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Sammendrag

Staphylococcus aureus er bade en kommensal bakterie som finnes pa huden og i nese-
hulen, og en patogen bakterie kan forarsake en rekke alvorlige infeksjoner. Det er den
nest vanligste arsaken til blodstromsinfeksjon (BSI), som kan fore til sepsis, et fryktet
syndrom pa grunn av den hgye dgdeligheten. Formalet med studien er a utfgre kompar-
ative genomanalyser av S. aureus stammer isolert fra blodstrgmsinfeksjoner, baererstam-
mer av S. aureus og methicillin-resistante S. aureus beererstammer. Hundre og sekstito
S. aureus stammer fra Tromsgundersgkelsen (TSSS), 62 fra Nasjonalt referanselabora-
torium MRSA og 63 fra sepsisregisteret i Helse Nord-Trgndelag samlet inn i perioden
2007-2008 er inkludert i studien. Sekvensene med 300 basepar produsert med Illumina
MiSeq teknologi i MRSA kohorten prodeserte bedre rekonstrurte genomer (assembly) og
feerre kontigs enn sekvensene med 150 basepar produsert med Illumina HiSeq teknologi
i baererstamme- og BSI kohortene. Sekvensspesifikk analyse av sdrC' genet indikerer et
ufullstendig rekonstruert genom (assembly) pa grunn av repetisjonsrike regioner i genet.
Dette er en viktig faktor a vurdere ved valg av sekvensmetode og i studier om utbredelsen
av gener. Kohortene hadde stort sett de samme klonalkompleksene (CC). MRSA ko-
horten hadde feerrest klonalkomplekser, mens kohorten med baererstammene hadde flest.
De storste klonalkompleksene (CC) observert var i baererstamme kohorten CC30, CC45 og
CC15, i BSI kohorten CC45, CC1 og CC15 og i MRSA kohorten CC30, CC45, CC8, CC5
og CC22. Tilstedevaerelsen av virulensgener og resistensgener i kohortene ble identifisert.
Alle MRSA positive stammer bar mecA genet som er relatert til meticillinresistens. Ingen
av de andre kohortene hadde meticillinresistens. Frekvensen av de analyserte virulens-
genene var likere mellom stammer i samme klonalkompleks eller med samme sekvenstype
enn mellom stammer fra samme kohort. De samme virulensgenene funnet i BSI og MRSA
stammene ble ogsa funnet i beererstammene. Genene assosiert med unnvikelse av immun-
systemet var til stede i de fleste av stammene i alle kohortene. Tilstedeveerelsen av gener
involvert i koagulering og aggregering var generelt lavere i baererstammene. En mikro-
biell genomvid assosiasjonsstudie viste at clfB i CC45 var assosiert med stammer som har
forarsaket BSI. Det ble ikke funnet noen significante forskjeller mellom stammer som har
forarsaket BSI, baererstammene og MRSA stammene som kan indikere hvorfor noen stam-
mer forarsaker BSI mens andre forblir baererstammer. Studien identifiserte at stammer fra
ulike kohorter inneholder de samme virulensgenene, og andre faktorer som ikke-annoterte
virulensgener, andre ikke-essensielle gener og interaksjoner mellom vert og patogen kan
veere mulige forklaringer pa BSI-stammer sin patogenitet.



Abstract

Staphylococcus aureus is both a commensal and a pathogen that can reside on skin or
nasal cavity as a commensal or can cause multiple serious infections. It is the second
most common cause for bloodstream infections (BSIs). BSI can lead to sepsis, a feared
syndrome due to its high mortality rate. The aim of study for this master thesis is
comparative genomics of S. aureus strains isolated from bloodstream infections, carriage
S. aureus strains and methicillin-resistant S. aureus strains. One hundred and sixty
two S. aureus strains from The Tromsg Staph and Skin Study (TSSS), 62 from the
National reference laboratory for MRSA and 63 from the Nord-Trgndelag Hospital Trust
(HNT) Sepsis registry collected in the period 2007-2008 was included in the study. The
sequencing reads with 300 base pairs obtained with Illumina MiSeq technology for the
MRSA cohort produced much better assemblies and lesser contigs compared to assemblies
from 150 base pairs reads obtained with Illumina HiSeq technology in the carriage and
BSI cohorts. Sequence-specific analysis of the sdrC' gene in the carriage strains indicated
incomplete assemblies due to repeat-rich regions. This is an important factor to consider
when choosing sequencing techniques and studying the prevalence of genes. Most clonal
complexes were shared between the cohorts. While the MRSA cohort had the lowest
diversity of clonal complexes, carriage strains cohort had the highest. The major CCs
detected in carriage S. aureus were CC30, CC45 and CC15, in the BSI strains, CC45,
CC1 and CC15 and in the MRSA strains CC30, CC45, CC8, CC5 and CC22. Virulence
genes and resistance genes present in the strains were also identified. All the MRSA
positive strains carried the mecA gene in relation to methicillin resistance. None of the
other cohorts contained methicillin resistance. The prevalence of the analysed virulence
genes was more similar between strains in the same CCs and STs rather than from the
same cohort. The same virulence genes found in BSI-causing strains and MRSA was also
found in the carriage strains. The genes associated with immune system evasion were
present in most of the strains from all three cohorts. The prevalence of the genes involved
in coagulation and aggregation was generally lower for the carriage strains. Microbial
Genome-Wide Association Study (GWAS) showed clumping factor B (¢lfB) in CC45 was
associated with BSI-causing strains. It was not found any significant differences between
the BSI-causing strains and the carriage and MRSA strains that could indicate why some
strains cause BSI while others remain carriage strains. Overall, the thesis identified that
strains from different cohorts share similar virulence genes and other factors such as
unannotated virulence genes, other accessory genes and host-pathogen interactions could
be possible explanations for the BSI strains pathogenicity.
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Part 1

Introduction

1 Bloodstream infection and sepsis

Bloodstream infections (BSIs) are described as infections in the bloodstream where a
viable bacterium or fungus associated with infection is present, and where the presence
of these microorganisms have lead to an inflammatory response™. The origin of the
BSI can often be unknown®4. There are several categories of infection acquirement
related to BSIs. They can be categorized as either community- or hospital-onset, where
the community-onset BSIs are contracted outside of hospital while hospital-onset BSIs
are contracted in the hospital. Community-onset BSI can again be categorized as either
community- or healthcare-acquired, where the BSI is categorized as healthcare-acquired
when the patient recently have been significantly exposed to a healthcare setting. A
community-acquired BSI is not associated with healthcare settings™. BSI is an infection
type with high mortality worldwide, with an incidence rate of community-onset BSI of 40
to 154,/100.000 population every year 1!,

Sepsis can be a response to BSI and is according to the Sepsis 3 definition from 2016
described as a clinical syndrome where there is an infection and a dysregulated host
response and acute organ dysfuntion!®. There are two stages of sepsis, classified as sepsis
without and with septic shock, where the latter is characterized by severe drop in blood
pressure (hypotension) and comes together with multiorgan dysfunction, which gives a
higher possibility of death compared to sepsis without shock™. Not all BSIs lead to
sepsis, but BSI is detectable in about 20-30% of sepsis cases®. Studies aimed to acquire
more information about BSI is important despite not all cases leading to sepsis, as effective
therapies against BSI could decrease the incidence of sepsis caused by a BSI. Sepsis is
one of the leading causes of death in the world, as it is estimated to account for 20%
of all deaths worldwide™. Focus on acquiring more knowledge about the syndrome is
therefore very relevant, but there are challenges associated with the study of sepsis and
the development of therapies. One of them is that sepsis is not defined or divided into
groups based on the underlying cause, which can make it more difficult to find suited
treatments®. The identification of sepsis in patients can also be difficult as the criteria
for sepsis is mostly based on responses in the host, which can also be observed in patients
with other complications 1%,

