]. Pyruvatemetabolism was diminished in SCV isolatesn PID 9 and PID 14asindicated
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by the increasedpyruvatelevels and low abundancef pyruvate dehydrogenasthe enzyme
responsible for converting pyruvate to acelgA, therdoy bridging glycolysisandthe TCA cycle
during cellular respiration183]. Taken together, these resuispportthe association of our
genomic findings with thenetabolomic and proteomighenotypespotentially explainingthe

unique characteristics of SCVs

Investigations of the global proteomic profiles of SCV isolates further supported our fiadings

well asprevious reports describing Se&wked protein expressiochangesFor example lower
abundancef enzymes such as xanthine phosphoribosyltransferase, IMP dehydrogenase, aspartate
carbamoyltransferase, and dihydroorotate dehydrogenasendisate attenuatedpurine and
pyrimidine metabolismin SCV isolatesAdditionally, our clinicalSCVsfavor fermentation, as
evidenced by the upregulation of lactate dehydrogenase, which may manage excess pyruvate.
Moreover, SCVshave shownincreasedproduction of adhesins, such as fibronetiinding

protein, extracellular fibrinogehinding protein, and staphylococcal secretory antigen, while
producing decreasedevels of toxins, such as hemolysins and phospholipases, which may
contribute to intracellular persisten¢46,61] Collectively, these findings highlight thatur

clinical SCVsexhibit some of the previously documeng&dV-linked protein expression patterns.

In conclusion, our study provides a comprehensive description of SCVs in the context of BSIs,
revealing novel insights into their genetic basis, phenotypic stability, and clinical impact. These
findings offer a cautionary note about interpreting the mddeawnderpinnings of clinical SCVs
solely based on laboratory strains. Integratmgti-omicsdata allowed us to identify a range of
SCV-linked diversity that has not been previously reported. However, elucidating the precise roles

of the novel mutationglentified in this study could provide deeper insights into the mechanisms
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driving the SCV phenotype in clinical samples. Collectively, this study suggests that SCVs are
more diverse than was previously appreciated and should be considered as an ensemble collection

of loosely related phenotypes.

3.5: Methods

3.5.1:Bacterial strains

The bacterial isolates in this study are a subset of the Calgary BSI cohort, which comprises 34,000
cryostocksrepresenting the twelve most prevalent microbial species responsible for BSls in the
Southern Alberta Health Region. These isolates were collected by APL from patient blood cultures
performed in Calgary from 2006 to 2020 and provided to laboratory as cryostocks
Specifically, this cohorincluded7604S. aureussolates, which were previously characterized by
APL as either MRSA or MSSkia stardardized procedures. The morphologies of these isolates,
including colony size and type of hemolytic activity, were recordethbyAPL at the time of
culture. On the basis of this morphologigaformation, 118S. aureusstrainswere initially
identified asSCVs In addition, Alberta Health Services (AHS) provided patient information
including agesex comorbidities, mortality, length of hospitalization, ICU admission, history of

surgery beforé&. aureudacteremia, and type and course of antibiotic treatment.

3.5.2: Subculturing

All 118 isolateswvere subjected td consecutivesubculturen TSA plates containing 5% sheep
blood andincubated aB7°C for 18 h in a humidified incubator (Heracell VIOS 250i-Gas
Incubator, Thermo Scientific, Waltham, MA, USA) under a 5% @@l 21% Qatmosphere. The

growth conditions including the culture medium, incubation time, and temperatweze
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consistently maintained to allow rational comparisding cryostocksvere revived on TSA plates
on the first day, and the TSA plates the following days were inoculated with single colonies
fromthe previouslay. For isolates that formed a mixstted population, the smalisized colony

was selected to inoculate the plate on the following day.

3.5.3: Cultivation and sample preparation for genomic assays

Liquid cultures were inoculated wittryostocksn a 96well deepwell plate (VWR, 47749D30)

and grown aerobically overnighagproximatelyl8 h) at37°C with 5% CQ. For turbidity
measurements, 200 pl aliquots of the cultures were transferred tevall9ffat bottom plate

(VWR, 351172), and the absorbance at 600 nm was measamedpectrophotometer (Multiskan

Go, Thermo Scientific). The overnightltured plate was then frozen i@0°C until further
processing. Upon thawing the samples uniformly fro8®°C to 4°C, DNA extraction was

performed automaticallyia a Microlab® Nimbus (Hamilton Company, Reno, NV) liquid handler.

The workflow startedby adding 51 plof digestionmixture (78% w/v lysozyme from chicken egg
white (Sigma Al drich, L GABhrobacter luUWXYS i wg/mva  |AY tdir ¢ &
L2524), 2% wl/v lysostaphin fror8. staphylolyticu§ Si gma Al dri ch, L7386))
culture andncubating for 30 min at 37°CAnother 2min of incubation aB7°Cwas performed

afterthe addition oRPOplofRNase A buffer (1% w/ v RNase A (Si
167 mM TrisHCI (pH 8), and 94% v/v MilltQ water).Next, 40 ul of Enhancer solution (Thermo

Fisher Scientific, A36583) and 20 @il proteinas& buffer (2% w/vproteinas&k ( Si gma Al dr i
706635), 30% v/v 167 mM TrigHCl pH 8, 6% v/v 50 mM Ca@| 50% v/vglycerol and 14% v/v

Milli -Q wate) were added to the culture, and the culture was incubated for another 3®a7G.at

A total of 525 ul of a mixture of magnetic beads (Shtag SpeedBead€arboxyl Magnetic
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Beads, SKU 45152105050350 and 65152105050350) and binding buffer (10% wW80BEG
(CAS 2532268-3), 0.1% v/v Tweeh (CAS 900564-5), 2.5 M NaCl, and 12.40% v/v Mi#Q

watel) were then added to the cultures and incubated for 45 min at room temperature. The
supernatant was removed from the beads using the MAGNUM FLX® Enhanced Universal
Magnet, and the beads were washed three times with 80843 gradeethanolafter binding to

the magnetFifty microliters of preheatectlution solution (Thermo Fisher Sciefiti, A36582)
werethen added to each well and incubate@CC for another 30 min. The eluted DNA samples
were then removed from the beads using the magnet, added to a PCR plate (VWFR§723009
and stored &at80°Cfor further processing. The DNA samples were then quantifeetthe Quant

iTE dsDNA Assay Kit (Thermo Fisher Scientific, Q33120) i@arning96-well black assay plate
(Thermo Fisher Scientific, 8200-590) and then normalized to 2 ng/pL in 50 puL of MQiwater.

The normalized DNA samples wee then stored at80°C in matrix tubes (Thermo Fisher
Scientific, 3732WP1D). The samples were then shipped to the Broad Institute for sequencing and

further processing.
3.5.4:DNA sequencing and genomic analysis

Microbial genomes were sequenced and analyzed at the Broad Institute of MIT and Harvard
(Cambridge, MA, US). lllumina sequencing libraries were construatethe Nextera XT DNA

library prep kit, whichenablesmassive parallelization of sequencing library construction by
pooling 384 samples. Short (151x151 bp) pagad reads were pooled and sequenced on the
lllumina HiSegX platform to an average depth of coverage of 165x for each genome. For each
isolate, segencing reads were assembled and analyzeswiaexisting automated genomics

computational pipeline, which can be  found in greater  detail at
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https://github.com/broadinstitute/seQuoim brief, this pipeline includes quality assessment,

filtering, taxonomic classification, similarity grouping, and annotatflags features of interest
identifies outliersand automatically deposits the data summary and sequences in a database that
can be merged with clinical metadata. Draft assemblies were created for eachigstlateycler
v0.4.6[184] with SPAdes v3.13.[185] and Pilon v1.23orrection176], and the assemblies were
annotated with Prokka v1.14[686]. Speciedevel taxonomic assignments were generated using
Centrifuge 1.0.4_befd87] as a quality control step. StrainGST from the Strain Genome Explorer
(StrainGE) toolkit v1.3.1175] was used to identify the most closely related complete published
reference strain, and Pilon v1.pPI76] was used for variant calling against that reference and to
guantify genomic differences with high sensitivity and specificity. Fully assembled and annotated
genomes allowedhe identification and characterization of key genomic features, including
antimicrobial resistance genes and virulence factaesAriba v2.14.5[178] and novel gene

clustersvia MLST v2.15.1 https://github.com/tseemann/n)lst

3.5.5: Phylogenetic tree construction

Each isolate genome was alignedhe reference genome NCTC 832& BWA v0.7.18[188].

Pilon v1.23[176] was used teall SNPs and create a fldingth genome alignment, with masking

of positions with an allele frequency0<9, mapping quality <10, or low coverage. Gubbins v3.3.5
[189] was then applied to the full alignment to remove recombination artifacts. The resulting core
SNP alignment was further filtered to include only variable siteSNRP-sites v2.5.1190]. The

final clean alignment was useddonstructa maximum likelihood phylogenetic tree with IQTree
v2.0.6 [191]. We employed the ModelFinder algorithfh92] to identify the most suitable

nucleotide substitution model. According to the results from ModelFinder, we selected the general
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time reversible (GTR) model for nucleotide substitution along with the FreeRate model for rate
heterogeneitywhich useshree categories. Additionally, we utilized the UFBoot2 algorifh93]
with 1,000 bootstrap replicates, as integrated in 1QTree. The phylogenetic trees were then

visualized through the online tool Interactive Tree of Life (iToL).

3.5.6: Finding near isogenic SCV/noASCYV pairs

For each SCV isolate, we identified the most closely relatedS@w isolate from the entire
Calgary BSIS. aureusohort (Supplemental FiguBe2). For each SCV, we used a Python script

(publishedat _https://github.com/w1bw/biotools/blob/main/diffydb contrast the variant calls in

the Pilon VCF files generated from the genomics pipeline for the SCV isolate with those of all
nonSCV isolateghatshared the same closest reference genome, identifying all locations in the
chromosomehatdiffered between the SCV and r&CV isolates and were confidently called for
both isolates by Pilon (PASS filteflhis yielded a very close approximation of the genetic distance
between each SCV and n@&CV. We considered any SCV/n@CV pairs to be near isogenic if

25 or fewer differences in the whole genome were identifiéd).

3.5.7:Identifying the differentiating mutations in the near isogenic SCV/norSCV pairs

Using only the variant calls identified above would risk missing potential mutations of interest in
the isogenic pairs in genes that may not be present in the reference genome. dibtas; tioe

most accurate assessment of variants between the SCS@Mnpairs, we used the draft
assemblies of the SCV and RBRV isolates generated in the genomics pipeline and again called
variants using both the SCV and rBEV isolate reads to each assembliurn and identified the
differencesbetweenthe two variantcall sets.This gave us a comprehensive set of variants to

consider, even if one of the draft assemblies contained minor assembly errors. Finally, we
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manually inspected the variant calls identified in each SCVYS80OX pair to ensur¢hat they

looked reasonable, identified the corresponding annotated gene, and determined whether they
causednonsynonymousor synonymous changes. To simplify the downstream analysis, we
focused our investigation on n@ynonymous mutations in coding sequences of known genes with

an emphasis on mutation impacting metabolic processes.

3.5.8:Cultivation and sample preparation for extracellular and intracellular metabolic

assays

Cryostockswere first revived on TSA plates overnight to obtain monoclonal colonies. A few
colonies with similatTmorphologieswere then scraped off the overnight platdiuted to 0.5
McFarland (OBoo~ 0.15 or ~7.5x10CFU/mL) in 5 mlof tryptic soy broth (TSB), and incubated
for 10 h at37°Cwith aerobic shaking at 160 rpm. The bacterial cultures were sampled every 2 h
for turbidity measurement and preparation forlteMS runs. Turbidity was measured at 600 nm
via a spectrophotometer (Multiskan Go, Tim® Scientific).The opticaldensity (OD) values were
adjusted to a 1 cmpath lengthby multiplying the net change the ODsoo by a conversion factor

of 4.6. The cultureswvere then centrifuged for 10 mat 4000 x g at4°C. For the extracellular
metabolic assay, the supernatant was removectd 1:1 with 100%.C-MS grade methanol and
frozen ati 80°Cfor further processing. Upon thawintpe samples were centrifuged again for 10
min at 4000x g at4°C to remove any protein precipitate, ahe supernatantaere then diluted
1:10 with 50%LC-MS grade methanol and analyzedh UHPLGMS. For the intracellular
metabolic assay (specificallydi-AMP), the pellet was extracted in 0.5 ml of 8Q%%-MS grade
methanol + 0.1% formic acid 4fC. The cells were then vortexed for 30 seconds, incubated for

15 min at4°C, and thercentrifuged again for 10 min at 4080g at4°C. The supernatant was
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removed, and the extraction buffer was then evaporatEé€atiaa vacuum centrifuge (Eppendorf
AG 22331 Hamburg). The intracellular metabolites were diluted in 0.5 ml of .3D9MS grade
methanol and analyzeda UHPLGMS. After mass spectrometry analysis, the quantified signals

were normalizedo the cell counts obtained for each sample.
3.5.9:UHPLC-MS

All metabolomics data were produced through UHRME analysis performed at the Calgary
Metabolomics Research Facility (CMRF). For the analysis of extracellular metabolites, separation
was achievedsia a hydrophilic interaction liquid chromatography (HILIC) method previously
described in greater detail by Rydzak ef{®4]. In brief, a binary solvent system of Solvent A

(20 mM ammonium formate at pH 3.0 in water) and Solvent B (0.1% formic acid in acetonitrile)
was used to produce a gradient on a Thermo Fisher Scientific Vanquish UHPLC system. The
following gradient wasised: @2 min, 100% B;2i 7 min, 10080% B; 7 10 min, 805% B; 10

12 min, 5% B; 113 min, 5 100% B; and 1815 min 100% B. All analyses were conducted with

a flow rate of 600 pL/min and a sample injection volume of 2 pL. The signals were acgaired
both neative {2500 V) and positive (+3000 V) ion modes using a Thermo Scientific Q Exactive
HF mass spectrometer, with kgdtan acquisitions ranging fros@ 750m/z, a resolving power of

240,000, an automatic gain control target of 3e6, and a maximum injection time of 200 ms.

For intracellular metabolites, separation was conducig@ reversghase iorpairing method
adapted from Lu et gl195]. The separation utilized a binary solvent system of Solvent A (10 mM
tributylamine, 97% H20, 3% MeOH, pH 7.5) and Solvent B (acetonitrile), along with a Zorbax
SBC18 Rapid Resolution HT column (50 mm 1T 2.
following solvent gradient was used:10min, 0% B; 12 min, 0 25% B; 2 3.5 min, 25% B; 3.6
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5 min, 25/ 55%B; 5i 6.5 min, 55% B; &i 8.5 min,551 100%B; 8.5 10 min, 100% B;10i 11 min,

100 0% B; and 11 15min, 0% B. The signals were acquiiadegative {2500 V) ion mode with

a Thermo Scientific Q Exactive mass spectrometer, withsftdh acquisitions ranging fronoi
1000m/z, a resolving power of 140,000, an automatic gain control target of 1e6, and a maximum

injection time of 200 ms.

Spectral analyses involving metabolite identification and integration were conducted in MAVEN
(EI-MAVEN v0.12.0)[196], and this identification was based on matching figgolution mass

and retention time characteristics to authentic standards.