2 Staphylococcus aureus

Staphylococcus aureus belongs to the genus Staphylococcus as part of the phylum Firmi-
cutesP233 and was first described as Staphylococcus in 1880 by the Sottish surgeon Sir
Alexander Ogston™3l. Its spherical shape and tendency to cluster gave Staphylococcus its
name, with staphyle being greek for "bunch of grapes" and kokkos meaning "berry". A
few years later, in 1884, physician Friedrich Julius Rosenbach differentiated S. aureus from
S. albus (now S. epidermis) based on their colours, as S. aureus appears yellow, while S.
albus is white®3. Awureus is derived from the latin word for gold, aurum, while albus is
latin for white®™. Biochemically S. aureus can be distinguished from other Staphylococci



due to its coagulase positivity 1213l

S. aureus is a Gram positive bacterium referring to what type of cell wall it has. The
term "Gram positive/negative" comes from the technique Gram-staining, where bacteria
in three steps are stained, and due to differences in the cell wall, leaving the positive
and negative bacteria differently coloured. The major difference between Gram-positive
and -negative bacteria is the number of layers and thickness of the cell wall. Gram-
negative cell wall consists of two or more layers, while the Gram-positive has one, which
is usually thicker than the individual layers of the Gram-negative bacteria. The cell wall
mainly consists of strands of peptidoglycan, which consists of N-acetylglucosamine and
N-acetylmuramic acid in an alternating repeated pattern. The strands are connected
to each other by a peptide cross-link, which in S. aureus consists of five glycines. The
formation of cross-links is dependent on penicillin-binding proteins (PBPs), which are as
the name implies enzymes that binds to, and is inhibited by, the antibiotic penicillin. If
the formation of the cross-links is inhibited, the cell wall will get weaker and burst ™. An
illustration of the cell wall structure is shown in figure [2.1

N-acetylglucosamine
N-acetylmuramic acid

Cross-link

Figure 2.1: Illustration of the cell wall structure of Staphylococcus aureus. Strands consisting of N-
acetylglucosamine and N-acetylmuramic acid repeated in an alternating pattern are con-
nected to each other through cross-links of glycines. The figure was illustrated for this
thesis.

S. aureus is a pathogen that can cause a number of serious diseases and infections, such
as endocarditis, skin and soft tissue infections, osteomyelitis and BSI leading to sepsis ™.
Skin and soft tissue infections are the most frequent kind of S. aureus infection, and S.
aureus is the most common pathogen isolated from surgical site infections and cutaneous
abscesses 197 BST leading to sepsis is the most feared consequence of S. aureus infection
due to the high mortality rates of sepsist9. Worldwide, 20-50 per 100 000 develops
S. aureus BSI each year, making S. aureus the second most common pathogenic cause
for BSI, after Escherichia colim81920  The mortality rate of S. aureus BSI before the
introduction of antibiotics was 75%-80%. This has decreased a lot, and the rate appears
to have stabilized at around 20% 2% which means 2-10 per 100 000 dies from S. aureus
BSI every year. There is still need for more research and development of treatments
against S. aureus BSI with the evolution of multidrug resistant infections.

S. aureus is also a commensal bacterium, meaning it is present in a host’s microbiota
without causing disease. Around 12-30% of the population are persistent carriers, and
has a carrier-index of 0.8-1.0PU. The carrier index is calculated by dividing the number
of positive swabs on the number of total swabs taken from an individual?223l. 30% are

10



intermittent carriers, and has a carrier-index of 0.5-0.82123  Carriage S. aureus is usually

found in the upper respiratory tract and on the skin. The bacterium transmits by direct
contact with a carrier or an infected individual®#3l. The detection of S. aureus infection
in a patient will lead to a search of the source of infection. A frequent source of infection
in hospitals are vascular catheters, so these are always removed even if the infection is
suspected to have another source %261 An antibiotic treatment will also be started 9. Tt
is important to act fast after detection of S. aureus infection to prevent it from developing
into sepsis.

2.1 Genome

The genome of S. aureus has a size of 2.7-2.8 million base pairs (bp) with a guanine-
cytosine (GC) content of around 33%, and it primarily consist of a circular chromo-
some P8 The genome can be divided into core and accessory genome. The core genome
of S. aureus consists of approximately 1300-2000 genesP2#3081521  The combination of
core and accessory genome present in all strains, or a collection of strains, of a partic-
ular species is called the pangenomeP2. The core genome consists of conserved genetic
material, meaning that it is conserved in different clonal lineages. Essential genes needed
for the survival of the bacteria are usually in the core genomel8l. Accessory genome
is genetic material that can differ between lineages or strains. Non-essential genes can
be part of the accessory genome, and it is often located on extrachromosomal genetic
elements like plasmids, prophages and pathogenicity islands?927. Prophages are DNA
from bacteriophages, while plasmids are DNA molecules that can replicate their own
DNA independently from the chromosome. The plasmids are usually smaller than the
chromsome and circular, but linear plasmids also exist?. A pathogeneicity island is a
type of genomic island, which are clusters of non-essential genes located on the bacterial
chromosome 2331 These elements are also called mobile genetic elements (MGEs). They
all contain DNA and can move intra- or intercellularly 4. Intercellular transfer is the
transfer of MGEs to other bacterial cells. This happens through horizontal gene transfer,
which is divided into three different mechanisms called transformation, conjugation and
transduction. Transformation is the uptake of free DNA, while conjugation is the direct
transfer from one cell to another, meaning that cell-cell contact is required. Transduction
is the transfer of DNA via bacteriophages3#12

2.1.1 Single nucleotide polymorphisms

Single nucleotide polymorphisms (SNPs) are single base positions in the genome that
differ between two organisms. SNPs can occur due to transition, transversion, deletion
or insertion®%. Transition is the change from one purine to another (A«+G), or one
pyrimidine to another (T<»C). Purines have a two-ring structure and are more similar
to each other than to pyrimidines with a one-ring structure. Transversion is the change
from a purine to a pyrimidine, or visa versal8l. The change in a single base position could
lead to a change in amino acid composition, and then also the structure of the protein
product. SNPs can, in a microbiological perspective, be used to investigate differences in
resistance and virulence genes between isolates, and look at the epidemiological evolution
or outbreak of pathogenic bacteria .
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2.2 Virulence

Virulence factors are molecules such as proteins, enzymes or toxins that contribute to
a bacteria’s pathogenicity by invasion of the host, causing disease and evasion of the
host’s immune response®7. Virulence factors can be found on MGEs like plasmids and
bacteriophages, however a large portion are found on pathogenicity islands™?233l. Multiple
virulence factors can be detected in S. aureus, and they contribute to the pathogenicity
of the bacteria in different ways. During BSI, and potentially sepsis, certain S. aureus
virulence factors are more relevant than others are. The most relevant ones are listed in

table [2.1[POESE9.

Table 2.1: Staphylococcus aureus virulence factors (genes) important in bloodstream infection, with
focus on immune system evasion, coagulation and aggregation and barrier breaching.