3.5.10:Cultivation and sample preparation for proteomic assays

Proteomic processing methods for &llaureuBSIs are explained in detail in a manuscript in
preparation by Ulkd.emee et al. In brief, liquid cultures were inoculated veitpostocksand
grown aerobically to midexponential phase (averageo>P0.4) at37°Cwith 5% CQand then
frozen ati 80°C until further processing. Upon thawing samples uniformly fi@®@°C to 4°C,
900 ul of culture, 350 plof nucleasdree ceramic beads (Omni International, SKUGB3,
Kennesaw, GA, US), 115 pl of lysis buffer (1% w/v sodium dodsuifate(CAS 1121-3), 0.5%
viv NP-40 (CAS 903619-5), 0.5% v/v Triton X100 (CAS 900293-1), and 0.1 pg/ml bovine
serum albumin (23209)) were added to each well of a neweligplate The 96well plate was
sealed and then shaken at 30 Hz four times fairPeach att°C usingan OMNI BeadRuptor 96
(Kennesaw, GA, US). The peptides were purified through a spuajlesolidphaseenhanced
samplepreparation (SP3) approach, which included SP3 magnetic beaddM&giSpeedBeads
Carboxyl Magnetic Beads, SKU 45152105050350 and 65152105050350) and a tryptic digestion
step (LGMS gradetrypsinLys-C (Thermo Fisher Scientific, A41007)), using a Microlab®
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Nimbus (Hamilton Company, Reno, NV) liquid handler. The peptides were then quavitfibd
Pierc& Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific, PI23275) with 27 pL
of assay solution and 3 pbf peptide solution in a 384 microplate and then normalized to 0.25
Mg/uL peptide in 40 pL o0 MM EPPS. QC peptides derived from green fluorescent protein and
synthesized by BioBasic were added to each sample (final concentrations: 60 nM HVLTSIGEK
and 30 nM LTILEELR). The SuperMix, or the bgel sample, which consisted of peptides pooled
from 158 randomly selectesl aureuBSI isolates, was added to column 11 of thev@dl plate,
serving as an internal standard reference that allowed comparison of all protein expression data.
The samples were then isotopically labeled using TMT11 (Thermo Fisher Scientific, A34808) and
pooled. The TMTliplex samples were then desalteth solid-phase extraction using
EVOLUTE® EXPRESS ABN cartridges (64@10BXG, Biacore, Salem, NH, US) on a custom
vacuum manibld. The elutedoeptides were drieda a vacuum centrifuge (Eppendorf AG 22331
Hamburg) a4°C and stored at20°C. Upon thawing, the peptides were resuspended in 110 pl

running buffer (0.1% (v/v) formic acid) and analyzed nancLC-MS.
3.5.11:nanoL.C-MS with FAIMS

The proteomic data were collected usiag Orbitrap Fusio®™ Lumos™ Tribrid™ mass
spectrometerequipped withan EASY-nLC1200, an EasySpray NG ion source, and FAIMS
(Thermo Fisher Scientific). A 2 puL sample of peptides was injected and separated ove80

a 15 cm column (ES901, 2 um bead size, 50 um 1.D.), with a Pepmap 100 precolumn {264946
75 pym 1.D., 2 cm length). The running buffers used were 0.1% (v/v) formic acid, 80% (v/v)
acetonitrile, and 0.1% (v/v) formic acid. A single FAIMS settirgp(CV) and MS/MS scans were

usedfor peptide analysigViIS1 precursor scans were performed in the Orbitrap, covering a mass
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range of375 1,600 m/z, with a resolution of 1:210°, an automatic gain control (AGC) target of

4 x 10°, and an automatic maximum injection time. Peptides with a charge staité ahd a
minimum intensity of 25,000 were isolated in the quadrupole (isolation window 0.7) and
fragmented at a fixed collision energy of 38%. The resulting fragments were analyzed in the

Orbitrap with a resolution of 5x#0a scan range dfL0' 2000m/z, and an AGC target of 7.5¥10
3.5.12:Data visualization and statistical analysis

Data visualization and statistical analysis were performed using GraphPadverision(0.2.3).

For pairwise comparisons ofearisogenic SCV/nonrSCV pairs, multiple unpaired twetailed

St ude-testskst b Wel chdéds correction were conducted
versus nofrSCVs across different time points,i t h a signi ficancThe t hr es
metabolomic experiments were performed with threkependenpool replicates, which is an
established approadbr analyzing metabolic signaturegsan isogenic background [20Fignal

intensities of metabolites are presented as dot plots that also itfbudeant: standarderror of
themean(S.E.M). The significance of protein expressicmangesvasassessedsing a zscore

test.No multiple test corrections were appltedhese pairwiseomparisonsas each metabolic or
proteomic comparison tested one specific hypoth&bodhal protein expressiogiata for 18 SCV

isolates versus 16 néBCV isolatesvere analyzed using unpaired ttaledSt u d et-te$tsongth

Wel chés withrar esdtgindrf i cance tlhthieadysisPdvalues werd < 0.
adjusted for multiple comparisons using the BenjaiHiochberg approachlfhe CCI and the
probability of death were analyzed using unpaired-tavied St u d e A tedss twi t h  Wel

correction and logank (MantelCox) test, respectively, with a
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These analyses included only the index isolatesv(n 74, monscv= 5,661).The phylogenetic

tree was visualizedsingthe online tool iTOL (Interactive Tresf Life).

3.6: Statement of contribution

M.M. and I.A.L. conceptualized, wrote, and edited the manuscript. M.M., R.A.G., and T.R.
designed the metabolomics experiments, analyzed the data, and collected mass spectrometry
measurementsandM.M. conducted the metabolomics experiments. M.M. and B.J.W. developed
and performed pairwise variant calling and Agagenic SCV/nof8CV analyses. B.J.W. ran the
genomic pipeline and provided genomic quality control metrics. AnWidedcompiled patient
outcomes and generated the Charlson Comorbidity Index ,gaaphM.M. analyzed the patient
outcomes. M.E.V.T. provided processed and normalized proteomics, datel. conducted
proteomics experiments and collected mass spectrometraddid.M. analyzel the proteomics

data. T.D.Mprovidedannotated genomic filed.T.S.generateghhylogenetic tree datand M.M.

analyzed the processed genomic d¥t#l.G., A.M.E., I.A.L., andbtherco-authors reviewed the

manuscript and provided feedback.
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3.7: Supplemental Figures

Corrected Phi Value Distribution of S. aureus BSI
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Supplemental Figure3.1: The associations betwe&n aureusSCV BSI and various comorbidities, including diabetes and chi
pain, and male sex were estimated using the Phi coeffiéid?iti coefficient of 0.23 indicates a weak positive relationship betv
S. aureusSCV BSI andhese factoradVIRSA is shown as a referenckhis analysis includionly the indexsolate for each patier

within a30-day period nscv= 74; Mmonscv= 5,661
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@ Finding the closest reference genome for all the S. aureus isolates of calgary BSI cohort
using StrainGST Qr:,i)

—U\ 4
=
Tree scale: 0.01 ,/’ 1*51

- )

BSoea‘q'GO‘dd

094 06

Aligning all the sequence reads to their closest reference genome using Pilon
Ref genome: TAATGGGGGCGGTCCATAT! AGA

<2

Isolate 1: TAATGGGGGCGGTCCATAT AGA
Isolate 2: TAATGGG GGTCCATATC AGA
Isolate 3: TAATGGG GGTCCATATC| AGA

Counting the different mutations between the SCV and all the non-SCV
isolates of the same group using Pilon

<2

Isolate # Mutation
Bl_06_0618 1082
BI_09_2781 2981
BI_13_0992 1687

SCV 1673
BI_14_1081 3836

@ Genetic relatedness threshold: 25 SNPs per whole-genome
SCV vs non-SCV Mismatch mutations
Genetically closest isolate [BI 13 0992 14

BI_06_0618 591

BI_09_2781 1218

Bl_14_1081 2163

Variant calling of SCV against the clonal non-SCV, and vice versa

Pathway analysis

Supplemental Figure 3.2 The genomic approach for identifying the isogenic -8a@V

counterpart for each SCV isolate and the differentiating mutations in each pair.
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3.8: SupplementalTables

Supplemental Table3.1 Verified phenotype, longterm stability, and the nearest noRSCV
counterpart for each SCV isolate118isolates wersulculturediterativelyover four day®n the

TSA plates plus 5% sheep blood. The colony sizes were measured only on day one of
thesulculture.111 out of 118 isolates reconfirmed as SCV on day one and 8 isolates were either
contaminated or formed large size colon{@s.the subsequent days, the colony phenotypes were
indicated visuallyThe isolatesormed consistent colony sizes within a plate, but showed a range

of colony sizes between plateghich were grouped into tiny, small, medium, and miXéz final
phenotype was decided basedtbe overall phenotypeof the last three subcultures, where the
isolates exhibited a stable phenaty®f 111 isolateswith SCV phenotype on dagne of
subculture,eight isolates formed tiny colonies, 76 isolates formed small colonies, 18 isolates
formedmedium colonies, and nine isolates formed mixed colok@sh SCV and its nearest Ron

SCV counterpart are genetically distant by the number of mutations shown in thig tetews

shown in grey represent the isogenic SCV/&@V pairs.Tiny =<0.2mm; small 0.2mm & =<

0.5mm; medium ®.5mm & =<1mm); large 3. mm; mix (a combination of different colony sizes).
Genomic pipeline quality control (QC) issues: assembly contigs; when sequencing reads are too
fragmented due to either not a pure colony or low sequencing coverage to put together, assembly
length; when 8% of the total assembly is more than 20% different than the median, strains; when
the StrainGST did not find exactly one reference due to either none or more than one references,
genes; when one isolate has less or more than 20% of the median of tles.sSped\BR;

bloodstreaninfectionnumber, PID; patieritdentification
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Colony Phenotype

Colony Final No. of
PID No. BI_NBR  size (mm) Day 1 Day 2 Day 3 Day 4 Phenotype Nearest nonSCV m ta.tions
(Day 1) P !
2 1 BI_07_1844 T T T T Tiny BI_07_1780 17
2 BI_20_2145 T T T T Tiny BI_16_3102 479
3 Bl_16_1204 T T T T Tiny BI_06_2149 527
13 4 BI_17_0525 0.33 S S S S Small BI_17_0482 9
1 5 BI_06_1077 0.28 S S S S Small BI_06_2325 11
10 6 Bl_16_0784 0.25 S S S S Small BI_16_0759 5
14 7 BI_18 2030 0.33 S S S S Small BI_18 2002 5
7b 8 BI_15_0072 0.22 S S S S Small Bl_14_2619 12
8 9 BI_15_2223 0.28 S S S S Small BI_15_2163 7
7a 10 BI_15_0028 0.28 S S S S Small BI_14_2619 12
16 11 BI_20_3462 0.31 S S S S Small BI_20_3438 8
11a 12 Bl_16_1438 0.42 S S S S Small BI_16_1399 15
11b 13 Bl_16_1498 T S S S Small BI_16_1399 16
3 14 BI_09 1715 0.26 S S S S Small BI_09_2712 10
5 15 BI_13_0859 0.38 S S S S Small BI_12_1255 12
12 16 BI_16_1930 0.35 S S S S Small BI_16_1918 13
6 17 BI_13_1007 T S S S Small BI_13_0992 14
15 18 BI_19_0866 0.27 S S S S Small BI_19_0867 15
9 19 BI_15_2960 0.45 S S S S Small BI_15_2950 11
4 20 BI_12_2032 0.34 S S S S Small BI_12_2016 13
21 BI_13 2301 0.41 S S S S Small BI_11 0387 42
22 BI_17_3130 0.28 S S S S Small BI_16_2966 45
23 BI_14 1744 T S S S Small BI_08_2233 79
24 BI_10_1817 0.25 S S S S Small BI_06_1466 114
25 BI_12_0594 0.37 S S S S Small BI_12_0549 114
26 BI_12_2950 T S S S Small BI_17_2499 146
27 BI_13_1224 0.35 S S S S Small BI_08_2279 158
28 BI_13_ 1009 0.43 S S S S Small BI_08_2279 162
29 BI_13_1433 0.3 S S S S Small BI_06_1325 171
30 BI_09 2579 0.26+0.63 Mixed S S S Small BI_06_2031 191
31 BI_18_0790 0.41 S S S S Small BI_10_1286 227
32 BI_09_2164 0.31 S S S S Small BI_06_1308 231
33 BI_13 0344 0.37 S S S S Small BI_07_1713 231
34 BI_13_1360 0.36 S S S S Small BI_15_1476 243
35 BI_13 1593 0.42 S S S S Small BI_15_1476 245
36 BI_14_0339 0.39 S S S S Small BI_08_0972 245
37 BI_13_1530 0.45 S S S S Small BI_15_1476 247
38 BI_13_ 1559 0.44 S S S S Small BI_15_ 1476 249
39 BI_17_0043 0.33 S S S S Small BI_13_1051 262
40 BI_16_0262 0.25 S S S S Small BI_08_1433 264
41 BI_16_3467 0.39 S S S S Small BI_13_1051 265
42 BI_18_1162 0.41 S S S S Small BI_08_0972 266
43 BI_13 1815 0.41 S S S S Small BI_08_0972 316
44 BI_15_3256 0.37 S S S S Small BI_06_1615 335
45 BI_15_3204 0.36 S S S S Small BI_06_1615 339
46 BI_16_0619 0.33 S S S S Small BI_06_2150 340
a7 BI_17_1634 0.32 S S S S Small BI_14 0183 354
48 BI_13 0310 0.34 S S S S Small BI_12_0061 367
49 BI_13_3080 0.32 S S S S Small BI_11_0337 437
50 BI_17_2113 0.41 S S S S Small BI_09_2266 504
51 BI_17_2107 0.36 S S S S Small BI_09_2266 505
52 BI_14 0488 0.4 S S S S Small BI_06_0841 506
53 BI_17_2740 T S S S Small BI_10_0393 567
54 BI_16_0361 0.43 S S S S Small BI_07_1061 626
55 BI_07_1693 T+0.65 Mixed Mixed Mixed Mixed Mixed BI_08_0972 206
56 BI_16_0541 0.48 S M M M Medium BI_16_0499 6
57 BI_16_1723 0.5 S M M M Medium BI_16_1139 6
58 BI_17_3149 0.55 M M M M Medium BI_17_3016 6
59 BI_13_ 0281 0.75 M M M M Medium BI_13 0276 7
60 BI_16_2822 0.5 S M M M Medium BI_16_2821 7
61 BI_17_1292 0.48 S M M M Medium BI_17_0335 9
62 BI_12_2545 0.53 M M M M Medium BI_12_2563 10
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63 BI_12_2590 0.61 M M M M Medium BI_12_2563 10

64 BI_09_1690 0.46 S S M M Medium BI_09_2712 12

65 BI_10_1421 0.49 S M M M Medium BI_10_1355 12

66 BI_14_0609 0.47 S M M M Medium BI_14_0077 14

67 BI_07_2312 T+0.55 Mix M M M Medium BI_08_0664 15

68 BI_12_0128 0.49 S M M M Medium BI_07_2297 32

69 BI_13 2314 0.48 S M M M Medium BI_06_1311 59

70 BI_18_1938 0.48 S M M M Medium BI_20_0355 90

71 BI_14 3225 0.5 S M M M Medium BI_08_2279 95

72 BI_17_0315 0.65 M M M M Medium BI_11_0975 95

73 BI_17_3015 0.5 S M M M Medium BI_09_1191 112

74 BI_16_0294 0.47 S M M M Medium BI_17_0250 147

75 Bl_16_0348 0.5 S M M M Medium BI_17_0250 151

76 BI_16_0357 0.49 S M M M Medium BI_17_0250 155

77 Bl_16_0885 0.48 S M M M Medium BI_09_1191 218

78 BI_06_1942 0.61 M M M M Medium BI_08_0972 243

79 BI_12_0062 T+0.29 Mix M M M Medium BI_08_0972 258

80 BI_17_1020 0.7 M M M M Medium BI_07_0911 277

81 BI_07_2248 T+0.61 Mix M M M Medium BI_09_2150 317

82 BI_11_0573 0.47 S M M M Medium BI_10_1004 327

83 BI_11_0619 0.46 S S M M Medium BI_10_1004 333

84 BI_13_0027 0.7 M M M M Medium BI_08_0157 367

85 BI_13_3060 0.48 S M M M Medium BI_13_2430 399

86 BI_18 0035 T+0.67 Mix M M M Medium BI_20_0840 423

87 BI_16_3421 0.59 S M M M Medium BI_11_1086 433

88 BI_07_1631 0.56 M M M M Medium BI_13 2430 441

89 BI_13_0393 0.47 S M M M Medium BI_11_2141 506

90 BI_12_1000 0.35+0.59 Mix M M M Medium BI_10_1004 512

91 BI_15_2267 0.5 S M M M Medium BI_13_2545 552

92 BI_16_0227 0.49 S M M M Medium BI_07_1540 656

93 BI_19 3428 1.32 L L L L Large

94 BI_11_1512 0.74 M M L L Large

95 BI_09_0800 151 L L L L Large

96 BI_13_0485 1.2 L L L L Large

97 Bl_07_2294 0.83 M L L L Large

98 BI_09_1727 1.32 L L L L Large

99 BI_13_1939 0.82 M L L L Large

100 BI_07_1543 1.24 L L L L Large

101  BI_17_1326 0.8 M L L L Large

102  BI_09_1354 0.84 M L L L Large

103  BI_07_0069 1.32 L L L L Large

104  BI_17_2062 0.82 M L L L Large

105 BI_08_1109 0.78 M M L L Large

106 BI_16_2168 0.84 M L L L Large

Did not pass genomic quality controls |
QC issues

107 BI_20_0271 T+0.71 Mixed T T T Tiny Assembly Contigs, Strains

108 BI_12_1466 T+0.53 Mixed T T T Tiny Low Cov.,, GC, Assembly Length,
Assembly Contigs, Genes

109 BI_13_1984 0.45 S S S S Small Assembly Contigs, Genes

110 BI_18_1868 0.37 S S S S Small Assembly Length, Assembly

Contigs, Genes
111 BI_19_2360 0.35 S S S S Small Assembly Length, Assembly
Contigs, Genes
112 BI_13_1449 0.48 S M M M Medium Assembly Contigs, Strains
113  BI_07_0956 0.82 M L L L Large Assembly Contigs, Strains
StrainGST issues

114 BI_16_1782 0.37 S S S S Small Staphylococcus epidermidis

115  BI_17_0985 0.49 S M M M Medium Staphylococcus epidermidis

116 BI_17_1063 0.5 S M M M Medium Staphylococcus epidermidis

117  BI_17_0950 0.48 S M M M Medium Vibrio tritonius

Contaminated isolates
118 Bl 11 1076 Pseudomonas aeruginosa
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Supplemental Table3.2 Demographic and molecular classification of isogenic SCV/ne8CV pairs. Each isogenic SCV/neSCV

pair is associated to a specific patient, indicating within host evolution of SCV phenotype for theSépsépairs are mostly detected
among male patients over 60 years dlde collection time shows how far the two samples were collected from the patient, with four
pairs @_09 1715/Bl_09 1715, Bl_13_0859/BI_12_1255, Bl_15_0028/Bl_14 2619, and BI_15 0072/Bl_Il4b&&y9omore that

30 days apartMolecular classification of these isogenic pairs is performed using CC, nres@Ange/absence, SCCmec typing, and
strainGST reference genome. Differentlecularlineagesfor these pairs inform that SCV phenotype is likely independent of the

genetic backgroundCC; clonal complex, PID; patierdéntification SCCmec; staphylococcal cassette chromosome mec.

PID SCV IsogenicnonSCV |:>S§ir2§t Gender Age  Collection time p:gigﬁce S(t:y(;rgec Ssﬁk?t;;) ic CcC StrianGSTreferencegenome
1 BI_06_1077 BI_06_2325 \% Female 65 4 days apart mecA 1l lla CC5 FDAARGOS9
2 Bl_07_1844 BI_07_1780 \% Male 0 10 days apart C2406
3 BI_09_1715 BI_09 2712 \% Male 60 124 days apart mecA 1l lla CC5 FDAARGOS9
4  BI_12 2032 BI_12 2016 Y, Male 51 2 days apart ccs C2406
5 BI_13_0859 BI_12_1255 \ Male 60 50 days apart CC1 CFSANO018750
6  BI_13 1007 BI_13_0992 v Male 77 1 day apart mecA v IVa C2406
7a Bl_15_0028 Bl_14 2619 \% Female 67 79 days apart mecA [\ IVh CC22 HO 50960412
7b BI_15_0072 Bl_14 2619 \% Female 67 83 days apart mecA IVh CC22 HO 50960412
8 BI_15_2223 BI_15_2163 \% Female 26 6 days apart CC1 Mw2
9 BI_15_2960 BI_15_2950 \ Male 85 Same time CC30 UP764
10 Bl_16_0784 Bl_16_0759 \% Female 69 4 hours apart CC30 UP 764

1la BI_16 1438 BI_16_1399 Y, Male 64 1 day apart mecA v IVa ccs FDAARGOS9

11b  BI_16_1498 BI_16_1399 \ Male 64 5 days apart mecA v IVa CC5 FDAARGOS9
12 BI_16_1930 BI_16_1918 v Male 44 Same time ccs 280

13 BI_17_0525 BI_17_0482 Y Male 61 2 days apart ccs MZ9

14 Bl_18_2030 BI_18 2002 \% Male 61 18 hoursapart CC8 C2406
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15  BI_19_0866 BI_19_0867 Vv Male 67 Same time UP 764
16  BI_20_3462 BI_20_3438 Vv Male 73 Same time CC30 UP 764

Supplemental Table3.3 Mutations differentiating the genotypes of the isogenic SCV/neSCV pairs. Variant calling analysis

identified 332 mutations differentiating the genotypes of tiearisogenic SCV/nofECV pairs Non-Syn, noasynonymous; Syn,

synonymous
Contig Gene Gene Substitution _— Upstream | Downstream .
PID Gene No. coordinates | orientation position Substitution type Effect gene gene Gene name/function Category
Regulatory protein (a
15709 ) . . ATP-dependent Clp proteas : .
clpX 7 16251 15731 Deletion (C) Early Stop clpX 1 tig ATP-binding subunit proteinfolding
chaperoi
TTTTCTAATTGA ->
33421 ATTTTTAATTAG
L None 6 33436 SNP (T>A) catE 2 IspA None coding seq.
33446 SNP (G>A)
18577t ) .
None 5 - 186621 SNP (A>G) map 2 leuA 1 Hypothetical protein
186892
275867 SNP (G>T)
None 3 cspA 1l lysA None coding seq.
275870 SNP (G>T)
None 59 247 SNP (G>T) None None None coding seq.
None 39 15932219 - 1703 SNP (A>C) None rclA Hypothetical protein
3679 SNP (G>A)
3697 SNP (G>T)
None 40 35744290 - None hin_2 Hypothetical protein
2 3700 SNP (F>C)
4072 Large substitution (148
bp)
None 43 4989 SNP (A>T) ltaE None None coding seq.
5417 SNP (F>C)
Ipl2_3 17 48705676 + Syn Ipl2_2 Ipl2_4 Putative lipoprotein Surface protein
5433 SNP (G>T)
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5437 SNP (G>A)
None 32 11829 C groL ktrB_2 None coding seq.
ACGGCATAACGCGG ) .
None 27 16602 16892 SGCGGTATAACTTGT rhaS 2 plc Hypothetical protein
30251 SNP (G>A)
None 27 ghrB 2 ditA None coding seq.
30253 SNP (G>A)

29823 - N-Syn DNA-directed RNA Regulation (RNA
rpoB 1 33374 30541 SNP (F>C) (P945L) rpoC rsmC polymerase subunit beta | polymerase subunit)
None 6 34902 Deletion (A) catkE 1 degA None coding seq.

42924 SNP (G>A)
None 8 secDF apt None coding seq.
42929 SNP (G>T)
None 18 47294 47445 SNP (G>A) ktrB_1 None Hypothetical protein
N-Syn . . Signatrecognition
alas 12 64907 66362 SNP (G>A) (A486T) recD2_1 yrrK Alanine-tRNA ligase particle pathway
fisy 7 87919 88555 SNP (G>A) Syn fth sme Signal recognition particle | Metabolism (pentose
receptor FtsY phosphate pathway)
None 1 146694 SNP (A>C) ybbH 1 suhB 1 None coding seq.
151010 SNP (G>A)
None 1 150197 151012 SNP (A>G) rpsl None Hypotheticalprotein
151237
151032 SNP (G>A)
glnA 12 21483488 2450 SNP (G>A) Syn None ginR Glutamine synthetase Metabolism

27645 DNA-directed RNA Regulation (RNA
rpoC ° 31268 29857 SNP (G>T) Syn rpoB pIGB polymerase subunit beta | polymerase subunit)
None 7 42252 Deletion (A) hylB map 2 None coding seq.

Ipl2_2 5 4212331177 42662 SNP (T>C) Syn Ipl2_1 Ipl2_3 Putative lipoprotein Surface protein
None 7 53754 Insertion (A) alsS rpsl Nonecoding seq.
None 8 64150 SNP (A>T) sarS yfhA None coding seq.
None 11 71345 Deletion (A) fabz ssbA 4 None coding seq.
None 3 94447 SNP (G>T) aroA 2 murC None coding seq.

, 205915 - Ribulose5-phosphate Metabolism (pentose
tard 2 206940 206716 SNP (F>G) Syn tarl2 tark reductase 2 phosphate pathway)
None 27 10 SNP (G>A) None InrL_3 None coding seq.
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55 Insertion (A)
471 Insertion (AC)
None 43 476 SNP (G>A) essG3 None None coding seq.
524 Insertion (GTAA)
770 SNP (A>T)
773 SNP (A>G)
None 46 134934 None None Hypothetical protein
797 Insertion (A)
828 SNP (T>G)
1691 SNP (A>G)
None 31 dapE hlb None coding seq.
1702 SNP (G>A)
None 41 17912516 1986 SNP (T>C) None None Hypothetical protein
None 39 3356 SNP (G>A) None thyA None coding seq.

12097 . Anthranilate Metabolism
trpD2 1 13095 12971 Large deletion (108 bp)| Early Stop trpC trpG_1 phosphoribosyltransferase ] (tryptophan)
None 6 30137 Deletion (GG) def pdhA None coding seq.

None 7 32991 SNP (G>T) irtA garK_1 None coding seq.
None 20 34939 35057 SNP (A>G) ydeN lukEv Hypothetical protein
42325 SNP (G>A)
None 3 42027 hrtA_1 tcaR Hypothetical protein
42332 SNP (G>A)
None 3 52689 SNP (G>A) ktrB_1 tarM None coding seq.
73808 SNP (G>T) ; ;
gsiC 4 773;1(?‘53546; Syn dppC oppF 1 Glutathione transtpprt Gsy_sct;en I\t/IetatboIrllsm
73817 SNP (G>T) permease protein Gsi (tryptophan)
79222 SNP (A>G)
79373 Large deletion (756 pb)
80131 SNP (F>C)
61280 ) .
None 13 87772 80143 SNP (G>C) ebh rnhA Hypothetical protein
80161 SNP (G>T)
80164 SNP (G>T)
80175 SNP (F>C)
None 12 83037 SNP (A>G) cspA 1l pspB None coding seq.
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None 6 84347 SNP (T>G) menG hup None coding seq.
None 1 85874 SNP (G>T) sasG entS1 None coding seq.
None 3 109736 SNP (A>C) rhaS sarR None coding seq.
None 1 213941 SNP (G>A) ISpA None None coding seq.
None 35 284 SNP (G>C) None None None coding seq.
None 31 11886 SNP (T>A) alsT glcT None coding seq.
Metabolism (cell wall
tsaD | 35 12952 13347 SNP (G>A) Syn fiml muts 2 tRNA Né-adenosine peptidoglycan
threonylcarbamoyltransferag  synthesis, cell wall
division)
mutM 15 30064 30435 SNP (A>G) N-Syn coakE polA FormamidopyrimidineDNA Regulatlo_n (DNA
(Y168H) glycosylase repair)
None 13 49881 51343 SNP (A>G) mtlF_2 mtlA Hypothetical protein
None 5 61548 SNP (A>G) sucD topA None coding seq.
None 10 76924 78138 SNP (T>C) ydaG treP_1 Hypothetical protein
None 3 147592 Large deletion (369 bp) ktrB_1 catD None coding seq.
N-Svn Spermidine/putrescine Metabolism
potA 3 217890 218104 SNP (F>C) (L72)|/3) pdhD potB import ATP-binding protein | (spermidine/sperming
PotA uptake)
None 1 254544 255135 Deletion (AC) CpnA isaA Hypothetical protein
None 1 257316 257548 SNP (A>C) isaA oatA 1 Hypothetical protein
None 2 309122 Deletion (T) gabR None None coding seq.
579 Deletion (CTGAT)
None 17 381104 None hrtA_2 Hypothetical protein
869 SNP (F>G)
hpt 15 9858 10293 Insertion (A) Early Stop | ftsH tils Hypoxanthineguanine Metabolism (purine
phosphoribosyltransferase salvage pathway
None 20 26455 SNP (G>T) ispE veg Nonecoding seq.
95472 96041 SNP (F>G)
None 1 100920 rclA iolS Hypothetical protein
100634 SNP (G>T)
105177 105507 SNP (A>T) N-Syn Type VIl secretion system )
essG 1 7 105665 ED52DE focA essG2 tein EsaG Virulence
105510 SNP (F>A) ( ) protein Esa
105676 N-Syn Type VII secretion system )
essG2 5 106176 105859 SNP (A>C) (R106S) essG 1 essD protein EsaG Virulence
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None 2 116692 SNP (G>A) entS1 sasG None coding seq.
None 4 2233;‘5% 238509 SNP (T>C) gloB mecR1 Hypothetical protein
2158 Insertion (A)
2984 SNP (G>T)
3104 SNP (G>G)
3105 SNP (G>T)
3599 SNP (G>T)
3608 SNP (G>A)
3623 SNP (G>T)
3627 SNP (F>A)
None 25 None bcrR None coding seq.
3630 SNP (T>C)
3633 SNP (A>C)
3638 SNP (A>T)
3648 SNP (G>T)
3664 SNP (F>A)
7a
3672 SNP (F>G)
3674 SNP (T>C)
3705 SNP (A>G)
4061 SNP (A>G)
4067 SNP (F>C)
4088 SNP (A>G)
4097 SNP (A>G)
4112 SNP (G>A)
None 25 40374216 None berR Hypothetical protein
4126 SNP (G>A)
4127 SNP (G>T)
4184 SNP (A>G)
4187 SNP (A>G)
4198 SNP (F>A)
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4199 SNP (F>A)
4211 SNP (G>A)
4229 SNP (G>T)
4235 Insertion (T)
4242 SNP (G>A)
4247 SNP (G>T)
4251 SNP (A>C)
4252 SNP (A>G)
None 25 None berR None coding seq.
4273 SNP (G>A)
4288 SNP (G>A)
4297 SNP (F>C)
4303 SNP (G>C)
4315 SNP (F>G)
4318 SNP (G>T)
None 20 44355241 4738 Insertion (T) pepFl2 yjbl Hypothetical protein
purR 19 22?553%% 25077 SNP (T>C) (gseyg) yabJ ispE Pur operon repressor Mettz)aiggﬁme(giusrlne
regulator)
None 14 30187 Large sué)s)titution (59 isaA oatA 2 None coding seq.
wen | o | P a | swen | Mo | s [ e | VP guamine] e puie
None 3 %Lc])_%%%f) 109345 SNP (A>C) ggt gsiA Hypothetical protein
None 2 268398 Deletion (T) bmrA tarD None coding seq.
None 1 358517 SNP (G>A) ypcP aldl None coding seq.
2158 Insertion (A)
2984 SNP (G>T)
3104 SNP (G>G)
7b None 25 None berR Nonecoding seq.
3105 SNP (G>T)
3599 SNP (G>T)
3608 SNP (G>A)
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3623 SNP (G>T)
3627 SNP (F>A)
3630 SNP (F>C)
3633 SNP (A>C)
3638 SNP (A>T)
3648 SNP (G>T)
3664 SNP (F>A)
3672 SNP (F>G)
3674 SNP (F>C)
3705 SNP (A>G)
4061 SNP (A>G)
4067 SNP (T->C)
4088 SNP (A>G)
4097 SNP (A>G)
4112 SNP (G>A)
4126 SNP (G>A)
None 25 40374216 None berR Hypothetical protein
4127 SNP (G>T)
4184 SNP (A>G)
4187 SNP (A>G)
4198 SNP (F>A)
4199 SNP (F>A)
4211 SNP (G>A)
4229 SNP (G>T)
4235 Insertion (T)
4242 SNP (G>A)
None 25 4247 SNP (G>T) None berR None coding seq.
4251 SNP (A>C)
4252 SNP (A>G)
4273 SNP (G>A)

92




4288 SNP (G>A)
4297 SNP (T>C)
4303 SNP (G>C)
4315 SNP (T>G)
4318 SNP (G>T)
None 20 44355241 4738 Insertion (T) pepFl12 yjbl Hypothetical protein
. Metabolism (purine
purR 19 22253%% 25077 SNP (F>C) (,\Ii986y(r:]) yabJ ispE Pur operon repressor biosynthesis
regulator)
90054 N-Syn GMP synthase [glutamire Metabolism (purine
guaA 9 91595 91072 SNP (G>T) (A340V) guab xerC_4 hydrolyzing] salvage pathway)
None 3 109097 109345 SNP (A>C) ggt gsiA Hypothetical protein
110530
None 2 135543 Insertion (A) tarD bmrA None coding seq.
Metabolism
(maintains
33566 Cyclic-di-AMP intracellular levels of
gdpP | 13 35533 33652 SNP (G>T) Early Stop | rpll MetXA phosphodiesterase GdpP|  cyclic-di-AMP, a
purinebased
signallingnucleotide)
Regulation (growth,
46887 . ATP-dependent DNA
gyrB 13 48821 48286 SNP (G>T) Syn gyrA reck DNA gyrase subunit B supercoiling, DNA
replication)
None 10 52267 SNP (G>A) bcrA 3 SplA None coding seq.
None 5 139351 SNP(T->G) bsaA 1 bceB 3 None coding seq.
; Metabolism (cell wall
pbpH 4 190782 192755 Insertion (ACC) Frameshift SodA rpmG2 1 Penicillin-binding protein H synthesis, cell
192854 (659P) ;
elongation)
197225 . .
None 1 197325 SNP (G>A) sufU pnoA Hypothetical protein
197539
Regulation (protein
) synthesis controls
rpsM 3 Zzi]i?;%i 241664 SNP (T>C) (:\llosg% rpmJ rpsK 30S ribosomal protein S13| translocation of the
MRNA:tRNA
complex)
None 63 45 Insertion (TA) None None Nonecoding seq.
None 13 409 SNP (G>C) None nudG None coding seq.
None 41 10993033 2878 SNP (A>T) None arsC Hypothetical protein
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None 31 25753063 2978 Large deletion (18 bp) dut 2 None Hypothetical protein
None 27 85428916 8554 Large sugs)ntutlon (32 cls 1 rodA Hypothetical protein
9074 SNP (A>T)
None 27 cls 1 rodA None coding seq.
9076 SNP (G>A)
16517 . Osmosensitive Kchannel Metabolism (edi-
kdpD 12 19174 17531 Deletion (T) Early Stop kdpA kdpE histidine kinase AMP)
: Metabolism
24043 N-Syn Dihydroorotate B
pyrD 5 25107 24482 SNP (A>G) (N147S) cpnA queH dehydrogenase (pyrimidine d_e novo
synthesis)
None 12 27061 SNP (G>A) rodA cls 1 None coding seq.
36720 Large substitution (532 . ) .
None 13 37244 36603 bp) IdhD_1 yhjl Hypothetical protein
None 11 37976 Deletion (C) ktrB_1 tst None coding seq.
39955 SNP (G>A)
39973 SNP (G>T)
39832 40003 SNP (G>T . 1S1182 family transposase
None 19 40356 (G>T) ybil IdhD_2 SSaus
40122 SNP (G>T)
20182 Large substitution (292
bp)
None 19 40483 SNP (G>T) yhil IdhD_2 None coding seq.
None 19 40489 SNP (G>A) yhijl IdhD_2 None coding seq.
64046 N-Svn Dihydrolipoamide Metabolism (pyruvate|
pdhD 6 64785 SNP (A>T) 4 potA pdhC 1 dehydrogenase component dehydrogenase
65452 (V223D)
pyruvate dehydrogenase E complex)
None 4 94540 SNP (G>A) rclA iolS None coding seq.