Function Gene Name
pul (lukF'/S-PV) | Panton-Valentine leucocidin
Immune system | hlgA Gamma-hemolysin chain II precursor
evasion higB/C Gamma-hemolysin component B/C
chp CHIPS/chemotaxis inhibitory protein
sen Staphylococcal complement inhibitor
spa Staphylococcal protein A
aur Aureolysin
coa Coagulase
Coagulation and | vWbp Von Willebrand factor-binding protein
aggregation clfA/B Clumping factor A/B
sdrC/D/E Serine-aspartate repeat protein C/D/E
fnbpA/B Fibronectin-bindin protein A/B
Pore-forming hla a-toxin

Adherence and damage to host cells is essential for the bacteria to cause BSI and poten-
tially spread to tissue and organs. Most virulence factors involved in adhesion belongs to
the Microbial Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMM)
family, which is a collection of surface proteins®%. Two of these are the fibronectin-
binding proteins A and B (fnbpA/B), which are essential in adherence as they bind to
epithelial cells, as well as endothelial cells in the blood vessels®!. Other members of the
MSCRAMM family are clumping factors A and B (clfA/B) and serine-aspartate repeat
proteins C, D and E (sdrC, sdrD and sdrE)B30%  The MSCRAMM genes sdr, fnbp and
clf all have very similar main structure, as illustrated in figure 2.2l At the N- and C-
terminal there is a signal sequence and a sorting sequence respectively. They all have
A domains that binds to ligands, but only the sdr genes have two to five repeats of a B
domain after the A domain. The clf and sdr genes then have a region consisting of serine-
aspartate repeats, while the repeat region of the fnbp gene consists of fibronectin-binding
repeatsl40=42=4”.

For the spread of S. aureus to other host cells after adhesion, a-toxin (hla) is central
as it is pore-forming and can lyse epithelial, endothelial and immune cellsP8. In BSI
specifically, hla can increase the chance of spreading through damaging of the endothelial
barrier B8, It is not enough for S. aureus to adhere and spread to other host cells to cause
BSI. It also must survive in the bloodstream, and evasion of the hosts immune cells is cru-
cial for that. Multiple virulence factors are involved in the survival process by inhibiting
and destroying the components of the immune system. This involves targeting of leuko-
cytes by hemolysin (hlg) and the leukocidin Panton-Valentine leucosidin (pvl) composed

12



of the two components lwkF-PV and lukS-PVB83843] Tt also involves the inhibition of
the complement pathway with chemotaxis inhibitory protein (chp), staphylococcal com-
plement inhibitor (scn) and aureolysin (aur). Staphylococcal protein A (spa) will bind
to antibodies to restrict the function of the immune cell P38l

N
S

Figure 2.2: The general structure of the Microbial Surface Components Recognizing Adhesive Matrix
Molecules (MSCRAMM) family genes serine-aspartate repeat protein (sdr), clumping factor
(clf) and fibronectin-binding protein (fnb). They all have signal sequences (S and S*) on
the N- and C-terminals, and an A domain (A). The sdr genes additionally have two to
five repeats of a B domain (B). The repeat region consists for the sdr and clf genes of
serine-aspartate repeats, while the fnbp gene has fibronection-binding repeats. After the
repeat domain is a cell wall-spanning domain (M). The illustration is inspired by EOHEZHET

When S. aureus is able to survive in the blood, virulence factors coagulase (coa) and
von Willebrand factor binding protein (vWbp) causes fibrin to clot, which will promote
staphylococcal aggregation by adhering to the surface proteins fnbpA/B, clfA/B and
sdrC/D/ERS38 - The clotting of fibrin and S. aureus promotes its survival in the blood
while also being a central part of sepsis as it blocks blood flow and therefore decreases the
oxygen supply to the organs possibly leading to organ failureP#9  The virulence genes
and their involvement in BSI is illustrated in figure [2.3

Complement pathway
S. aureus components Fibrin and S. aureus clot

Leucocyte

hlg, pvi hla chp, scn, aur coa, viWbp,
fnb, sdr, clf

Figure 2.3: An illustration of Staphylococcus aureus virulence genes and their involvement in blood-
stream infection. Hemolysin (hlg), Panton-Valentine leucosidin (pul), chemotaxis inhibitory
protein (chp), staphylococcal complement inhibitor (scn) and aureolysin (aur) are all in-
volved in immune system evasion by inhibiting and destroying components of the immune
system. Coagulase (coa), von Willebrand factor binding protein (vWbp), fibronectin-binding
protein (fnbp), clumping factor (clf) and serine-aspartate repeat protein (sdr) are involved
in coagulation and aggregation of fibrin and S. aureus, which blocks blood flow. The pore

forming gene a-toxin (hla) can lyse epithelial, endothelial and immune cells. The illustra-
tion is inspired by'
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2.3 Antibiotic resistance

Antibiotic resistance genes are genes encoding molecules that either protect the bacterial
cell from or directly target antibiotics, and can be located on the chromosome or on
MGESs. The resistance genes are often obtained through horizontal gene transfer, but can
also occur due to mutations in the genome, such as SNPsH24524 - Aptibiotic resistance in
S. aureus was first seen in the 1940s, not long after the introduction of penicillin in the
hospitalsP¥. The resistant strains produced the enzyme penicillinase, which hydrolyses
the f-lactam ring in penicillin. This obstructs the penicillins ability to target the PBPs
involved in cell-wall formation, which means that it no longer has antimicrobial activity 24,

Methicillin-resistance in S. aureus was first described in 1961, and the strains were
given the name methicillin-resistant Staphylococcus aureus (MRSA). It was first observed
as healthcare-associated MRSA (HA-MRSA), but was later observed as community-
associated (CA-MRSA) and in livestock (LA-MRSA)HS. The resistance to methicillin,
as well as most other -lactam antibiotics, is due to the mecA gene, which is found on
a MGE called staphylococcal cassette chromosome mec (SCCmec)H8. Due to horizon-
tal gene transfer, the SCCmec has spread to a variety of genetically different S. aureus
clonesHl. MecA encodes an alternative to the PBPs, which are present in methicillin-
sensitive S. aureus (MSSA). The alternative protein encoded by mecA is not recognized
by most (-lactams, making it resistant to S-lactam based antibiotics2. Resistance to
other kinds of antibiotics have also been observed in MRSA on multiple occasions, making
it a feared pathogen as it limits the treatment options#7.

An outbreak of MRSA in the 1970s lead to increased use of the antibiotic vancomycin,
which as methicillin and penicillin targets the cell wall synthesis. It binds to the termi-
nal of a percursor of peptidoglycan, which will inhibit it from being incorporated into
the growing cell wall?#8l  Resistance against vancomycin was first detected in 2002,
where the terminus of peptidoglycan was altered so that the binding of vancomycin was
decreased®8l. Increased antibiotic resistance leading to limited treatment options is one
of the challenges with antibiotic resistance. Failed treatment will increase the risk of
death or long term illness, that again can increase the chance of other individuals being
affected by the bacterium®!. If a bacterium develops resistance towards the main form
of antibiotic treatment, an alternative has to be used, which is often more expensive .