. 284829 N-Syn Glutathione import ATP Metabolism
gsiA 1 286421 285141 SNP (G>A) (D105N) ggt hsdR binding protein (Glutathione uptake)
None 48 3421 Large deletion (16 bp) None None None coding seq.

26531 Large substitution (78 1S1182 family transposase
None 13 26905 26862 bp) rodA cls 1 1SSau3
10 None 6 %%%57% 30842 SNP (A>T) mntH_2 potD Hypothetical protein
None 8 33509 SNP (G>A) SigA trmK None coding seq.
None 4 107228 SNP (G>A) clpP_1 whiA None coding seq.
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247197 . 1S1182 family transposase
None 1 247721 247320 SNP (G>A) ybijl IdhD_2 1SSau3
144 SNP (G>A)
None 22 None aldl None coding seq.
147 SNP (G>T)
None 31 158 SNP (G>A) None bceB 3 None coding seq.
883 SNP (F>C)
None 62 None nikE None coding seq.
890 SNP (T>A)
None 67 1096 SNP (T>A) None None None coding seq.
N-Syn
lla - .
29019 29287 SNP (A>G) (T70M) HTH-type transcriptional Metabolism
mntR 31 tarA mntB_1
29663 20455 SNP (T>C N-Syn = regulator (manganese uptake),
(F>C) (R126H)
45039 ) .
None 15 26541 45227 SNP (G>T) clfA emp Hypothetical protein
47882 . . ) .
None 13 48757 48748 Insertion (A) hisS dtd Hypothetical protein
None 8 122630 Deletion (T) gabR None None coding seq.
None 1 167607 167659 Insertion (A) relA hisS Hypothetical protein
168530 P P
None 31 158 SNP (G>A) None bceB 3 None coding seq.
None 26 348 Insertion (G) None lysS None coding seq.
None 883 SNP (T>C) None coding seq.
62 None nikE
None 890 SNP (T>A) None coding seq.
None 67 1096 SNP (T>A) None None None coding seq.
None 65 1647 SNP (G>A) None None None coding seq.
11b None 1 36924486 3601 Large SU?)T)t)ItUtIOﬂ (127 None abgT Hypothetical protein
None 16 94919775 9522 SNP (T>C) mtlA mtlF Hypothetical protein
10196 SNP (G>A)
10098 ) .
None 26 10886 10198 SNP (G>A) luKEv entG Hypothetical protein
10208 SNP (G>T)
14965 - N-Syn . Anti-SigB factor, Serine Regulation (controls
rsbw 41 15444 14993 SNP (F>A) (M10K) rsbv sigB protein kinase SigB activity)
29019 N-Syn HTH-type transcriptional Metabolism
mntR 31 29663 29287 SNP (A>G) (T70M) tarA mntg 1 regulator (manganese uptake)

95



47882

None 13 48757 48748 Insertion (A) hisS dtd Hypothetical protein
None 6 72603 SNP (G>A) ybbH 3 cysQ None coding seq.
162101 ) . . .
None 4 163024 162153 Insertion (A) relA hisS Hypothetical protein
. 1040t - Regulation (protein
tils 14 11696 11568 SNP (A>G) Syn hpt pnp_2 tRNA(lle)-lysidine synthase synthesis Isoleucine)
None 15 26074 Deletion (19 bp) ermC None None coding seq.
None 11 50138 SNP (G>T) dapE fhuD_2 None coding seq.
72194 N-Syn Gammahemolysin .
higC 2 73141 72217 SNP (A>T) (F3001) higB higA component C Nonecoding seq.
. 8955% o . Metabolism (nitrogen
nirC 2 90375 89586 SNP (G>T) Syn yoeB ytml Nitrite transporter NirC metabolism)
100211 SNP (A>T) (QNS{IL)
12 100266 SNP (A>T) (Fg\'ifé’\?v)
99849 100298 SNP (A>T) Syn Nitrate reductase subunit | Metabolism (nitrate
narH 2 101408 N-Syn narG narX b S
100837 SNP (G>T) (T330) eta respiration)
101250 SNP (A>T) (I{I\:gg’?()
101254 SNP (G>T) @';S,éﬂ)
559239 SNP (A>T)
None 2 559280 SNP (G>T) gabR None None coding seq.
559360 SNP (T>A)
102993 N-Syn . Anti-SigB factor,Serine Regulation (controls
13 rsbw 1 103472 103342 SNP (G>A) (G117D) rsbv sigB protein kinase SigB activity)
None 1 11 Insertion (A) None crr None coding seq.
None 36 263-364 265 SNP (G>T) None None Hypothetical protein
23981 Largesubstitution (414 . . .
None 16 24160 24095 bp) bin3 None Hypothetical protein
24538 SNP (G>G)
14
24575 SNP (G>A)
None 16 bin3 None None coding seq.
24576 SNP (F>C)
24583 SNP (T>G)
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24594 SNP (F>A)
24595 SNP (A>C)
None 6 148635 SNP (A>C) comGC None None coding seq.
None 4 173609 SNP (G>A) adhE repE None coding seq.
. . Metabolism (pyruvate|
439804 N-Syn Dihydrolipoyl
pdhD 1 441210 439886 SNP (G>A) (E28A) pdhC 1 potA dehydrogenase dehydrogenase
complex)
None 74 110 SNP (A>G) None None None coding seq.
None 58 11711668 1657 SNP (T>C) None None Hypothetical protein
1665 Deletion(TATTTTA)
None 15 None ltaE None coding seq.
1992 Deletion (T)
None 51 22942614 2611 SNP (G>G) None None Hypothetical protein
None 51 26143057 2617 SNP (G>A) None None Hypothetical protein
3052 SNP (G>A)
3055 SNP (G>A)
None 22 25783270 None xerC 2 Hypothetical protein
3133 SNP (F>C)
3232 SNP (G>T)
None 45 3382 Insertion (G) None arsC None coding seq.
15 3601 Insertion (GTCA)
None 12 None berR None coding seq.
3605 Deletion (TGAC)
3990 SNP (G>T)
4110 SNP (A>G)
None 54 bbp 2 None None coding seq.
4146 SNP (A>G)
4179 SNP (A>G)
4306 SNP (A>T)
4347 SNP (G>A)
None 43 40854549 pcp cha Hypothetical protein
4367 SNP (A>G)
4435 SNP (A>G)
None 43 4598 Insertion (G) pcp cha None coding seq.
None 32 878010057 8865 SNP (G>T) treP_2 yhfP Hypothetical protein
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None 12 10754 Deletion (G) pre arsC Nonecoding seq.
20649 Large substitution (218 . .
None 36 20870 20632 bp) lexA 2 None Hypothetical protein
21680 . .
None 36 29931 22143 SNP (T>C) lexA 2 None Hypothetical protein
None 6 25223 SNP (T>A) arsB 1 ribD None coding seq.
26905 Large substitution (25
26574 bp) 1S1182 family transposase
None 10 26948 rodA cls 1 1SSau3
26936 SNP (F>G)
None 32 29189 Large deletion (56 bp) hrtA 2 tcaR None coding seq.
28890 . 1S1182 family transposase
None 28 29414 29344 SNP (T>C) IdhD_2 ybijl 1SSau3
) g Regulatory protein
clpP 21 33319 33809 SNP (A>G) N-Syn mleS whiA ATP depende_nt Clp p_roteas (control transcription
33906 (D33G) proteolytic subunit ;
of virulence factors)
92996 SNP (G>A)
None 1 greA pxpB 1 None coding seq.
93016 SNP (G>A)
None 5 94967 SNP (G>T) ribD arsB 1 None coding seq.
None 6 08964 phoB None Hypothetical protein
98908 SNP (G>G)
114627 SNP (G>A)
None 5 menE 1 None None coding seq.
114647 SNP (G>A)
None 1 122043 SNP (G>A) esxA InrL_1 None coding seq.
None 51 48 Insertion (TA) None None None coding seq.
None 6 6305 SNP (G>T) None hylB None coding seq.
19366 N-Syn . Transcriptionrepaircoupling Regulation (DNA
mfd 23 29872 21158 SNP (A>G) (G598D) pth diviC factor repair)
None 10 57993 SNP (A>G) cls 1 rodA None coding seq.
16
58003 58015 SNP (A>C) 1S1182family transposase
None 10 58377 cls 1 rodA 1SSau3
58021 Deletion (G) au
None 8 87971 SNP (T>C) my ymdB None coding seq.
104947 . . . Regulation (protein
rplv 11 105300 105299 Deletion (AATTAA) Early Stop rpssS rpsC 50S ribosomal protein L22 synthesis)
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184645 ) Large substitution (292 . 1S1182 family transposase
None 2 185169 184995 bp) yhjl ldhD_2 1SSau3
None 2 185296 SNP (G>T) ybijl IdhD_2 None coding seq.
None 1 389092 SNP (G>G) rimH None Hypothetical protein

Supplemental Table 3.4:Summary of metabolic and proteomic changes in near isogenic SCV/n@&CV pairs distinguished by

mutations in purine, pyrimidine, and pyruvate metabolic pathways.The table details the specific mutations, associated metabolic
pathways, changes in metabolite leyalsd protein abundances in SCVs compared teS©OYs. TheP values for metabolomic and
proteomic data were calculated using unpairedttwvi | ed $Hesdenwds$s ht Wel c {score test, cespecvely. Non an
multiple test corrections were applied as eagtabolomicor proteomicexperimentinvestigatedone specific metaboliter related

enzyme. Threandependentpool replicates were included for metabolomic experiment. The fold change of protein expression

(SCVI/nonrSCV) is presented on a logarithmic scale (base two). PID; patient ID.

Metabolite Changes at 12h Protein Changes
. Metabolic . Fold change Figure . Fold change !
PID | Mutation Pathway Metabolite (SCV/non-SCV) P reference Protein (log(SCV/nonSCV,2)) Padi
. Hypoxanth 3.11 0.0054 . Hypoxanthineguanine )
6 hpt Purine Guanine 5.8 0.0073 Figure 3.2A phosphori bosylt 0.69 0.3399
purR . . . Pure operon re -0.48 0.3125
7 guaA Purine Xant hosi 47.6 0.0008 Figure 3.2B GMP synthase 0.30 0.9465
8 gdpP Purine cdi-AMP_ (¥ 5.63 0.0002 Figure 3.2C Phosphodieste -0.87 0.980
Di hydroor 1.35 0.0028 . .

9 pyrD Pyrimidine Orotate 0.6 0.0453 Figure 3.2D Di hydroorotate ( -0.76 0.3216
9 pdhD Pyruvate Pyruvat ¢ 3.47 0.0071 Fiqure 3.2E Di hydroli poamide -1.17 0.0346
14 pdhD Pyruvate Pyruvat ¢ 2.09 0.0383 9 ) Di hydroli poamide -1.94 < 0.0001
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Supplemental Table3.5: Global changes in protein expression of 18 SCVs versus 16 r8@Vs. The table detail@xpression

changes of differenproteinsinvolved inpurine/pyrimidinemetabolism, fermentation, adhesiandtoxins Fold change is presented

on a logarithmic scale (base tw® values are calculated usinmpairedtwo-tailed St u d ett te& & s

adjusted usin@enjaminitHochbergapproach.

Protein Changes
. . Fold change ) )
Metabolic Pathway Protein (Iog(SCV/nonSCV,2)) P Figure Reference
UHemolysin -0.94 0.0052
. b-Hemolysin -0.59 0.0050 .
Toxins >Hemolysin -0.55 0.0076 Figure 3.3A
Phospholipase -0.61 0.0042
Fibronectinbinding Protein 1.08 0.0090
Adhesins Extracellulat Fibrinogen Binding 0.9 0.0088 Figure 3.3B
Staphylococcal Secretory Antige 0.5 0.0046
Alcohol Dehydrogenase -0.84 0.0042
Fermentation Formate Acetyltransferase -0.5 0.0134 Figure 3.3C
Lactate Dehydrogenase 0.75 0.0092
Xanthine
Purine and Phosphoribosyltransferase -0.58 0.0043
Pyrimidine AspartateCarbamoyltransferase -0.42 0.0042 Figure 3.3D
Metabolism IMP Dehydrogenase -0.38 0.0052
Dihydroorotate Dehydrogenase -0.63 0.0042
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Chapter 4: Genomic and proteomic analysis of b-Lactamaseproducing
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4.1: Abstract

Methicillin-susceptible Staphylococcus aureu§MSSA) strains have been associated with
cefazolin treatment failures, particularly in higbrden infections. While previous studies have

l inked the cefazolin inoculum eff edattamgs€z | E)
enzymes, the molecularaohanisms underlying this phenomenon remain unclear. Here, we sought

to clarify the genetic underpinnings of the CzIE phenotyp®l reassess the molecular
characteristics, mortality, and prevalerassociated withihis phenotype. Utilizing the Calgary

CzIE cohort, which includes 493 MSSA bacteremia isolates, we found that, on average, 40% of

i sol ates exhibited the Czl E-lagiamase tygeyApamnd 57% f wh i
clustered within clonal complex (C@P. Genomic and proteomic analyses revealed a significant
association between an adenine deletion at position 1417 lofatbperon and the absence of the

Czl E phenotype in nor mal i s ol -mdtaenase iaducibiltyC 3 0 . T
leadingto reduced cefazolin resistance in these isolates. Our findings underscore the importance

of screening for the IE phenotype in MSSA bacteremia infections, particularly when cefazolin is
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considered for treatment. The identified polymorphism is proposed as one of the mechanisms

underlying the neCzIE phenotype, which may inform better diagnostics and treatment strategies.

4.2: Introduction

Staphylococcus aureus an important human pathogen causing a wide range of hesmital
communityacquired infection§197]. Methicillin-susceptibleéStaphylococcus aureMSSA) is
particularly notable for causing bacteremia, which is associated widhyMortality ratef 20%
22%1[198]. Approximately 80%9 2 % of MSSA s tlactamases a ppevatennce thag D
highlights the pressing need for effective treatment optjdBs These strains are preferably
treated with semsynthetic penicillins such as oxacillin, nafcillin, and flucloxacillin, which are
resi stant t olacemnasegasctyilty and possesa yoodbloain barrier penetration
[199]. Firstgeneration cephalosporins, such as cefazolin, serve as alternative treatments for MSSA
due to their tolerability, relatively low cost, and favourable dosing schd@6le However,
cefazolin treatment failures have been reported in patients suffering from MSSA infections, in
which high inoculum (HI) bacteria are pres¢85]. In such infections, the large amount of

p r o d u-laatathasd® enzyme effectively hydrolyzes the susceptible cefataiigh enough

rate to inactivate its antibacterial effect.

The inoculum effect (IE) is a laboratory phenomenon in which the Minimum Inhibitory
Concentration (MIC) of an antibiotic increases or the efficacy of an antibiotic decreases as the
bacterial load increas¢42]. There are two definitions to identify CzIE phenotype; (1) a strain is
positive for CzIE phenotype when the increase in MIC-feld or greater at HI compared to
standard inoculum (SI), (2) a strain is positive for pronounced CzIE (P. CzIE) phenotypthevhe

strain is susceptible at Sl but asasceptible at HI according to Clinical and Laboratory Standards
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Institute (CLSI) guideline$200,201] However, MIC values are typically measured in clinical
laboratories using Sl concentratiof)2]. Consequently, routine antimicrobial susceptibility

testing (AST) does not detect the IE phenotype, as it is not observed at SI concefi2@dipoi®

accurately identify this phenotype, isolates need to be tested at both SI and HI concentrations,
which correspond to 10 C F J203h The alinichl rele@ance & F U/ mL
MIC values determined at SI may be limited, particularly for infections with high bacterial density,

such as deepeated infections like endocarditis or devassociated infectior{g3]. Therefore, it

is crucial for clinical microbiologists to recognize the significance of the inoculum effect and adjust

their testing protocols to include screening for the IE phenotype.

A growing body of Iliterature has | inked cef a:
lactamase, encoded bia operon[35,36,43,199,20207]. This operon comprises three genes: (1)

blaz, whi ch e-haotdamatheehzy mactamn anébiotics by hydrolyzingat e s |
t h elactdm ring, (2)blal, which encodes an inhibitor that binds to the operator region and
prevents transcription of tHaa operon, and (3plaR1, which encodes a transmembrane sensor
transducer regulator that undergoes autocatalytic activation then cleaves Blal into inactive
fragments, allowing transcription of tHda operon (Figure4.1A) [208,209] There are four

different types (AD) of s t a plactahasec enzymes,| chafacterized based on their
substrate specificity and the specific amino acids at residues 128 and 216 of the amino acid
sequence encoded bilaZ (Table4.1) [210-213]. Types A and C both have threonine at position

128; however, type A has serine at position 216, whereas type C has asparagine. Type B is
characterized by lysine at position 128 and asparagine at position 216. Type D has alanine at
position 128 and serina position 216. These residues are located near the enzyme's active site

[206]. As a resul t, each wvariant exhi bi#actam di st i
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antibiotics[210,214] Ithasb een s hown t hat MS Slictamasetypeshandt h at

C more frequently exhibitefazolin inoculum effect (CzIHB5,36,43,199,20207].

llin- blndlng \H/R
site
o
COOH
Penicillin
(Active)

(if) | (i) v;,‘\(“

£ Penicilloic acid
COOH  (inactive)

Hydrolysis
and inactivation

blal blal !
(active) (inactive)
-0
blaR1 b\aRZ .. 28 |
(Cleaved blaR1) | Beta-lactamase
blal blaR1 blaZ blal blaR1 \‘ blaZ l Jal blaR1 ) blaz
B) C)
UP_764_chromosome (3080 bp)
blaZ 108 bp blaR1 blal blaZ
(846 bp) (1758 bp)
o
. S A
TP

beta-lactamase

Figure 4.1: Schematic Representation of thela Operon. A) Diagram illustrating the variou
steps in the function of tHala operon under induced conditions with penicillin antibiotics.
Coordinates of thebla operon inS. aureusUP_764. C) Proposed mechanism for

dysfunctionabla operon in normal isolates with an adenine deletion at position 1417 loiftl

operon.

Table 4.1 : -ladlamase typesAmino acid variations at residues 128 and 216 across different

cl as s-mamasés. b

b-lactamase type Residue 128 Residue 216
A Thr Ser
B Lys Asn
C Thr Asn
D Ala Ser
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Whil e many studies have r epo-ladtaemdse typesandcQGzlEne ct i
phenotype[35,36,43,199,20£207], the molecular mechanism behind this phenotype is still a
matter of speculation. There are other proposed mechanisms that explain why antibiotics become
less effective against high densities of bact§t2]. Some of these mechanisms include: (1)
decreased concentration of antibiotics that interact with individual bacterial cells as the number of
bacteria increases within the site of infectjah5]; (2) biofilm formation can prevent penetration

of antibiotics to the site of infectioas a resulintibiotics canot effectively interact with bacterial
cells[216]; (3) activation of quorum sensing at high bacterial density, which can upregulate the
expression resistance genes or efflux pumps that consequently reduce the efficacy of antibiotics
[217,218] (4) higher chance of spontaneous mutations or acquisition of resistance genes via
horizontal gene transfer at higher concentrations of bacteria, they can develop resistance to
antibiotics faster[42]. Although the IE phenotype has been studied in this wide range of
physiological pathways, there are no reports of any specific molecular mechanisms affecting the

IE phenotype.

In this study, we leveraged a subset of the Calgary bloodstream infection (BSI) cohort to identify

i solates exhibiting the CzIlE phenotype.- Mol ec
lactamase types, accessory gene regulator (Agr) types, ama diversity, were studied. We
performed genomwide association study (GWAS), mufiequence alignment, ahduid
chromatographynass spectrometry (L-®1S) based proteomic analyses to extensively investigate

the molecular mechanisms underpinning theEGatenotype. These analyses discovered a novel

mutation associated with tlm®-CzIE phenotype. Finally, we extended our study to the entire
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CalgaryS. aureusBSI cohort to identify other isolates with the same mutationamsess their

phenotype.

4.3: Results

4.3.1:Over 40% of MSSA isolates exhibit the CzIE phenotype in the Calgary CzIE cohort

To assess the incidence of the CzIE phenotype, we selected a subset of the Calgary BSI cohort,
which includes 493 MSSA isolates collected in Calgary in 2012, 2013, 2014, and 2019. This
collection is referred to as the Calgary CzIE cohort in this studyzGkh MICs were measured

at bot h SI (10 CFU/ mL) and HI; SypdenentaldFiglwed mL )
4.1), with testing performed in the laboratory of Dr. Parkins. In this cohort, 173 and 27 isolates
(35% and 5.5%) exhibited the CzIE and RIECphenotypes, respectivélyover 40% in total. The
remaining 293 isolates (59%) were classified as normalQmB) (Figure4.2A). These findings
highlight the significant presence of the CzIE phenotype antoragireudacteremia isolates in

Calgary.
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Figure 4.2: Clinical and molecular characteristics of the Calgary CzIE cohortA) Cefazolin
MI C values were determined for the ent

CFU/mL) inoculum sizes. Among the isolates, 293 exhibited a normal phenotype, 173 ex
the CzIE phenotype, and 27 exhibited a pronounced CzIE phenBlypeequency of CzIE ir
the Calgary CzIE cohorfThe frequency of CzIE is measured among 493 MSSA iso
collected in 20122014 and 2019, which averages 40% over this time periad 200; mormal

= 293.C) Survival curves of patients infected with CzIE compared to normal MSSA isola
the Calgary CzIE cohorfThe probability of survival does not differ significantly betwe
patients infected with CzIE isolates and those with normal isolates. Statistical analysis w
using the Logrank (MantelCox) test, with significance defined &% 0.05. @z = 200; Mormal

= 293.D) Pr e v al e-laatamase tiypesbin the Calgary CzIE cohort. Among 200 (
i solates, 112, fi ve, -labtdnasedyped A, B,ICgeand Dsrespeativ:
with one isolate exhibiting an unknown type. AmongR2CzIE isolates, 25, one, one isola
exhibited type A, type C, and an unknown type, respectively. Among 293 nisoizés 88,

84, 115, and two isolates exhibited types A, B, C, and D, respectively, with four isolates
an unknown typek) Co-segregation of different molecular characteristics in the Calgary

cohort. CzIE isolates clustntinto two main clones on the phylogenetic tree of the Cal
Czl E cohort. The main c| on-<actamase amdagrgroup K
with S. aureusdJP_764 as the most closely related published reference. The second mai
bel ongs t o CC-b@amase, Adr groug Ib arfsl. Gurebstrain ST20130940 a

the closest published referencean= 493.
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We also studied the frequency of the CzIE phenotype in the Calgary CzIE cohort over four years
(20122014 and 2019). The results show that the frequency of the CzIE phenotype decreased from
49% in 2012 to 29% in 2019, reflectinglacline over time (Figuré.2B). Despite this declining

trend, the overall frequency of the CzIE phenotype during this period remains at 40%. Conversely,
the frequency of MSSA isolates with a normal phenotype increased from 51% in 2012 to 71% in

2019, suggesting a shift in phenotygdistribution within the cohort.

4.3.2:CzIE phenotype is not associated with increased mortality in the Calgary CzIE cohort

To better understand the impactioé CzIE phenotype on patient outcomes in MSSA bacteremia,
we analyzed administrative health records linked to each bloodstream inferberded by
Alberta Health Services (AHS). Only index isolates (i.e., the first positive blood culture from each
patient within a 3@lay period) were included in this analysis. The probability of survival was
estimated using theg-rank (MantelCox) test.No significant difference R = 0.6211) in
theprobability of survival was observed for patients infected with CzIE MSSA bacteremia

compared to those infected with normal MSSA isolates (Fig2@).

4.3.3:Ty p e -lagtanfase is the most prevalent type in the Calgary CzIE cohort

To investigate t he adastamase &ypes andthebCelE phenetype idthd f e r
Cal gary Czl E c o Hartanase typirg opd®3 MS8A isokatds (dee Materials and
Methods). After accounting for the signal peptide red&itl], conserved positions 128 and 216

were aligned to residues 119 and 207 otilaeperon inS. aureusJP_764 (Supplemental Figure

42) . Among 173 CzIl E i sol at 4astamask, Ik 28 hadtype e x h i
B, 54 (31.2%) had type C, one (0.57%) had typ

lactamase type. Among the 27 P. CzIE isolates, 25 (92.5%) exhibited,tgpe (3.7%) exhibited
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type C, and one ( 3lacta®ase typa &or then293uisolktes avithna nérmal
phenot y p elagctanagepvas pedofminant in 115 isolates (39.2%), followed by 88 isolates
(30%) with type A, 84 isolates (28.6%) with type B, two isolates @®)6&ith type D, and four

i sol ates (1. 36 %actamase type &igueRD).k nown b

434.CzI E MSSA isolates are | i nk dattantase, andl Agrn a | Co

group I

To further study the molecular diversity of isolates with CzIE phenotype in the Calgary CzIE
cohort, we analyzed the whole genome sequences of the isolates using Stfair3ultilocus
sequence typing (MLST), and Agr typing. Among 173 CzIE isolates, clonal complex (CC) 30
emerged as the dominant lineage, with 96 isolates (56%). The second most common lineage was
CC15, represented by 19 isolates (11%). The majority of isolsith P. CzIE phenotype (18,
67%) clustered with CC30. In contrast, normal isolates were more uniformly classified with
different CCs, including CC30 (38, 13%), CC15 (35, 12%), CC45 (38, 13%), CC1 (20, 6.8%),
CC8 (33, 11%), CC5 (50, 17%), CC97 (15, 5.1%®¥;121 (6, 2.1%), CC22 (7, 2.4%), and
undefined CC (51, 17%) (Supplemental Tablk). The result of Agr typing revealed that Agr
group Il was the most prevalent type among CzIE isolates (101, 58%), consistent with previous
reports linking this group to the CzIE phenotypé,207] Agr group | (45, 26%) and Agr group

Il (26, 15%) were also present but at lower frequencies. Most ¢&.tzIE isolates (17, 70%)

were also classified as Agr group Ill. In contrast, normal phenotype isolates were more frequently
associated with Agr gup | (143, 49%) and group Il (94, 32%), with Agr group Il being less
common (48, 16%). No isolates with CzIE or P. CzIE, and only a few normal isolates (7, 2.4%)

were classified with Agr group IV (Supplemental Tabl2). To better visualize the assoauati
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between these molecular classifications, we mapped this information on a phylogenetic tree built
for the Calgary CzIE cohort (Figude2E). This analysis showed that CzIE/P. CzIE isolates of the
Calgary CzIE cohort mostly (114/200, 57%) cluster within a specific molecular group: CC30, type
A -lactamase, and Agr group lll. StrainGST identified $haureusdJP_764 as the most closely
related published reference for this group. A smaller cluster (19/200, 10%haasterized as
CC1l5 wi t hlactamageAgr @roup Il, andS. aureusstrain ST20130940 as the closest
published reference. These findings suggest that despite molecular diversity observed in the
Calgary CzIE cohort, isolates with CzIE/P. CzIE phenotypes predominantly cluster with a specific

lineage, i.e. CC30.

4.3.5: Genomewide association study identifie®laR1mutation linked to CzIE phenotype in

the isolates of CC30

To explore the genetic basis of the CzIE phenotype, we analyzed the whole genome sequences of
all 493 MSSA isolates from the Calgary CzIE cohort using a GWAS. The Manhattan plot of this
analysis highlights six significant variants associated with the Q#iEnotype, including
mutations in thédlaR1genearaC_2gene, and genes encoding a thioesterase superfamily protein,

a glycoside hydrolase family protein, and two hypothetical proteins (FHg8kg.

To account for the genetic diversity within the cohort, separate GWAS analyses were performed
on the two predominant clusters, i.e. CC30 and CC15. For the isolates of CC30, welydeel
complete chromosome &. aureudJP_764 as the reference genome, given the absence of a
plasmid reference for this strain in the National Center for Biotechnology Information (NCBI)

databaseStaphylococcus aurewstrain UP 764 Nucleotide- NCBI (nih.gov). In this focused

analysis, only a single significant variant within tlieR1gene remained associated with the CzIE
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phenotype, while the other variants identified in the full cohort analysis were no longer significant

(Figure 4.3B). Conversely, the GWAS for the isolates of CC15, using both chromosomal and

plasmid references &. aureussT20130940, did not identify any variants significantly associated

with the CzIE phenotype (Figurds3C and4.3D). These results suggest that, after controlling for

clonal background, variation in thdaR1gene may be a key driver of the CzIE phenotype in the

isolates of CC30.
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Figure 4.3: ldentification of genetic variants using GWAS.Manhattan plots illustrate th

significant genetic variants associated with the CzIE phenotype across different edhbrt:

analysiof the entire Calgary CzIE cohort, significant variants were identified inl#t&lgene,

araC_2gene, and genes encoding a thioesterase superfamily protein, glycoside hydrolas

protein, and two hypothetical proteingzia = 200; mormai= 293; reference genoms: aureis

113



UP_764B) In analysis for the CC30, a significant variant was identified il 1gene. Bzie
= 114; mormai= 38; reference genoms&: aur@is UP_764C and D) In theanalysis forCC15,
no significant variants were identifiedcAt = 19; mormai= 27; reference genome: chromoso
and plasmid of5. aureusST20130940, respectively. The significance of unitigs is deternr
using a likelihood ratio test, with a Bonferrezorrected® value threshold based on the num|

of the unique unitig presence/absence patterns.

4.3.6: Multi -sequence alignment identified an adenine deletion at locus 1417 of bhi@operon

linked to normal isolates of CC30

To further investigate the variation detected in the GWAS analysis, we performedaouiénce
alignment of thdsla operon for the isolates of CC30. Using the GenBank annotatio8s &oireus
UP_764, we identified the coordinates and extractedldeperon sequence for this reference
genome (Figurd.1B). TheblaR1gene is 1758 bp long and located upstreditine 381 byblal
gene,with a ten bp overlap between theAn operator region of 108 bp lies betweddaZ (846

bp) andblaR31, with blaZ transcribedn the opposite direction relative to the regulatory genes.
Using this information, we extracted tlxa operon sequences for each isolate of CC30 and
conducted a muksequence alignment. The sequences were highly conserved between CzIE and
normal isolates of CC3@xcept for dew sporadic single nucleotide polymorphisms (SNPs) and

a notable deletion of adenine (A) at locus 1417 ofbllaeoperon in some dhenormal isolates
(Figure 44). This adenine deletion was present in 37% (11/30) of normatdsol&tatistical
analysis via chsquare test confirmed a significant associatfr 0.000) between the adenine
deletion and the normal phenotype in CC30, distinguishing these isolates from those exhibiting

the CzIE phenotype (Figuee5). Other mutations were either not statistically significant or had
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small nvalues. This result suggests that the adenine deletion at locus 1417t tperon is
strongly correlated with the ne@zIE (normal) phenotype, likely resulting in a dysfunctidoial

operon.

CzIE isolates

Normal isolates

A
== “ Deletion of A
= at the locus 1417

-

F'i:gUre 4.4. |dentification of genetic variants within the bla o per on o flacttmagee

-

1 -
-

producing MSSA isolates of CC30 using multsequence alignmentbla operon alignment:
of the isolates from CC30 identified a few sporadic mutations throughout the operon. Tt
significant mutation was an adenine deletion at locus 1417 dflah@peron, observed amor

11 out of 30 normal isolatesce = 114; mormai= 30.
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Figure 4.5: Statistical analysis of genetic variants within theblaoper on o f-
lactamaseproducing MSSA isolates of CC30Deletion of adenine at position 1417 of thla
operon was identified in 37% (11/30) of isolates with a normal phenotype. Tsquare tes

determined this genetic variation statistically signific&h&(0.000).

To determine whether this adenine deletion corresponded to the variation detected in the initial
GWAS, we repeated th@ WAS analysis, focusing specifically on a 50 bp window around the
variant withinblaR1(Figure4.3B). The new Manhattan plot with a reduced scale showed that the
variant is located at locus 237131 in ieaureusJP_764 chromosome. Further examination of

the GenBankfile of S. aureusJP_764confirmed that this position aligns with locus 1417 of the

bla operon, similar to the result of muiequence alignment.