2.4 Characterization of S. aureus genome
2.4.1 Multi-Locus Sequence Typing

Multi-Locus Sequence Typing (MLST) is a method used to characterize bacterial species 1501
The characterization is based on six to seven essential housekeeping genes, as their gene
products are involved in processes required for an organism’s survival and therefore con-
served within the speciesP. The housekeeping genes used to characterize S. aureus
isolates are carbamate kinase (arcC'), shikimate dehydrogenase (aroF), glycerol kinase
(g9lp), guanylate kinase (gmk), phosphate acetyltransferase (pta), triosephosphate iso-
merase (tpi) and acetyl coenzyme A acetyltransferase (yqiL)P?. Each housekeeping gene
has different alleles based on an internal fragment of approximately 450 bp. If the nu-
cleotide sequence of that fragment differ between two isolates, that specific housekeeping
gene will give the isolates different alleles. Each unique allele is given a number, and all
seven alleles combined defines a unique allelic profile called sequence type (ST)F%¥. This
is illustrated in figure 2.4]
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2.4.2 Clonal Complex

STs can be further categorized into different clonal complexes (CC). CCs are groups
containing one predominant ST as well as genotypes that are common close relatives
to the predominant STP3. What CC a ST belongs to is dependent on its evolutionary
relationship to the predominant ST in a particular CC. The emergence of a CC begins
with the increase of a genotype’s frequency in the population. Over time, the genotype
will diversify and eventually a number of genotypes will together with the founding ST
constitute a CC. As the founding genotype diversifies, the allelic profile of the new variant
will eventually change as well. One of the housekeeping genes will change by either
point mutation or recombination, resulting in a new genotype. This new genotype will
eventually diversify again, which will lead to the change of another housekeeping gene
and so on 3,

2.4.3 Spa Typing

Spa Typing is another way to characterize S. aureus. The method is based on differences
in the Xr region of the protein A gene (spa)P¥. Protein A is a surface and cell wall
anchored protein of S. aureus, and the Xr region on the protein is located between the
cell surface and a ligand binding region B#4116l  The DNA sequence encoding the Xr region
is composed of small repeats that varies between 3 and 15. Each base composition of each
repeat is assigned a unique number. The numbered repeats combined gives a unique spa
type, as illustrated in figure Variation in number and composition of small repeats
gives different spa typesP. Spa Typing can as MLST be used to investigate long-term
genetic changes and analyse the phylogenetic relationship between strains, but it can also
be used to analyse outbreaks with a much shorter time-span. Genetic variation over a
long period of time can be termed as macrovariation, while variation over a short period
of time can be termed as microvariation 3

Multi-Locus Sequence Typing

10| 14 8] 6] 10 3 (2]

|arcC|aroE| glp |gmk| pta| tpi |yqiL|_.—.
2] [2 (2] [2] (6 [3] [2]

|arcC|aroE| glp |gmk| pta | tpi |yqu | —>m

|arcC| aroE| glp Igmk| pta | tp: |yq.'L — ST3

Spa typing
[08] [02] ——[t019]

Figure 2.4: During Multi-Locus Sequence Typing of Staphylococcus aureus, housekeeping genes are
assigned a specific number based on the allele. The combination of alleles defines a unique
sequence type. The sequence types can be further associated with a clonal complex. Spa
typing is based on the Xr region of the protein A gene (spa) gene, which is composed of
small repeats with varying numbers between 3 and 15. Each unique repeat is assigned a
number, and the repeats combined creates a unique spa type.
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3 Microbial genomics

Microbial genomics is the study of microorganisms’ entire genomes, which involves charac-
terization of components such as virulence factors and resistance genes. Genome sequenc-
ing makes this possible and was first performed on prokaryotic genome in 1995. Since
then, sequencing methods have evolved so that multiple organisms can be sequenced at
once in a matter of hours. Computational genomics is also necessary to analyse the se-
quenced DNA, and has together with sequencing made it possible to map the diversity of
microbes and their components®9l.

Microbial genomics is used in clinical and hospital settings for identification of pathogens
to give the correct treatment, as well as mapping and monitoring of outbreaks. Identifica-
tion of pathogens is traditionally done by biochemical tests on growth culture, detection
of specific biomarkers of the pathogen, like antibodies and antigens, or detection of spe-
cific nucleic acid sequences with polymerase chain reaction (PCR). With the emergence
of microbial genomics, the entire genome of the pathogens is available for analysis giving
potentially important information about all components of the pathogen. This can help
with providing the correct diagnosis, for instance the cause of infection, as well as the best
treatment options, like what antibiotics could be the most effective. Another advantage
is the possibility of surveillance of outbreaks and the discovery of potential mutations, as
well as discovery of new targets for vaccines or other kinds of treatment®?. Traditional
methods are still cheaper than NGS, but microbial genomics has a lot of potential in
health care and the cost of sequencing is decreasing. NGS and computational genomics
gives information beyond the identification of the pathogen, making it possible to analyse
and acquire more knowledge about components, such as virulence factors, and the effect
they could have on the pathogenicity of the bacterium and the host it is infecting ™.

3.1 Next Generation Sequencing: Illumina

Next generation sequencing (NGS) is a term used to describe various sequencing tech-
nologies developed to sequence whole or parts of genomes effectively. The techniques use
different approaches to sequence DNA, however they all determine the nucleotides of mil-
lions of small DNA fragments at once, which is why NGS is also referred to as massively
parallel sequencing. After sequencing, the short DNA sequences about the size of 150bp
to 300bp are referred to as “reads”, which can be assembled into longer sequences called
contigs P8l

[llumina sequencing is a broadly used NGS method developed in the beginning of the
2000’s, and consists of three main steps as well as analysis of the sequence data. Illumina
has developed multiple machines with slightly different performances. Miseq is a sequenc-
ing machine that can perform paired-end sequencing where the maximum read length is
2x300 bp, while the HiSeq sequencer can perform paired-end sequencing but with a read
length of 2X150 bp B0

Library preparation is the first step performed, where extracted and purified DNA is
randomly fragmented and adapters are added to the end of the fragmented sequences,
as shown in figure [3.1l The adapters differentiate between the 3’ and 5 end on the
sequences and contain indexes referring to a specific sample so that multiple samples can
be sequenced at once. They also contain sequencing binding sites, which are regions that
can bind to complementary sequences. The sequences are then amplified with PCR B%60]
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Figure 3.1: Illustration of library preparation, where purified DNA is fragmented and adapters are
added. The illustration was made for this thesis.

The next main step is called cluster generation, which is illustrated in figure [3.2. The
library prepared samples are loaded to a flow cell, which is a glass slide coated with two
kinds of oligonucleotides (short strands of DNA) complementary to the adapters attached
to each end of the single stranded DNA fragments, enabling them to bind to the flow cell.
Only one of the adapters attached to the DNA fragments binds to an oligo on the flow cell
at this point. Polymerase will produce a complementary reverse strand originating from
the oligo bound to the flow cell before the template strand is removed. The DNA fragments
now attached to the flow cell are then amplified with bridge amplification. The adapter
sequences on the non-attached end of the DNA fragments will bind to a complementary
oligonucleotide, resulting in the fragment being attached in both ends, creating a "bridge".
Polymerase will produce complementary strands, giving both forward and reverse strands,
and the process repeats multiple times producing clusters of strands P60

Template strands Polymerase

LI T | T | | | | |
Flow cell v
Oligo

Figure 3.2: Illustration of cluster generation during Illumina sequencing. The adapter sequences at-
tached to the template strands binds to oligos attached to the flow cell. Polymerase pro-
duces a complementary strand before the template strand is removed. The unattached end
of the complementary strands then binds to another oligo on the flow cell, and polymerase
produces another complementary strand. This process is repeated multiple times. The
illustration was made for this thesis.
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The last step is sequencing, where each base in the sequences are read with sequencing by
synthesis (SBS). Reverse strands are removed, and the forward strands are sequenced first.
A primer is attached to the adapter before nucleotides, each with a specific fluorescent
tag, are added to the flow cell. The first nucleotide attaches to the primer, making the
start of the read. Only one nucleotide is attached to each forward strand at a time, and an
image is taken of the fluorescent colour emitted from each cluster. The process is repeated
until the end of the fragment resulting in a read complementary to the forward strand.
For paired-end sequencing, the reverse strands are synthesized again and sequenced after
the removal of the forward strands®%60,

3.2 Assembly

Assembly of reads obtained from DNA sequencing is an important step in the analysis
of genomes, as the reads will be connected and form longer sequences called contigs.
De novo assembly is the process of connecting the reads without any knowledge about
the organism they stem from. Meaning that the method does not use a reference to
reconstruct the genome!®!. Different approaches can be used to assemble reads, and one
of them is de Bruin graphs. The principle behind de Bruijn graphs is that reads are
divided into k-mers. When k-mers in the beginning or end of a read overlaps with k-mers
of another read, these are connected 2.