437:Adenine del etion i n nor mladamase produxtioebeyormf CC3(

basal levels

To better understand the functional impact of the adenine deletion at locus 141Glaoiheron
we utilized aandem mass tag (TMAabelingLGMS pr ot eomi ¢ a plgotantasec h t o

abundanceinder induced conditions. For this analysis, we selected ten random isolates for each
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observed phenotype in CC30, i.e. CzIE isolates, normal isolates without adenine deletion, and
normal isolates with adenine deletion. These isolates were gnoilva absence of antibiotics, as

well as under three concentrations of cefazolin (0.125 pg/mL, 0.25 pug/mL, and 0.5 udimal)
proteomi c an al-kcamase productmmawassinificantly tndubed in CzIE isolates
under treatment with 0.125 pg/mL cefazolin relative to basal levels (average fold changP = 2.1,
=0.004§ (Figure 46). Hi gher concentrations o f-lactamadea z o | i |
productioncompared to the basal levels (average fold changes = 3.1 aid405)001 for 0.25

pg/mL and 0.5 pg/mL, respectively). In contrast, normal isolates without adenine deletion
exhibitedconsistent increases fMlactamase production across all cefazolin treatments compared
to the basal levels (average fold changes = 3.0, 3.2P3:2).0006, 0.0001, 0.000for 0.125

pHg/mL, 0.25 pg/mL, and 0.5 pg/mL, respectively) (Figyré). Notably, normal isolates with
adenine del et i on-laamase levels under all condgions, ivhethdr thdy were
induced or not and regardless of cefazolin concentréfigure4.6). These findings collectively
suggest that (idhe bla operon is highly functional in CzIE isolat€s) in normal isolates without
deletion, thebla operon is active but to a certain extent, and (iii) in normal isolates with adenine

deletion, thebla operon has lost its inducibility.
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Figure 4.6 : R e | -ladtamase abindance in CzIE versus normal isolates with an

without the adenine deletion at locus 1417 of thala operon under uninduced and induced
conditions. nducti on of CzIl E i s olacamaseabwndagecea corhpa
to uninduced conditions, with further increases observed as cefazolin concentration
culture medium increasedcor normal isolates withouthe locus 1417 adenine deletion
i nduction al so | ed tlastamase sbhurgpdancef congaredtto uninut
conditions. H o w elactamase didhnet charge sidnificantly with higl
concentrations of cefazolin. Notably, normal isolates thighadenine deletion did not show a
c h a n g4actamase &bundance regardless of cefazolin concentration. Each phenoty
tested with ten biological replicates. Statistical analysis was performed ushgaydNOVA,
and bar graphs are shown as meatandard error of the mean (S.E.My;¢ 0.05; *P <0.01,

*** P <0.001; ****P <0.0001.

4.3.8: Ty p e -ladtamaseproducing MSSA isolates of CC30 that carry an adenine deletion

at locus 1417 of théola operon exhibit normal (non-CzIE) phenotype

To further confirm the association between the adenine deletion at locus 141 blaf dperon

and thenonCzIEp henot ype, we sought t o ver ildctamaseh e
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producing MSSA isolates of CC30. For this purpose, we expanded our analysis to the entire
CalgaryS. aureusB S | cohort, which includes 1008- MSSA
lactamase. Of these 1008, 144 isolates previously underwent phenotypic characterization, showing
a distribution of 67% (96/144) with the CzIE phenotype, 12% (18/144) with the P. GalBtype,

and 21% (30/144) exhibiting the normal phenotype (T4lde There are 864 additional isolates

in the Calgary BSI cohort that have not beéested for the CzIE phenotype. Of these 864, 84
isolates were identified as carrying the same adenine deletion (Figukg Altogether, the

Cal gary BSI c o h o r Hactamasetodudng $MSSA Gsolatey froen CB30 fhat

carry the adenine deletion, of which 11 isolates display the normal phenotype and only one isolate
presents the CzIE phenotype (FigdréB). The frequency ahis adenine deletion among type A
b-lactamaseroducing MSSA isolates of CC30, collected in Calgary between 2006 agdi202

estimated to be 10% on average over thgddy period (Figurd.7C).

Table42 : Ty paetanfasefroducing MSSA isolates of CC30 in the Calgary BSI cohort.
The phenotype of 144 isolates was previously identified as CzIEzIg and normal. There are

864 more MSSA isolates with unverified phenotypes.

CzIE P.CzIE Normal Unverified phenotype | Total
96 18 30 864 | 1008
144
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A) B)

1000 780 ac ] NO.|BI_NBR Phenotype|NO. |BI_NBR Phenotype|NO.|BI_NBR Phenotyp

AE zEl BNormal D Unverified 1[BI_14_o0468|CzIE 33|BI_10_1720|Unverified | 65|BI_17_1446|Unverified

2|BI_12_1839|Normal 34|BI_11_0258|Unverified | 66|BI_17_2740|Unverified

R 3|BI_12_2039|Normal 35[BI_11_0793[Unverified | 67|BI_17_2776|Unverified

2 11 4|BI_12_2367|Normal 36|BI_11_0998|Unverified | 68(BI_17_3093|Unverified

3100 e 84 5|BI_12_2895|Normal | 37|BI_11_1050|Unverified | 69|BI_17_3429|Unverified

2 6|BI_13_0676|Normal 38|BI_12_0246|Unverified | 70|BI_17_3434|Unverified

g - 7|BI_13_0722|Normal 39|BI_12_1093|Unverified | 71|BI_18_0288|Unverified

£ » 8|BI_13_1276|Normal | 40|BI_12_1133|Unverified | 72|BI_18_1253|Unverified

310 9[BI_14_0872|Normal | 41|BI_13_1118|Unverified | 73|BI_18_1431|Unverified

10(BI_14_1204|Normal 42|BI_13_2619|Unverified | 74|BI_18_1755|Unverified

11|BI_19_0120|Normal | 43|BI_13_3126|Unverified | 75|BI_18_1991|Unverified

12|BI_19_3711|Normal | 44|BI_14_0469|Unverified | 76|BI_18_2914|Unverified

i 1 13|BI_06_1703|Unverified | 45|BI_14_0913|Unverified | 77|BI_18_3127|Unverified

TA T 14|BI_06_1749|Unverified | 46|Bl_14_1750|Unverified | 78|BI_18_3243|Unverified

Genetic variation 15|BI_06_1754|Unverified | 47|BI_15_0648|Unverified | 79|BI_18_3551|Unverified

¢ 16|BI_07_0140|Unverified | 48|BI_15_0847|Unverified | B0|BI_18_3605|Unverified

100 : 25 17|BI_07_0471|Unverified | 49|BI_15_1061|Unverified | 81|BI_19_0176|Unverified
C—Frequency_A deletion — — —

90 18[BI_07_1196|Unverified | 50(BI_15_2880[Unverified | 82|BI_19_3024|Unverified

80 #Al _ 20~ | 19|BI_07_1605|Unverified | 51[BL_15_3161|Unverified | 83[BI_20_0061|Unverified

70 |——#A deletion % 20(BI_07_1720|Unverified | 52|BI_15_3547|Unverified | 84|BI_20_0958|Unverified

. 58 [21[pLo7_1928[unverified | 53]B1_16_0789]unverified | 85[B1 20_1162[uUnverified

o | 22[BI08 0196Unverified | 54[BI_16_0818|Unverified | 86[BI_20_1258|Unverified

= | 23[Bi_0s_o279|unverified | 55|BI_16_1013|Unverified | 87|BI_20_1290|Unverified

10 ; 24BI_08_0328|Unverified | 56|BI_16_1336|Unverified | 88|BI_20_1940|Unverified

£ [ 25[Bl_08_0723|Unverfied | 57(BI_16_1499|Unverified | 89[BI 20_1945[Unverified

5 3 [ 26]BL08_1484[Unverified | 58[BI_16_1571[Unverified | 90[BI_20_2026Unverified

27|BI_08_1580|Unverified | 59|BI_16_1614|Unverified | 91|BI_20_3462|Unverified

28BI_09_2271|Unverified | 60|BI_16_2060|Unverified | 92|BI_21_3003|Unverified

0 29(BI_10_0594|Unverified | 61|BI_16_2674|Unverified | 93|BI_22_0508|Unverified

30|BI_10_0813|Unverified | 62|BI_17_0148|Unverified | 94|Bl_22_1502|Unverified

31|BI_10_0838|Unverified | 63|BI_17_0908|Unverified | 95|BI_22_1503|Unverified

32|BI_10_1506|Unverified | 64|BI_17_1376|Unverified | 96|BI_22_2714|Unverified

Figure 4.7 . | dent i f i c adctansasepradiicing MS$A isolatesbof CC30 that
carry an adenine deletion at position 1417 of theibla operon.A) Nu mber o f-
lactamaseoroducing MSSA isolates of CC30, categorized by their verified or unvel
phenotypes and whether they carry this specific mutation. This group congarisetatesvith
unverified phenotypes thearry an adenine deletion at position 1417 of thieioperonB) List
of t y-laamaserbducing MSSA isolates of CC30 that carry this specific mutaGyr
Frequency of this specifi c-laatamasgrodueing 83A
isolates of CC30, collected from 2006 to 2022 in Calgary. The average frequency of this

deletion is 10% over a dgear period.

We conducted AST to verify the phenotype of 47 randomly selected MSSA isolates with

unverified phenotypes. We measured Cefazolin MICs at both Sl and HI concentrations (Methods;
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Supplemental Figuret.l) and usedS. aureud’X0117, S. aureusATCC 29213, andS.
aureusATCC 25923 as controls for ti&zIE, normal without adenine deletion, and normal with
adenine deletion phenotypes, respectiy@bl. Among these isolates, 44 (94%) exhibited normal
phenotypes, while only three showed the CzIE phenotypes (#&)leThis result highlights a
strong association between the adenine deletion at locus 141 7btd thpeeron and normal (nen

CzI|l E) phenot-gamasgproduding MISA olafes of CC30.

Table 4.3 : Deter mi ni ng t he -lggthneaseprodycmmg MSSA isotatgspoé A b
CC30 with the adenine deletion and unverified phenotype using antibiotic susceptibility

testing. 94% (44 out of 47) of these isolates exhibited normal phenotypes.

Isolates with Antibiotic Susceptibility Isolates with Antibiotic Susceptibility
adenine deletion Testing (Cz) Verified adenine deletion Testing (Cz) Verified
NO MIC | MIC | MIC fold | Phenotype | NO MIC | MIC | MICfold | Phenotype
BI_NBR atSl | atHl change BI_NBR atSl | atHI change
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4 .4: Discussion

The findings of this study provide valuable insights into the molecular mechanisms underpinning

the CzIE in MSSA isolates, particularly within the Calgary cohort. Our results are consistent with
earlier studies that h a vlaetambhse grbduadtian ramdetlte Czlth e | i
phenotypd35,36,43,199,20207], though our data also extend this understanding by identifying

a novelmutationlinked tothis phenomenon.

CzIE is thought to be important boworly understood phenotype affecting clinical traits of
infections. Herein, we describe a large clinical cohort of CzIE isolates to better understand the
molecular underpinningsnd clinical significanceof this effect. While other studies have
demonstrated worse clinical outcomes linked to CzIE in patients with-seded infections
[34,219221] or bacteremig32], we did not observe a significant difference in the outcome of
these isolates compared to the normal isolates within our bacteremia cohort. This result may be
attributed to treatment regimens andtisage of other antibiotics, such as daptomycin, wireh a

not influenced by the I222]. Another topic of ongoing debate in the literature is the prevalence
of CzIE among MSSA bacteremia isolates, with reported frequencies varying significantly across
different regiong223]. It could be as low as 5.8% in Jaga@a4], to 18.6% in the United States
[225], and as high as 54.5% in Argenti82] in bacteremia samples. However, in this stwdy,

estimate the average frequenoye 40%.

This study has important implications for clinical microbiology. The AST performed in clinical
settings typically uses Sl concentrations, which may fail to detect thefZ2R203] This failure

was indeed observed in the Calgary BSI cohort, simply because all the MICs were calculated at
the Sl concentrations. However, when the Calgary CzIE cohort was specifically tested for this
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phenotype, we observed significant differences in their sensitivity to antimicrobial treatment with
cefazolin, and 40% of the isolates exhibited the CzIE. This study, therefore, highlights the need
for clinical laboratories to consider testing MSSA isddast both SI and HI concentrations,
particularly for patients with highisk infections where cefazolin is considered for treatment. Such

adjustments could prevent cefazolin treatment failures and improve patient outcomes.

To better understand thmmderpinnings of CzIE, we undertook a series of molecular analyses to
identify mutations linked to this effect. As it has been established from previous studies, CzIE is
dependent on theresence ofhe bla operon[35,36,43,199,20£207]. Not surprisingly, all of our

isolates contain thelaoper on. Mor eover, we condlacamasel a sy
typing, showing that the ma-jactamase.Yhisoebultsupportsi s ol
some reportg36,43,207,226,227@pund in the literature but contradicts some other studies
repor t i n-lgctamase as th€molst prevalent type among their is¢&Ed99,204206].

Mor eover, systemati c phyl oglacamdse @egeegated witk i s s h

CC30 and Agr group 1.

We analyzed strains with and without CzIE within CC30 to better understand what differentiated
these strains. We conducted GWAS and nsdtjuence alignment and identified a deletion of
adenine at locus 1714 of théa operon,which differentiatedCzIE isolates from 37% of normal

isolates. This variant was surprisingly linked to the restoration otypédphenotype. We also
showed that this variant not o nlactamasd Asslowne d MI
by our proteomic analysi s, i sol at e slacmmasea yi ng
activity that did not increase in fanse to cefazolin, suggesting that the functionality obkhie1

gene, whi clactamaseenpreastfid®s&209 may be impaired. This loss of inducibility
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likely explains why these isolates do not exhibit the CzIE phenotype. However, future studies are
needed to determine whether restoring this specific polymorphism could reestablish the CzIE

phenotype.

In addition, our GWAS revealed that while several genetic variants were initially linked to the
CzIE phenotype across the Calgary cohort, only the mutatiolaRilremained significant when
focusing on the isolates of CC30. This suggests that accounting for population structure and
genetic background plays a crucial role in identifying true causal mut§2®8js The fact that no
significant variants were identified in the CC15 isolates supports the idea that different molecular

mechanisms may lead to CzIE in different types of MSSA stfaiz]s

In summary, this study provides enough evidence to support that (i) CzIE is not linked to poorer
outcomes in our cohort; (ii) the adenine deletion at locus 1714 dflthe per on of type
lactamaseproducing MSSA isolatefound in CC30 is significantly linked to normal (rQzIE)

phenotype; and (iii) this specific mutation, coupled with our proteomic data, suggests that loss of

bla operon inducibility is a key factor in these normal isolates to not exhibit CzIE (FdwCg.

Future studies should aim to explore whether similar mechanisms are present in other clonal
complexes and how this information can be translated into better clinical diagnostics and treatment

strategies for MSSA infections.

4.5: Methods

4.5.1:Bacterial strains

All the MSSA strains in this study are a subset ofGh&gary BSI cohort, which has been described

in detail in the Materials and Methods section of the paper found in Chapter 3 of this thesis. In
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brief, the Calgary BSI cohort consists of 34000 bacterial isolates from blood cultures collected in
Calgary between 2006 and 2020, including 786Qureussolates identified as either MRSA or
MSSA. In this study, 493 MSSA isolates collected in 2012, 2013, 2014, and 2019 were tested for

CzIE phenotype at Parkins lab and are referred to aatgary CzIE cohort.

4.5.2: Cultivation and sample preparation for genomic assays

In this study, cultivation and sample processing methods for the genomic assays are the same as
the methods that have been described in the Materials and Methods section of the paper found in
Chapter 3 of this thesis. In brief, liquid cultures were indedl&rom cryo stocks, grown overnight

at 37eC w,janhdithebflozelCdB 0 e C unt i | further processi
performed using automated liquid handling, involving enzymatic digestion (using lysozyme,
lyticase, and lysostaphin), removiRNAs and proteins (using RNase A and Proteinase K),
magnetic beatbased purification, and final DNA elution. The DNA was quantified, normalized
to2ng/uL,andstoredaB 0 e C bef ore being sent to the Broad

processing.

4.5.3: DNA sequencing and genomic analysis

The methods for DNA sequencing and genomic analysis are described in greater detail in the
Materials and Methods section of the paper found in Chapter 3 of this thesis. In brief, microbial
genomes were sequenced at the Broad Institute using lllumina Hi§eq¥rating 151x151 bp
pairedend reads with an average coverage depth of 165x per genome. Libraries were prepared
using the Nextera XT kit. Data were processed through an automated pipeline for assembly (using
Unicycler v0.4.6(184] with SPAdes v3.13.(185] and Pilon v1.23 correctiojl76]), taxonomic

classification (Centrifuge 1.0.4_belb87]), annotation (Prokka v1.14[886]), identifying the
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most closely related published references (StrainGE toolkit iL35]), gene clustering (MLST

v2.15.1 {ttps://github.com/tseemann/mistiesistance elements (Ariba v2.1{158]), genomic

variants (Pilon v1.23176]), and Agr groups ( AgrVATE v1.0.R229]). A maximum likelihood
phylogenetic tree was built using IQTree v2.(1®1] and visualized using the online tool

Interactive Tree of Life (IToL).