Different challenges can occur during assembly, with one of them being sequencing errors.
During sequencing, single bases can be replaced with another one (substitution), removed
(deletion) or added to a sequence (insertion). This can make the assembly process harder
and lead to complex de Bruijn graphs/®!. Another challenge is repeats in the sequenced
genome, which are stretches of DNA with repeats of two or more bases!®64  Tonger
repeat sequences can be hard to assemble especially if they are longer than the short-
reads (<300 bp) produced with Illumina technology®¥. If the repeat section is longer
than the read, it is also longer than the k-mer length used by the assembling tool, and it
will have difficulties connecting the reads properly. Multiple genes with similar structure
and repeat regions makes it even harder to assemble them correctly, and could lead to
local assemble collapse where the tool thinks there is one gene instead of multiple very
similar ones 64

Tandem repeats can not only lead to errors in the assembly, but also cause challenges
during annotation. Previously assembled and annotated genomes are used as reference
during annotation, and the collection of genes that vary a lot in repeat sequences could
be limited. A gene could then not be annotated as the repeat sequence is too different
from the reference database!64

3.3 Sequence alignment

Sequence alignment is when the sequences of two or more organisms are compared 2.
The comparison of two sequences is called pairwise alignment, while multiple alignment
is the comparison of multiple sequences. During the alignment, gaps will be added to
the sequences so that similar stretches of DNA in each organism will align vertically.
Either parts of, or the entire genome of organisms can be aligned®. The sequences, or
genes, compared are homologous if they have the same common ancestor. These genes
can be either orthologs or paralogs. Orthologous genes originate from the same gene in
a common ancestor, and have the same function. Paralogous genes does also have the
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same common ancestor, but they have evolved differently so that they no longer have the
same function?. Sequence alignment can be used to compare a sequence of a particular
organism to reference sequences from that same organism. The similarity to the reference
sequence can be presented by query coverage and percent identity. The query coverage
is the percentage of the sequence (query) that aligns with the reference sequence. The
percent identity is the percentage of bases in the aligned part of the query sequence that
is identical to the referencel®l.

3.4 Phylogenetic analyses

The evolutionary relationship between organisms within the same or different species can
be presented with a phylogenetic tree. Availability of DNA sequences makes it possible to
look at evolution at a molecular level 5. There are however limitations associated with the
attempt of reconstructing the evolutionary history of a species or sample collection. One
of them is convergent evolution®? which is when similar traits have been independently
developed in organisms that are not closely relatedl. This is a challenge as in the
reconstruction of the relationship between organisms it is assumed that organisms with
the same traits are related 7. Recombination, the exchange of genetic material between
two DNA molecules, is another challenge as the parts of the new sequence could have
different evolutionary histories®. Methods used to circumvent these kinds of limitations
are the use of core gene alignment and robustness estimation. Bootstrapping is an example
of robustness estimation method and it investigates if small changes in the gene alignment
results in the same clades ™.

Before constructing a phylogenetic tree, DNA sequences obtained from the organisms
must be aligned to maximize the similarity between the sequences?. When comparing
the entire genome of organisms, core gene alignment can be used. Core gene alignment is
an alignment of orthologous genes present in all samples of the collection of organisms 2.
Phylogenetic trees consists of terminals, nodes and branches. Terminals represent the
organisms used to construct the phylogenetic tree. Nodes show previous ancestors di-
viding into two new linages, while branches connects the nodes as well as the terminals.
The branch length represents the amount of genetic change between nodes and terminals.
Longer branches indicate more genetic change than for the shorter branches ™27 Phy-
logenetic trees can be built using different methods, which can be divided into two main
groups, distance-based methods and character-based methods. When the construction of
the phylogenetic tree is based on the differences between the sequences, it is distance-
based. In a character-based phylogenetic tree, each column of characters in the multiple
alignment is considered one at the time ™7 The evolutionary change and relationship
between the sequences in the tree is described by a nucleotide substitution model. It will
estimate the amount of nucleotide substitutions that have occurred in two sequences since
they shared a common ancestor

3.4.1 Maximum likelihood

Maximum likelihood is a character-based method, which estimates unknown parameters
of a specific model so that the probability of the observed data is maximized ™. In phy-
logeny, the tree is considered the model and the observed data is the multiple alignment of
DNA sequences of different samples, and the goal is to estimate certain parameters so that
the phylogenetic tree best represents the evolutionary relationship between the samples.
Parameters that can be estimated are branch lengths, substitution rates, frequency of the
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different nucleotides and tree topology, which is how the samples are placed in relation
to each other. Each column in the multiple alignment of the sequences of length n is
considered separately. The parameters are estimated for each sequence position in the
alignment by maximizing the likelihood function L(S|M), where S is the sequences and
M is the model, which is the phylogenetic tree. The likelihood for the entire alignment is
the product of the likelihood of each sequence position (i) as shown below GR

L(S|M) = [ ] L(S:|M)

i=1

3.5 Microbial GWAS

Genome-Wide Association Study (GWAS) is a method used to find genetic variants that
are statistically associated with a specific trait™. It was first developed to find genetic
variants that could be disease causing factors in humans. Human GWAS is primarily based
on SNPs as the genetic variant in the genome, and the method looks at the correlation
between a specific trait and the SNPs in a population !

Human GWAS was later adapted to use on microbial DNA to detect possible genetic fac-
tors that could affect the host during microbial diseases, or explain different phenotypes
of pathogens. The method is referred to as microbial GWAS (mGWAS) . An adaption
from GWAS to mGWAS was necessary because of differences between the human and
microbial genome, in the sense that microbial genome has more forms of genetic vari-
ation ™8 The main types of genetic variations in microbial genomes are SNPs, copy
number variations (CNVs), sequence inversions (SIs) and the presence and absence of
genes. CNVs are stretches of DNA that are present in various numbers of copies in dif-
ferent individuals due to major deletions or duplications, while SIs are reversed stretches
of DNAE0  Entire genes can be lost or gained in bacteria and lead to the presence or
absence of genes as a genetic trait. One reason is horizontal transfer, where MGEs are
transferred to the bacteria from the environment, another cell or by bacteriophagesE%81,

3.5.1 Scoary

Multiple mGWAS performing tools with differences in methods and output have been
developed, but further development is still needed to obtain a tool considering all aspects
of the microbial genome and its behavior ™83 Scoary is a tool that is based on the
presence and absence of genes of the pangenome, which are all genes present in a sample
set. It will find and present genes that could be associated with a specific chosen trait 082,
The statistical association between the genes and the trait is presented with a p-value,
which is the likelihood of the results to be by chance. A p-value of 0.05 implies that the
presence of a specific gene for a specific phenotype has less than 5% chance of being a
random result.

When multiple independent t-tests are performed to get a p-value, a multiple testing
problem will occur. For a single t-test with a cut off value of 0.05, there will be an error
rate of that same value. More tests increases the probability of getting an error, making
it more likely that the result is by chance. The probability of getting at least one error
with an error rate o for n independent tests is®3:
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Bonferroni corrections or the Benjamini-Hochberg procedure can be used to account for
the increased probability of error in multiple testing. The Benjamini-Hochberg procedure
will account for the multiple testing problem by limiting the number of false positives,
meaning non-significant cases that are reported as significant®4. Bonferroni corrections
accounts for the multiple testing problem by saying that the p-value needs to be smaller
than the error rate o divided by all independent tests n to be significant; &l

a
p<—
n

Sensitivity and specificity also give a measurement of the mGWAS results. Sensitivity
when talking about mGWAS is the probability of a gene being correctly identified as
present in a specific group of microbes with or without the specific trait, and is calculated
as shown below 3,

# true positive

Sensitivity =
Y # true positive + # false negative

Specificity is the probability of a gene being correctly identified as not present, and it is
calculated as shown below ¥

# true negative

Specificity =
pecificity # true negative + # false positive

Odds ratio is a measurement of the relationship between two cases, like the relationship
between a trait and a specific gene. It is calculated by dividing the odds off having the
trait and specific gene by the odds of having the trait but not the specific gene. The result
would then indicate if the odds is higher of having the trait if the specific gene is present.
An odds ratio of more than 1 indicates that the odds of having the trait is higher if the
specific gene is present, while an odds ratio of less than one indicates that the odds is
lower 8671

#gene and trait positive/#gene positive, trait negative

Odds ratio =

#gene negative, trait positive/#gene and trait negative
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Part 11

Aim of study

The aim of study for this master thesis is comparative genomics of S. aureus strains
isolated from bloodstream infection, carriage S. aureus strains and methicillin-resistant
S. aureus strains.

The main objectives will be to study the distribution of sequence types, spa types and
clonal complexes within the different cohorts of S. aureus available from the Nord-
Trogndelag Hospital Trust Sepsis Registry, Tromsg Staph and Skin Study and the National
reference laboratory for MRSA. The secondary objectives will be to sequence the MRSA
strains using Illumina technology (MiSeq) and perform quality control on the sequences
from all three cohorts to determine the proportion of samples with pure isolates and
good quality sequences. The genomic diversity of the strains will be studied by in silico
multi-locus sequence typing (MLST), spa typing and clustering in clonal complexes of
S. aureus from different cohorts. Different virulence factors and genes associated with
reduced antimicrobial susceptibility will be identified. A phylogenetic reconstruction will
be made and associations of the strains between and within the cohorts will be studied,
and a microbial Genome-Wide Association Study (mGWAS) will be performed to detect
any genes associated with BSI-causing strains.
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Part 111

Materials and methods

4 Workflow

All materials and methods used in this master thesis is illustrated in the workflow in figure
4.1 and will be described in more detailed in the following sections.
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Figure 4.1: Workflow showing the methods, and their output, used in this master thesis. The yellow
boxes represent the sequenced strains from the three cohorts T'SSS, BSI and MRSA. The
numbers in brackets represents the number of strains. The blue coloured boxes represent
output used in further analysis to get the results, which are represented by the purple
coloured boxes.
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5 Strain collection

S. aureus strains from three different cohorts were used to answer the objectives of this
thesis. Carriage strains were obtained from The Tromsg Staph and Skin Study (TSSS) 8!
and The National Reference Laboratory for MRSA and bloodstream infection (BSI) caus-
ing strains were obtained from The Nord-Trgndelag Hospital Trust (HNT') Sepsis registry.
The strains from the TSSS is referred to as TSSS strains, the ones from The National
Reference Laboratory for MRSA is referred to as MRSA strains and the strains from the
HNT sepsis registry is referred to as BSI strains. All strains were collected in Norway
during the period 2007-2008.

5.1 Tromsg Staph and Skin Study

TSSS was initiated in 1974 to study and determine causes of the high cardiovascular mor-
tality seen in middle-aged men in Norway at the time, particularly in Northern Norway.
Over the years, it developed into a larger study also focusing on other chronic diseases 8.
TSSS consists of seven surveys. The strains used in this master thesis is from the sixth
survey, called Tromsg 6, which was conducted in 2007 and 2008. The attendees in Tromsg
6 were between 30 and 87 years old and a total of 12 984 persons participated. Nose and
throat swabs were taken from 4026 participants between October 2007 and July 2008 for
the detection of S. aureus. The participants were mostly between 30 and 49 years old, but
there were also some older participants®!. 162 randomly selected and sequenced strains
of detected S. aureus were used in this master thesis. The genomes of these strains were
previously sequenced with Illumina HiSeq by Genomics Core Facility, NTNU with 2x150
bp read configuration.

5.2 Nord-Trgndelag Hospital Trust Sepsis Registry

The Nord-Trgndelag Hospital Trust Sepsis registry (HNT sepsis registry) is a registry
with microbiological and clinical data of patients with bloodstream infection admitted to
HNT since the registry was initiated in 1994 at Levanger hospital, Norway. The registry
is used to control the quality of treatment of sepsis and the occurrence of antibiotic-
resistant bacteria, as well as for research on sepsis and antibiotic-resistant bacteria®. In
this master thesis, 63 sequenced strains of S. aureus that caused BSI during the period
2007-2008 were included. The genomes of these strains were previously sequenced with
lumina HiSeq with 2x150 bp read configuration.

5.3 National Reference Laboratory for MRSA

The national reference laboratory for MRSA was initiated in 2006 at St. Olavs Hospital
in Trondheim, Norway. It contains all MRSA positive strains detected in Norway from 1.
January 2008, as well as strains from an MRSA strain bank initiated in 2005F4. 72 ran-
domly selected carriage strains from the national reference laboratory for MRSA collected
in the period 2007-2008 were used in this master thesis. The strains were anonymized
before being made available from the MRSA-lab. The DNA of each strain was extracted
and sequenced at the Department of Medical Microbiology at St. Olavs hospital as part
of this master thesis.
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6 DNA extraction and Next Generation Sequencing of
MRSA strains

The DNA of the selected MRSA strains from the national reference laboratory at St.
Olavs Hospital was extracted and its concentration measured. Next generation sequenc-
ing, specifically Illumina MiSeq sequencing, was then performed with 2x300 bp read con-
figuration that was used in further analysis of the strains.

6.1 DNA extraction

The MRSA strains at St. Olavs are stored in pure culture in Greaves solution at -80 °C.
The selected MRSA strains were collected from the freezers and each strain was streaked
out on a blood agar plate. The plates were incubated at 35 °C over night.

A master mix was prepared and mixed with each strain sample for DNA extraction. The
master mix consisted of 200 pL. TE-buffer, 20 pL proteinase K (20 mg/mL) and 10 pL
lysostaphin (2 mg/mL) per sample. For each sample, bacterial cells were collected with a
loop and resuspended in 230 plL master mix in a 2 mL tube. The samples were incubated
at 37 °C for 15 minutes, then at 65 °C for 15 minutes. The samples were then cooled down
to room temperature before 4 pl. of RNAse A (100 mg/mL) was added to each sample
tube and then vortexed.

The extraction instrument QIAGEN EZ1 Advanced XL and the EZ1 DNA Tissue kit
(QIAGEN) was used for DNA extraction. Elution volume was set to 50 nl, and sample
volume to 200 pL. Reagent cartridges, consisting of prefilled reagents from QIAGEN, were
placed in the cartridge racks and inverted 10 times to mix the magnetic particles in the
reagent. Eluation tubes (1,5 mL), tip holders, filter-tips and sample tubes were loaded as
described by the instrument display.