4.5.4: GWAS analysis

In this study, GWAS analyses were performed using a pipeline developed by Dr. Tatum Mortimer
for the Large Scale Applied Research Project (LSARP). Detailed instructions for running the

pipeline and additional information are availableh&ps://github.com/gradlab/Isarp gwda

brief, this pipeline integrates multiple software tools to generate a table of @nitggue
sequences present in more than 1% but less than 99% of the input g&ribatese significantly
associated with a phenotype, while controlling for populatioactire. The core genome is
identified using Roary v3.1830], which uses annotations from Prokas86]. To assess the
population structure of the dataset, a maximum likelihood phylo&9} is generated based on

the core genome alignment. Genomic variations in the sample are summarized by identifying and

counting unitigs using unitigounter {ittps://github.com/johnlees/uniticounte), which employs

a compressed de Bruijn graph approg3i]. Genetic variants associated with the phenotype of
interest are identified by running bacterial GWAS in pyseer vI288], with a linear mixed

model (LMM) that controls for population structure using the similarity matrix generated from the
phylogeny. The significance of unitigs is determined using a likelihood ratio test, with a
Bonferronicorrected value threshold based on the number of the unique unitig presence/absence

patterns. Unitigs are annotated by mapping to a panel of reference genomes representing the major
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clades oCCsin the dataset. Finally, all unitigge mapped to a single reference genome containing
the gene content associated with the most significant unitigs for visualization (i.e. Manhattan

plots).

4.5.5: Extracting bla operon and multi-sequence alignment analysis

The coordinates of thiela operon in the strais. aureudJP_764 were identified by searching

through the annotated GenBank file. A Python schfipé://github.com/wlbw/biotools/fastapet

was employed to extract thda operon sequence from this closely related reference for CC30. To
define thebla operon coordinates for each strain of CC30, the extrétaeszperon sequence from
S. aureusJP_764 was used as a query in BLAST searches against the complete genomes of the

CC30 strains [ttps://github.com/wlbw/biotools/blob/main/gblgstithis approach enabled the

extraction of thebla operon sequences for all CC30 strains. Subsequently, thesagitence
alignment of théla operon sequences was generated using MUSCLE {&3BJland visualized

with the NCBI Multiple Sequence Alignment Viewer v1.25.0.

4.5.6: b-lactamase typing

The amino acid sequencelda operon from the MSSA strains of CC30 were assessed using the
GenBank files provided by Prokka 1.14186]. The multisequence alignment of the amino acid
sequences was then visualized using the NCBI Multiple Sequence Alignment Viewer v1.25.0.
Based on the specific amino acids at residues 119 and 26& gperon in the strai®. aureus

UP_764 Gtaphylococcus aurewstrain UP_764 chromosome, complete generhicleotide-

NCBI (nih.gov), these sequences were then categorized into four different types A, B, C, and D

(Supplemental Figuré.2) [211].
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4.5.7: Antibiotic susceptibility testing

Cryo stocks were first revived on tryptic soy agar (TSA) plates incubatedvernight at 37°C

with 5% CQ. Bacterial suspensions were prepared by diluting colonies from overnight culture
plates in 0.85% NaCl solution (saline)aohievea turbidity equivalent to McFarland standard 1,
which corresponds to approximately 58 GFU/mL and an OB of 0.35 0.40 as per CLSI 2009
guidelines[234]. To ensure consistency, the €@bof every fourth suspension was measured.
These suspensions were also visually verified by performing serial dilutions followed by plate
counts Cefazolin stock solution was serially diluted in 100 plcafionadjusted BBIE Mueller-

Hinton (MHBII) (Becton Dickinson, CA9000602) in a 96well plate, with concentrations
ranging from 64 to 0.125 pg/mL (Supplemental Figdre). Rows 11 and 12 contained no
antibiotic (MHBII only) as positive and negative growth controls, respely. The antibiotic
plates were then inoculated wit®uL of each bacterial suspension and incubated aerobically at
37°C with 5% CQ overnight. The turbidity of the samples was measured abdBing a
spectrophotometer (VICTOR® Ni¥o Multimode Plate Reader, PerkinElmer). Absorbance
values were interpreted using Microsoft Excel and the MIC values were determined at both S
(5x1C° CFU/mL) and HI (5x10CFU/mL).S. aureudX0117 (ahigd evel producer
lactamase),S. aureusATCC 29213 (a lowev e | pr odu c e dactamése),tapdp. e A

aureusATCC 25923 (ebla operon negative strain) were used as con[8ak
4.5.8: Cultivation and sample preparation for proteomic assays

In a 96well plate format (VWR, 4774930), ten randomly selected MSSA strains from each
phenotype (CzIlE, normal without adenine deletion, and normal with adenine deletion) were
cultured in MHBII (Becton Dickinson, CA9000802) from cryo stocks and inculeatovernight
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aerobical |l y azaThsfdlegmMhgday, theculttrés wer®diluted to an optical density
(ODsog) of 0.1 in fresh culture media containing either no antibiotic or cefazolin at three different
concentrations (0.125 pg/mL, 0.25 pg/mL, and QgmL). A monitor plate was prepared by
aliquoting 200 pL of the cultures into a -9&ll flat-bottom plate (VWR, 351172) to assess
turbidity every hour using a spectrophotometer (Multiskan Go, Thermo Scientific). Once the
average Obyo of a given treatment reached approximately 0.4, culturing for that treatment was
terminated. The bacterial cultures were then transferred to a rexIBglate and stored @8 0 ¢ C
for further processing. This approach allowed for terminating culturetratvdifferent time

points, as higher antibiotic concentrations slowed bacterial growth.

The sample processing methods for the genomic assays are the same as the methods that have been
described in the Materials and Methods section of the paper found in Chapter 3 of this thesis. In
brief, the bacterial samples were lysed using ceramic beadlysis buffer flowed by shaking.

Peptide purification was performed via the sirgte, solidphaseenhanced samplareparation

(SP3) method on an automated liquid handler, which involved using magnetic beads and an
enzymatic trypsin digestion step. Theptides were quantified using a colorimetric peptide assay

and then normalized to 0.25 pg/uL. QC peptides and a SuperMix sample were included as controls.
The samples underwent isotopic labeling with Tandem Mass Tag 11, pooling, desalting, and
subsequentrgling. Finally, peptides were resuspended and subjected teLl@MS analysis for

detailed proteomic profiling.
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4.5.9:nanoLC-MS with FAIMS

The method to acquire proteomics data using nardiSGvith FAIMS is the same as the method
that has been described in detail in the Materials and Methods section of the paper found in Chapter

3 of this thesis.
4.5.10:Data visualization and statistical analysis

Data visualization was performed using GraphPad Prism (Version 10.2.3), which was also used

for the statistical analysis. Kapldteier survival analysis for the Calgary CzIE cohort was
conducted using the legnk (MantelCox) test witha significance theh ol d of U <
Statistical analysis of genetic variants within titeeoperon of CC30 isolates was performed using
achrsquare test. Stati st i c adactanase hbyrslanse inchultipfea r i n ¢
groups were completed using tm@ay ANOVA wi t h a signi ficance thres
graphs are shown as mean +* standard error of the mean (S.E.M). The phylogenetic tree was

visualized using the online tool Interactive Tree of Life (iToL).

4.6: Statement of contribution

M.M. and I.A.L. conceptualized, wrote, and edited the manuséipt. and B.J.Wperformed
AST experiments tgcreerfor isolates withCzIE phenotypsvithin the Calgary CzIE cohaitl.M.
andK.D. performed AST experimesito verify the phenotype of MSSA isolates with th&l7
adenine deletiorM.M. and B.J.W. developed and perfornradlti-sequence alignment analysis
B.J.W. ran the genomic pipeline and provided genomic quality control metrics. pkoided
compiled patient outcomeand M.M. analyzed theatient outcomesM.E.V.T. processed and

normalized proteomics datil.H. collected mass spectrometry data. Mddsignedperformed
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the proteomicsexperimentsand analyzed the datal.D.M. designedthe GWAS pipeline and
M.M. designedperformedthe GWAS analysis and analyzed datal.D.M. providedannotated
genomic filesJ.T.S.generateghhylogenetic tree datand M.M.analyzedheprocessed genomics
data Y.H.G., AM.E.,M.D.P., LA.L., andotherco-authors reviewed the manuscript and provided

feedback.

4.7: Supplemental Figures
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Supplemental Figure4.1: Methodology for identifying isolates with the CzIE phenotype.
A) Workflow outlining the process for measuring cefazolin MICs at both standard anc

inoculum sizes. B) Layout of the antibiosasceptibility testing plate.
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Supplemental Figure4.2 : -ladilamase typing.Multiple amino acid sequence alignment

di f f er e n tlactarhasesfa isotatesof CCBO. Residues 119 and 207 correspond w

residues 128 and 216 shown in Tadblk respectively.

4.8: SupplementalTables

Supplemental Table4.1: Prevalence of different clonal complexes among CzIE, pronounced

CzIE, and normal isolates CC30 is the most prevalent CC among both CzIE and p. CzIE isolates.

CC15 is the second most common CC among CzIE isolates.

Clonal
Complex

CzIE

P.CzIE

Normal

Total

CC30
CC15
CC45
CC1
CC8
CC5
CC97
CC121
CC22
NA

96
19
10

O O N O 0

=
[e¢]

N O O O pFr OO O -

38
35
38
20
33
50
15
6
7
51

152
55
48
28
41
57
17

82

Total

173

N
~

200

293

493

Supplemental Table4.2: Prevalence of different Agr types among CzlEpronounced CzIE,

and normal isolates Agr group lll is the most prevalent type among isolates with both CzIE and

p. CzIE isolates, whereas group I, followed by group Il, is most prevalent among normal isolates.

Agr type

CzIE

P. CzIE

Normal

Total

Group |
Group Il
Group Il
Group IV
Unknown

45
26
101

6
2
19

143
94
48

7
1

194

122

168
7
2

Total

173

27

200

132

293

493



Chapter 5: Biomarker Enrichment Medium (BEM): A Defined Medium for

Metabolomic Analysis of Microbial Pathogens
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5.1: Abstract

Microbes have diverse metabotiapabilities and differences in these phenotypes are critical for
differentiating strains, species, and broader taxa of microorganisms. Recent advances in liquid
chromatographynass spectrometry (L®IS) allow researchers to track the complex
combinations b molecules that are taken up by each cell type and to quantify the rates that
individual metabolites enter or exit the cells. This metabolotms®d approach allows complex
metabolic phenotypes to be captured in a single assay, enables computatiofsbimuaeobial
metabolism to be constructed, and can serve as a diagnostic approach for clinical microbiology.
Unfortunately, metabolic phenotypes are directly affected by the molecular composition of the
culture medium and many traditional media are subjectdiecularlevel heterogeneityHerein,

we show that commercially sourced Mueller Hinton (MH) medium, a Clinical and Laboratory
Standards Institute (CLSI) approved medium for clinical microbiology, has significato |t

and supplieito-suppliervariability in the concentrations of individual nutrients. We show that this
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variability does not affect microbial growth rates but does affect the metabolic phenotypes
observedn vitrod including metabolic phenotypes that distinguish six common pathogens. To
address this, we used a combination of isclapelling, substrate exclusion, and nutritional
supplementation experiments using Roswell Park Memorial Institute (RPMI) medium tibyiden

the specific nutrients used by the microbes to produce diagnostic biomarkers, and to formulate a
Biomarker Enrichment Medium (BEM) as an aftative to complex undefined media for
metabolomics research, clinical diagnostics, antibiotic susceptibility testing, and other applications

where the analysis of stable microbial metabolic phenotypes is important.

5.2: Introduction

Microbial phenotypes are dictated not only by their inhenegtiabolic capabilitiegdictated by
genes and protein expression), but also by their nutritional environment. The effect of medium
composition orbiological phenotypes (i.e. growth rates and bionj235-240]), and bioproduct
yields (i.e. exopolysaccharides, proteins, biofy2il-246]) is well documented. Nutritional
availability can not only affect cefrowth butcan direct metabolism towards the production of

certain bioproducts.

Significant biological insights can be gained by quantifying the rates at which molecules are
consumed and secreted by cE47]. These boundary fluxes can be used to systematically screen
isolates for auxotrophief248,249] construct computational netwarko understand cellar
metabolismand nutrientproduct relationship§250,251] optimize bioproduct yields and rates
[252,253] and differentiate species and antimicrobial susceptibilities for diagn{#iit¢ks With

the evolution of highresolution liquid chromatograpbhyass spectrometry (L®IS), there has

been an increasing emphasis on capturing a broad range of molecular targets for boundary flux
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analysis.These new approaches now capturtarge transecin central carbon metabolism,

allowing us tobetterunderstandntracellularmetabolomic phenotyge

One of the challenges in quantifying metabolic boundary fluxes is that microbial phesatype
sensitive tanedium compositionTheseminor variatiors in nutrients can dramatically affect the
metabolic phenotype observiedvitro [255,256] This is particularly problematic when microbial
phenotypes are being used for diagimopurposegshat requirereproduceableuantificationof

limited biomarker setshis reproducibility can be impacted when using complex medium. While
the production of complex medium is well standardized by suppliers, it does comdain
chemical species in unknown proportiotsrived from biological sources (i.geast or beef
extract, casein hydrolysate, et@though the bulk composition of these media with respec
lipids, proteins, and nutrients is stable enough to maintain consistent growth, the specific

concentrations of nutrients present in these media amgatlatontrolled.

Herein, we show that commercially sourced Mueller Hinton (MH) medium, a CLSI approved
medium for clinical microbiology, has significanttmt-lot and supplieto-supplier variability in

the concentrations of individual nutrieni® demonstratéhat this variability directly translates

into instability in metabolic phenotypes, we employed a previously published metabolic preference
assay (MPA) that is capable of differentiating common bloodstream pathogens and testing their
antibiotic susceptibity in vitro following a short 4 hour incubatid@54]. Specifically, as little as

six biomarkers including arabitol, urocanate, succinate, xanthine, mevalonate ‘Affd- N
diacetylspermine can differentiate six common bloodstream pathoggargdila albicans
Klebsiella pneumonigd=scherichia coliPseudomonas aerugingsataphylococcus aureuand

Enterococcus faecalisWhile variability in metabolomic phenotypes on different lots of media
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was encountered during the rapid clinical assay for bloodstream infections (BSI), this is a
generalized problem in any metabolomic assay that seeks to collect metabolomic phenotypes using
a boundary flux approacfi.o address this, we developed a defirsmmplex medium, derived

from nutrientrich Roswell Park Memorial Institute (RPMI) medium, that supports the growth of
pathogens restores thametabolic biomarkersised to differentiatesix common bloodstream
infection species, and allows for antibiotic susceptibility testing (AS$ig a combination of
isotopelabelling, substrate exclusion, and nutritional supplementation experiments, we identified
the specific nutrients used by the microbes in the production of these biomarkers, as well as the
minimal complement of nutrients reed to supportheir growthin vitro. We propose this newly
formulated Biomarker Enrichment Medium (BEM) as an alternative to complefinad media

for metabolomics research, clinical diagnostics, and other applications where the analysis of stable

microbial metabolic phenotypes is important.

5.3: Results
5.3.1:Batches of Mueller Hinton medium differ in nutritional composition

To assess variability in MH mediumon-cation adjusted MH medium (MH 1) and cation adjusted
MH medium (MH I1), from two different supplier8D and Fluka AnalyticalSee Materials and
Methods), was analyzed using untargeted ultra -prgissure liquid chromatographyass
spectrometry (UHPLE@MS). One way ANOVA identified variability in 35@aturesvhen using

the stringent cubffs (P <1x10°% between the 8 batches of MH medium testéidure 5.1A).
Evenlot-to-lot variability of both MH | and MH 1l was observed from the same suppliers. Targeted
UHPLC-MS analysis identified variability in concentrations of many common microbial nutrients,

including variousaminoacids, nucleotides, and sugars (FighrE). This lotto-lot nutritional
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variability was unsurprising given that MH medium is composed of undefined components

including beef extract and casein hydrolysate.
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Figure 5.1: Mass spectrometry analysis of different lots and suppliers of Mueller Hinton (MH

I) and cation adjusted Mueller Hinton (MH II) medium. A) Untargeted analysis identified
significant differencesR <1x10°) in 359 features were observed in at least one lot of me@ium
= 3). B) Targeted UHPLEMS analysis identified variability in concentrations of many common
microbial nutrients, including various amino acids, nucleotides, and s&ygingal intensities are

shown as &scores (i.e. mean centered, variance stabibrguhl intensities).
5.3.2: Differences in metabolomic phenotypes are observed on different batches of medium

To determineif this nutritional variability affects microbial metabolic boundary fluxes, six
prevalentpathogens responsible for BJfSandida albicansCA; Klebsiella pneumonigeKP;
Escherichia coli EC; Pseudomonas aerugings&PA; Staphylococcus aureusSA; and
Enterococcus faecali€F)were incubatedor 4 hours on each lot of MH medium and previously
identified biomarkers used to differentiate these species were measured by targetedNMSIPLC
(Figure 5.2) [254]. In some cases, the production of biomarkers in inoculated versus non
inoculated medium was sufficient to differentiate these pathogens in all batches of medium. These
include arabitol production by CA, succinate production by EC and KP. However,- batch
dependent variability was also observed in many cases where sppemBc biomarker
production did not exceed that of MH noroculated controls. This was true for (i) mevalonate
production in Fluka Lot 2 for SA and EF, (ii) xanthine production in BD3.and Fluka Lots 1

and 2 for PA, and (iii) nicotinate production in BD Lot 3 and Fluka Lots 1 and 2 for EC, KP, PA,
SA, and EF. Notably, nemoculated MH control nicotinate levels were much higher in Fluka Lot
1 than in all other lots. This was also tifoe citrulline in BD Lot 1. Lastly, the concentration of

the unassigned marker with/z134.0166 was negligible in BD Lot 3 and Fluka Lots 1 and 2, and
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thus consumption by CA, EC, KP, PA, and EF was not observed in these lots. Given that all
samples were incubated on the same day and analyzed on the MS concurrently, we can rule out
that this variance is due to differences in processing or MS responses fattese discrepancies

in lot-to-lot biomarker changes demonstrate the need for the use of a more standardized medium

to ensure consistency when performing metabolomic studies.
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Figure 5.2: Differential biomarker production used to differentiate the six common specie:
responsible for bloodstream infections incubated in different batches of MH medium
Three of the eight batches studies (BD Lot 3, and Fluka Lots 1 and 2) showed ¢
inconsistencies with regards to spe@escific production of xanthine, nicotinate, a
mevalonate (Fluka Lot 2 only), and initial medium levels of unassigned markemva
134.0166 Key biomarkers that are affected by certain lots of mbdve been highligkd in
red boxesMueller Hinton medium, MHCandida albicansCA; Klebsiella pneumonigkPp;
Escherichia coli EC, Pseudomonas aerugings#A; Staphylococcus aureusSA; and

Enterococcus faecali€F. Data represents n = 9 biological replicates.