6.2 Measurement of DN A concentration

After extraction of bacterial DNA, concentrations were measured using a Qubit 3.0 Flu-
orometer (Thermo Fischer). The measurement was prepared by mixing 1 pl of Qubit
dsDNA HS Reagent (Thermo Fischer) with 199 pL Qubit dsDNA HS Buffer (Thermo Fis-
cher) per sample, making up the working solution. Two standard tubes were prepared by
adding 190 nL of working solution to each tube. 10 nL of Qubit dsDNA HS Standard #1
(Thermo Fischer) was added to one of the tubes, and 10 pL of Qubit dsDNA HS Standard
#2 (Thermo Fischer) to the other. The sample tubes and control tube were prepared by
adding 198 pL of working solution to each tube. 2 pL of each sample was added to one
tube each. 2 nL of Qubit dsDNA HS Standard #2 was added to the control tube. All
tubes were vortexed for 2-3 seconds and incubated for 2 minutes at room temperature.

A Qubit 3.0 Fluorometer was then used to measure the concentration of each sample. The
analysis program “dsDNA High Sensitivity” was used. The option “Read standards” was
chosen and the standard solutions were read. The option “Read sample” was then chosen,
“sample volume” was set to 2 pL. and the control sample was read. The concentration of
all the samples were then measured individually.
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6.3 Illumina Sequencing

An Mlumina MiSeq instrument was used to sequence the extracted DNA of each sam-
ple. A DNA library was prepared by using Illumina DNA prep kit according to the
manufacturer ‘s instructions®2. Quality control of libraries was done by measuring DNA
concentration using Qubit dsDNA HS assay kit. The libraries were pooled, denatured
and added into the reagent cassette for 300 bp paired-end sequencing with a MiSeq V3
reagent Kit 93,

7 Bioinformatic analysis

All bioinformatic methods used in this master thesis are described in the following sections.
The commands run during the bioinformatic analysis are shown in appendix [F}

7.1 Quality control of raw data

Quality control of reads is important to determine whether the sample is eligible for
further analysis. It involves control of per read quality, trimming and taxonomic clas-
sification of the reads. The quality can be measured and evaluated based on different
terms. Phred score is a quality measurement based on the error probability of the bases
being correctly called during sequencing, and is calculated as Q=-10log(p), where p is
the error probability. A higher phred score indicates that the probability of a false base
call is lower. If Q>20, the accuracy of the base call is more than 99% and the probability
of an incorrect base call is less than 1,/10024,

7.1.1 FastQC, FastP and MultiQC

FastQC (version v0.11.9) was used to quality check the raw reads from the TSSS, BSI
and MRSA cohorts. FastQC is a tool providing different analyses of the sequence data
giving an impression of the quality of the reads. The raw reads were in fastq format.
Each strain from the TSSS, BSI and MRSA cohorts have two reads files, as they were
sequenced with paired-end sequencing. FastQQC was run separately on reads files for all
strains.

FastP 8l (version 0.22.0) was then used to trim the reads to remove the adapters attached
during [llumina sequencing. FastQQC was then run again for the trimmed sequences. FastP
for paired end data was run for all three cohorts separately. The input was the raw reads
files, while the output was divided into trimmed reads, unpaired reads and failed reads,
as well as a report in json and html format.

MultiQCE? (version 0.9) was used to combine the FastQC output analyses, and the FastP
data. The tool combines analysis results from each strain and assembles them into one
HTML report. MultiQC was run with the FastQC output for both raw reads files and
both trimmed reads files, for all three cohorts TSSS, BSI and MRSA. This gave a total of
12 reports. The parameter —interactive was added to be able to get interactive plots. The
parameter is needed when the strain number is above 100. MultiQC was run with the
FastP data for all three cohorts BSI, TSSS and MRSA. The report shows the number of
forward and reverse reads before and after trimming, the number of reads which passed
the quality filter and the number of reads which did not pass.
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7.2 Nullarbor

Nullarbor 8 (version 2.0.20191013) is a pipeline performing a number of operations on
[llumina paired-end sequenced data and presenting the results in a report. The opera-
tions, described in subsections [7.2.2H7.2.4] include assembly of the reads into contigs and
annotation of these, which is used in further analysis. The pipeline also provides taxo-
nomic assignment of reads for species identification, and information about sequence data
quality and genotyping. Resistance and virulence genes are also detected, and information
about the core and pangenome of the provided strains is given, as well as a phylogenetic
tree showing the relationship between them. Nullarbor was used to assemble reads into
contigs later used in other pipelines, as well as obtaining information about the strains
from the BSI, T'SSS and MRSA cohorts.

Nullarbor was run three times, once for each cohort of strains. Input were the reads in
fastq format trimmed with FastP, a specification of S. aureus as the strains organism and a
S. aureus reference strain. The reference strain was Staphylococcus aureus subsp. aureus
strain ATCC 25923 (GenBank code: CP009361.1) obtained from European Nucleotide
Archive . Output was assembled and annotated contigs in .gff and .gbk (GenBank)
format, as well as a report (one for each cohort) with results from the multiple operations
run by Nullarbor.

7.2.1 Assembly and annotation

Each sequenced genome consists of a number of reads that are assembled into contigs
and then annotated. Nullarbor uses SKESA R (version 2.4.0) to assemble the reads into
contigs. SKESA is based on DeBruijn graphs. ProkkaP (version 1.14.6 ) was used by
Nullarbor to add features to the assembled contigs. Prokka will annotate the contigs by
comparing them to a number of databases.

Information about the assembled and annotated genomes are presented in the Nullarbor
report. For each strain, number of contigs, number of basepairs, average length of contigs
are some of the values presented. N50, which is the length of the shortest read in the
sequenced genome that together with other reads make up at least 50% of the entire
genome of the strain, is also presented. These values can give an impression of the quality
of the assembly.

7.2.2 Identification of species

Nullarbor uses Kraken 2 for identification of species, and Krakent% (version 1.1.1),
Kraken 2P (version 2.1.2) and Centrifuge®™ (version 1.0.4) had to be installed for
this purpose. Kraken 2 is a database containing k-mers and the lowest common ancestors
of all organisms having that specific k-mer in their genome is reported. A k-mer is a
nucleotide sequence consisting of £ number of nucleotides. Kraken 2 will classify a strain
by looking for specific k-mers in the strain sequence and compare it to the database 02
Kraken 2 is an improved version of Kraken, using less memory and faster classification 191,

7.2.3 Multi-Locus Sequence Typing

MLST is used to characterize S. aureus based on seven housekeeping genes. Nullarbor uses
an MLST pipeline ! that will scan the assembled contigs and determine the sequence
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type based on PubMLST schemes. The clonal complexes of each strain was found by
using a scheme from PubMLST H06l,

7.2.4 Resistome and virulome

Nullarbor uses the pipeline Abricate® (version 1.0.1) to find resistance and virulence

genes present in each strain. Abricate compares contigs to the databases Resfinder 198!
and VFDBHIY to find resistance and virulence genes respectively. Resfinder is a resource
for identification of microbial resistance genes, while VFDB is a virulence factor database.
Abricate sets identity and coverage percentage to 80% as default.

Among the virulence genes found by Abricate, the ones mentioned frequently in literature
describing the pathogenesis of S. aureus BSI were selected for further analysis. The genes
selected were aur, hlgA/B/C, scn, chp, pul, sdrC/D/E, fnbpA/B, clfA/B, vWbp and hla.
These are described in section 2.2 in the introduction.