5.3.3:Biomarker production levels are lower on defined RPMI versus MH

Using a defined medium that is not subject to potential variations in beef or sasetespor
downstreamproduction steps is critical forinter-laboratory standardizationWe therefore
substitutedhe MH medium withnutrientrich defined RPMI mediumSupplementalable5.1)

to evaluate growth and biomarker production of the six prevalent BSI pathogens tested above.
Unsurprisingly, the levels of key nutrients were different between MH medium (BD Lot 1) and
RPMI (SupplementaFigure 5.1). Notably, levels of most amino acids, with the exception of
glutamine, asparagine, and cysteine, were higher in MH versus RPMI, whereas glucose and select
vitamins were higher in RPMI. While all six micn@anisms tested grew on both media, growth
was generally poorer on RMPI when compared to MHpplementaFigure5.2). Furthermore,

while most production biomarkers (i.e. arabitol, succinate, xanthine, mevalonate, citrulline, and
nicotinate) were still suitable for species differentiation on RPMI, levesiodinate, xanthine,

citrulline, and nicotinate were on average-fall lower when the respective species that produced
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these markers were grown on RPWlgure5.3). These decreased levels in key biomarkers can
have significant impacts on diagnostic accuracy when performing MS/MS fragmentation using
less sensitive clinical triple quadrupole mass spectron{@&$ Moreover, production of N2
diacetylspermin@ used for identification of E& was so low on RPMI that it did not meet
diagnostic thresholds. The limited production of key biomarkers in RPMI warranted further
investigation to identify which medium precursors are responsible for tlogiugtion in order to

potentially improve their levels.
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Figure 5.3: Differential biomarker production of pathogens incubated in MH versus RPMI

medium. While most production biomarkers were observed on MH and RPMI, levels of succinate,
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xanthine, citrulline, and nicotinate were significantly lower on RPMI, angN%&
diacetylspermine production on RPMI did not meet diagnostic threslk@gdiomarkers that are
affected by medium have been highlighted in red bolkesller Hinton medium, MHRoswell
Park Memorial Institute mediunRPMI; Candida albicansCA; Klebsiella pneumonigeKP;
Escherichia coli EC;, Pseudomonas aerugingsaPA; Staphylococcus aureusSA; and

Enterococcus faecali€F.Data are presented as mean valueSb/of n = 4 replicates.

5.3.4:[U-13C]glucose is not a precursor for many biomarkers

To determine if key biomarkers are coming from glucose or other medium components,-glucose

free RPMI was supplemented with uniformly labe[ed'*C]glucose. The>C isotope labeling
patterns of top diagnostic biomarkers (excludingN¥-diacetylspermine) were analyzed using
UHPLC-MS (Figure5.4). Surprisingly fully unlabeled isotopologuesere minimal forarabitol

(80% fully 13C labeled, and 20% fully unlabeled) and negligible for mevalonats 62y °C

labeled and 30%°Cs labeled, implying that glucose is the primary precursor for these two

biomarkers. Succinate was 439Gs labeled and 49% fully unlabelethis indicates that a portion

of succinate is derived from glucose flowing into the TCA cycle, while the remainder is derived

from other precursordJrocanate, xanthine, citrulline, and nicotinatere fully unlabeled, and

thus must be derived from other carbon sources present in the medium.
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Figure 5.4: 1°C isotope labeling patterns of top diagnostic biomarkers wheisolates were

grown on RPMI supplemented with [U-*3C]glucose.Labeling patterns show that glucose is the
primary precursor for arabitol and mevalonate, and partially responsible for succinate production.
Urocanate, xanthine, citrulline, and nicotinate are fully unlabeled, and thus must be derived from
other carbon@urces present in the mediuRoswell Park Memorial Institutsedium(RPMI);
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Candida albicans CA; Klebsiella pneumonigeKP; Escherichia coli EC; Pseudomonas
aeruginosaPA; Staphylococcus aureuSA; andEnterococcus faecali€F. Data are presented

as mean values 8D of total signal of n = 3 replicates.

5.3.5: Biomarkers were eliminated when precursors were excluded

To identify likely precursor$or biomarkers that did ngiredominantlycome from glucos (i.e.
citrulline, xanthine, nicotinate, and succinate) we excluded the individual amino acids and other
putative precursors found in RPMI and assessed the effect on these four biomarkers. We took a
two-pronged approach for these experiments: we botioraly screened individual exclusion of

the majority of amino acids found in RPMI, and investigated pathways that could provide insights
into which substrates could berndributing to biomarker productiof258,259] While it was
difficult to identify which precursors could be partially responsible for the additional succinate
production precursors for other biomarkers could be deduced from metabolic pathways. For
example, xanthine could potentially be derived from hypoxanthameomponent of RPMI via
xanthine oxidase (EC:1.17.3.2) which is present inatienine dinucleotide salvagathway

[260]. Citrulline has been proposed to be formed from arginine via +ukide synthase
(EC:1.14.13.39) or indirectly via the urea cyd261]. Nicotinate could bederived from
nicotinamide, also present in RPMI, vikotinamidase (EG:5.1.19 present in thaicotinamide
adenine dinucleotide salvagathway[262]. Indeed, exclusion of hypoxanthine in PA cultures,
arginine in EF cultures, and nicotinamide in EC (and other) cultures eliminated production of
citrulline, xanthine, and nicotinate, respectively (FiguA). Notably, exclusion of pyridoxine,

a known ceenzyme used in aminotransferase reactjaf8,264]in EC cultures also eliminated

nicotinate production. Lastly, screening of amino acid exclusions revealed that exclusion of both
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glutamine and lysine decreased succinate production in EC cultures. Given {Nat- N
diacetylspermine production was negligible in RPMI for EF cultures, we suspected that the
precursor for this biomarker may be absent in RPMI. Through pathway analysis, we hypothesized
that spermine supplementation could restotéNN-diacetylspermine secretion in EF cultures
[265]. Indeed, supplementation of RPMI with spermine not only restét@dt?-diacetylspermine
production by EF, budlso resulted in AN*?-diacetylspermine production in EC and KP cultures

(Figure 55B).
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Figure 5.5: RPMI precursor exclusion (A) and supplementation (B) resultsExclusion of
hypoxanthine (Hpx), arginine (Arg), and nicotinamide (Nam) or pyridoxine (Pn) in RPMI
eliminated speciespecific production of xanthine, citrulline, and nicotinate, respectively, while
exclusion of glutamine (GIn) and lysine (Lys) decrease@ Buccinate production.
Supplementation of RPMI with spermine restored N¥-diacetylspermine (N1,N1RAS)
production.Roswell Park Memorial Institute mediynRPMI; Pseudomonas aeginosa PA,
Enterococcus faecali&F; Escherichia coliEC. Data are presented as mean valueSb/of n =

3 replicates.
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5.3.6: Non-glucose biomarkerprecursors were confirmed using labeled precursors

To further confirm speciespecific biomarker precursors identified in precursor exclusion
experiments, unlabeled precursors were substituted with labeled analogs in RPMI medium (Figure
5.6). Resulting speciespecific xanthine, citrulline, nicotinate, and,N**-diacetylspermine were

all >95% labeled when labeled substrates were used. Specifically, reduction of uniformly labeled
hypoxanthine'®Cs in PA cultures resulted in uniformly labeled xanthif@s. Deamination of
arginine (Guanide®N>) in EF cultues resulted in citrulliné®N1. Substitution of the terminal
amine with a hydroxide oficotinamide2,6, 3Cs-(pyridyl-*°N) resulted imicotinate2,6, 7°Cs-
(pyridyl-**N). Thisdata suggests that hypoxanthine, arginine, and nicotinamide are direct medium
precursors for xanthine, citrulline, and nicotinate, respectivBiyilarly, deacetylation of
spermine(butyl-d8) tetrahydrochloride resulted it N*?diacetylspermingbutyl-d8). Succinate
produced bYEC culturedin RPMI withunlabeled glucose and uniformly labeleglutamine'*Cs

was 80%fully 'C labeled and 15%ully *3C4labeled. This result confirms that succinateostly

synthesized from glucose, although glutamiasdiplly contributes to & productioras well.
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Figure 5.6: Labeling patterns of top diagnostic biomarkers when isolates were grown on

RPMI supplemented with putative precursors.Speciesspecific xanthine, citrulline, nicotinate,
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and N,N'2%diacetylspermine were all >95% labeled when labeled substrates were used,
demonstrating that that hypoxanthine, arginine, nicotinamide, and spermine are direct medium
precursors for xanthine, citrulline, nicotinate, agN'?-diacetylspermineEC culturedin RPMI

with unlabeled glucose and uniformly labeledylutamine*Cs was 80%fully °C labeled and

15% fully °Cs labeled demonstrating that it isnostly synthesized from glucose, although
glutamine partially contributes tositproductionas well. Hypoxanthine, Hpx; arginine, Arg;
nicotinamide, Nam; glutamine, GlIn; spermine, Sfgeudomonas aeruging9A; Enterococcus

faecalis EF, Escherichia coliEC. Data are presented as mean valueSb/of n = 3 replicates.

5.3.7:Chemically defined Biomarker Enrichment Medium (BEM) restored pathogen

metabolic phenotypes tdhosethat were originally observed in Mueller Hinton

Our ultimate objective was to develop a reproducible defined medium allowing for pathogen
growth and that enabled the production of the key biomarkers originally observable in MH medium
[254]. Using defined RPMI as our basal medium, and integrating the additional precursors needed
for select biomarkers, we developed a modified, defined Biomarker Enrichment Medium (BEM;
Supplementalable5.2). A number of critical modifications were made to RPMI to generate BEM
(SeeSupplementalable5.2 for all modifications). (1) Medium was supplemented with additional
amino acids that were found in MH and not present in RPMI. (2) Concentrations of many amino
acids were increased to more closely resemble those found in MH medium. (3) Trace metals and
nucleosides were also added to potentially promote growth of a wider array of species. (4) Catalase
was added to promote the viability of species that produce hydrogen peroxi8éépkococcus
pneumoniag (5) Albumax (a lipidrich bovine serum albumirofmulation), which is commonly

added to RPMI as a substitute for human serum, was eliminated to ensure that BEM is fully
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defined.(6) While sucrose was added in addition to glucose, concentrations of total sugars was
kept low (i.e. 5fold hexose equivalents lower than original RPMI) to promote metabolism of
amino acids and other components during the short, 4 hour incubation géji®EM was
supplemented with spermine and concentrations of other identified precursors (with the exception

of nicotinamide) were increased.

Our final BEM medium sustained growth of all six pathogen tested (n = 3). While growth of EC,
KP, and SA was best on MH, potentially due to a richer nutrient composition, growth of these
species was comparable on RPMI and BEJplementaFigure5.2). CA and EF grew similarly

on all three media (except one EF isolate on MH), while PA grew well on MH and BEM, but not
on RPMI. More importantly, our defined BEM produced the necessary diagnostic biomarkers
originally identified in MH medium (Figuré.7). While strictly glucosederived biomarkers
(arabitol and mevalonate) were lower on BEM than MH and RPMI (1.3 arfdl@.®wer for CA
arabitol production and 2.6 and Zdd lower for SA/EF mevalonate production, respectively),
they were still significantly yher t han the si gnal-fsld higheofor ot her
ar abi t ol-foldhigler f@ mévalehate), and thus had sufficient diagnostic power. EC and
KP succinate production was comparable to MH and 2.2 téoRiShigher than that observed in
RPMI, potentially due to higher glutamine and lysine concentrations. Nicotinate production by
EC, KP, PA, SA, and EF was almost identical to that of RPMI, which was unsurprising, given that
nicotinamide concentrations were the same in both media. Whilgr&lkree concentrations were
3.9fold lower in BEM when compared to MH, increasing arginine concentrations increased
citrulline concentrations by 2f@ld when compared to RPMI. Most importantly, supplementation

of hypoxanthine in BEM increased PA xantnievels by 33 and 466ld when compared to MH

and RPMI, respectively. Similarly, addition of spermine restorégNRdiacetylspermine
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production by EF, production that was almost absent in RPMI. Notably, addition of spermine also
resulted in N,N'2-diacetylspermine production by EC and KP. However, EF can still be

differentiated from EC and KP by the absence of succinate production
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Figure 5.7: Differential biomarker production of pathogens incubated in MH versus defined

BEM medium. Metabolic phenotypes of MH were reproduced in BEM. Notably, supplementation
of hypoxanthine in BEM improved PA xanthine levels and addition of spermine resulted in
improved N,N*2-diacetylspermine production by EF, as well as EC and<€R biomarkers that

are affected by medium have been highlighted in red bdWesller Hinton medium, MH;
Biomarker Enrichment Medium, BEMCandida albicans CA; Klebsiella pneumoniag KP;
Escherichia coli EC;, Pseudomonas aerugingsaPA; Staphylococcus aureusSA; and

Enterococcus faecali€F.Data are presented as mean valueSb/of n=3 replicates.

5.3.8:Biomarker patterns for antibiotic susceptibility testing using BEM and clinically

approved MH medium are comparable

To ensure that BEM is suitable for antibiotic susceptibility testing (AST), we measured the
metabolic inhibition of select biomarkers in response to commonly prescribed antibiotics on
bacterial isolates with known microdilution or Vitek2 AST profiles usangapid MS/MS assay

(see Methods; Figur&.8). Inhibition of succinate production, adenine consumption, glucose
consumption, and lactate production were used to assess antibiotic efficacy on EC and KP, PA,
SA, and EF, respectively, on both BEM and CLSpraped MH II. For EC, KP, PA, and SA,
inhibition of biomarker production/consumption not only identified sensitive (grey bars) and
resistant strains (red bars) accurately in agreement with microbroth dilution methods (or Vitek2
for SA) in both media, buthanges in biomarker levels in both media were comparable.
Furthermore, sensitive versus resistant threshold cutoffs (dashed red lines) for these species could
be set at identical levels when species are incubated on either BEM or MH Il. Some discrepancies

between metabolic inhibition assay (MIA) results and Vitek2 results were observed for EF.
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Specifically, the MIA on MH Il identified EF as sensitive tu§/mL of benzylpenicillin and 32
png/mL of vancomycin, contradicting Vitek2 results. Similarly, the MIAB#EM identified EF as
resistant to §ig/mL of ampicillin and sensitive to 32y/mL of vancomycin in contradiction to
Vitek2 results. Minor adjustments in cation levels may address these discrepancies. Hmveever,
serial dilution differences between platforms are generally acceptable by regulatory[boglies
Ideally, MIA results should be compared to microbroth dilution results. While identical sensitive
versus resistant threshold cutoffs could be used for most species on both media, these thresholds
needed to be realibrated for each medium with respectaactate production levels for EF. This

may be attributed to small changes in growth and/or metabolism on each medium for EF.
Nevertheless, we show here that BEM is not only effective at identifying species based on
metabolic patterns, but also that it deneffectively used to differentiate sensitive versus resistant
strains based on metabolic inhibition profiles of select metabolites and that these profiles are

comparable to those of MH Il medium.
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Figure 5.8: Antibiotic susceptibility validation on BEM and MH Il using metabolic inhibition

profiles. Metabolic inhibition of select biomarkers in response to antibiotics were tested on
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