7.3 Characterization of strains with SpaTyper

SpaTyper M (version 0.2.1) was used to characterize the S. aureus strains from the three
cohorts, in addition to MLST. The characterization is based on differences in Staphylo-
coccus aureus protein A (spa). Each strain is assigned a specific spa type based on what
spa allele they have. The input for SpaTyper was one file in fasta format from each strain
containing contigs obtained from running Nullarbor.

7.4 Pangenome and phylogenetic analysis

Roary ™! (version 3.13.0) is a pangenome pipeline that was run to calculate the pangenome
of all the strains from the three cohorts. The input was the annotated genomes from all
three cohorts obtained from Nullarbor. Two of the output files from Roary were used for
further analysis. One file is the presence/absence of genes in all genomes, while the other
is a core gene alignment. The parameters -e and -n was added to create the core gene
alignment, which is needed to build a phylogenetic tree.

To utilize the output from Roary in further analysis, a phylogenetic tree in newick format
was generated using FastTree™2M3] (version 2.1.11 ). The method used by FastTree
to generate the tree is maximum likelihood. The input was the core gene alignment file
generated by Roary. The parameters -nt and -gtr specifies that it is a nucleotide alignment
using the GTR+CAT model, and that the tree is constructed based on this substitution
model. Roary plots was then used to visualize the core genome calculated by Roary. The
presence/absence file from Roary, as well as the phylogenetic tree from FastTree, was
used as input. To visualize the phylogenetic tree generated by FastTree, interactive tree
of life (iITOL) M4 was used. iTOL is an online tool where one can visualize, annotate and
manipulate phylogenetic trees.

7.5 Microbial GWAS

A mGWAS using Scoary® (version 1.6.16) was performed to detect if any genes found in
the S. aureus genomes could be significant to BSI-causing strains (BSI strains). Scoary is a
software tool developed to perform genome-wide association studies (GWAS) on bacterial
genomes. It is however referred to as pan-GWAS, or mGWAS, to distinguish it from
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eukaryotic GWAS. The method is used to detect genetic variants that are statistically
associated with a specific trait. The trait in this case was BSI-causing strains, as the
aim was to detect genes that could be statistically associated with BSI-causing strains
opposed to carriage strains.

The presence/absence file from Roary, the phylogenetic tree generated by FastTree and
a file determining the trait to be BSI causing strains were used as input. Scoary was run
separately for strains from different CCs, where an input file indicated what CC would be
looked at in that specific run. The output is a list of genes that could be associated with
the set trait. The association is measured with sensitivity, specificity and odds ratio, and
the significance of the association is presented with a p-value.

7.6 Making a SNP matrix with MEGA

Molecular Evolutionary Genetics Analysis (MEGA)M3 was used to make a SNP matrix,
which is a matrix presenting the number of SNPs between two strains. MEGA is a software
that can perform a variety of operations related to computational molecular evolution.
The GUI version of MEGAX was downloaded on a windows computer.

The SNP matrix was made based on the core genome alignment obtained from run-
ning Roary. The alignment file was transformed to mega files (.meg), and the pairwise
alignment tool was used to make the SNP matrix. Parameters chosen were nucleotide
sequences, non protein-coding nucleotide sequence data, pairs of taxa, no variance es-
timation method, no. of differences, transitions + transversions, same (homogeneous)
pattern among lineages and complete deletion.

Strains belonging to different cohorts and with less than 110 SNPs between them were
selected in order to identify possible virulence genes unique to the BSI-causing strains or
carriage strains. The frequency of S. aureus virulence genes relevant in BSI, and detected
with Abricate, was compared between the selected TSSS, BSI and MRSA strains. The
sdrC' gene was analysed further due to the difference in frequency between the BSI and
TSSS strains.

7.7 Detection of sdrC with Geneious

Geneious ™8 (version 2022.2.2) is a software containing tools that can be used to analyse
genomes, and was used to further analyse the sdrC gene by detecting the gene in the
genomes from the cohorts TSSS, BSI and MRSA. Contig files obtained with Nullarbor for
all genomes in the three cohorts were loaded to Geneious. For each genome, the contigs
were concatenated so that each genome consisted of a single coherent sequence. A local
database containing four sdrC reference sequences was made, and used to run a BLAST
on all genomes. The sdrC reference sequences were from the reference genomes Staphylo-
coccus aureus subsp. aureus HO 5096 0412 (RefSeq: NC_017763), Staphylococcus aureus
subsp. aureus str. Newman (RefSeq: NC _009641), Staphylococcus aureus subsp. aureus
N315 (RefSeq: NC 002745) and Staphylococcus aureus subsp. aureus MW2 (RefSeq:
NC_003923). Results was shown as a hit table with a maximum hit of 1. Hits with a
sequence length of more than 1500 (average sequence length for the reference sequences
is 2871) and pairwise identity above 80%. The sdrC sequence from each genome with
a BLAST hit was extracted. The extracted sdrC sequences were aligned with MAFFT
alignment using default settings, and a tree was built with FastTree in Geneious. The
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tree was visualized in iTOL.

The frequency of strains with sdrC genes detected with Nullarbor and then detected
with Geneious was calculated. Fisher’s exact test was performed in RStudio™ (version
2023.03.0+386) to determine if there could be a significant relationship between BSI
causing strains and the presence of the sdrC gene.
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Part IV
Results

8 Quality control

Quality control of reads was done in order to determine what strains were suited for
further analysis. The number of reverse and forward reads and base pairs (bp) before and
after trimming, number of reads passing the quality filter and number of reads failing to
pass the quality filter is shown for all three cohort in appendix [Bl The average number of
bp for both forward and reverse sequences after filtering for each cohort was MRSA=361
Mbp (£ 52 Mbp), BSI=1071 Mbp (£ 354 Mbp), TSSS=620 Mbp bp (£ 192 Mbp). The
average number of bp was almost three times higher in the BSI cohort than in the MRSA
cohort, and almost twice as high as in the T'SSS cohort. The average number of reads for
both forward and reverse sequences after filtering for each cohort was MRSA=0.67x10°
reads (£ 0.10x10° reads), BSI=3.66x10° reads (& 1.12x10° reads), TSSS=2.11x10°
reads (£ 0.67x10° reads). The BSI cohort had the largest amount of reads with a big
difference between strains, as the number of reads is ranging from 1.50-6.1x10° reads. In
comparison, the MRSA cohort strains had a lot fewer reads ranging from 0.47-0.90x 10°
reads. This is likely due to the strains in the MRSA cohort being sequenced with a MiSeq
machine giving read lengths of 300 bp, while the strains in the other two cohorts were
sequenced with a HiSeq machine giving 150 bp long reads.

The mean quality scores of the forward and reverse strains before and after trimming
with FastP was analysed. Plots are shown in appendix [C] For the TSSS and BSI cohorts,
the mean quality score for each base position for both the forward and reverse reads were
above 30, before a small decrease at the end of the reads. The same trend was seen
before and after trimming. For the MRSA cohort, that had 300 bp reads, the quality
score started to decrease around base position 230. There was a slight improvement in
the quality score for the end positions after trimming for all three cohorts.

A difference in adapter content for the forward and reverse reads before and after trimming
was observed for all three cohorts. Plots provided by MultiQC in shown in appendix [D]
The adapter content increased for each base position in the forward and reverse reads for
all three cohorts before trimming. After trimming with FastP, the adapter content had
decreased in all three cohorts.

8.1 Ciriteria for exclusion of strains from further analysis

Quality control of raw and trimmed reads was done with both FastQC and Nullarbor.
Strains that equally had contigs>200 and N50<15 000 (both conditions had to be present)
was excluded from further analysis. The TSSS cohort consisted of 162 strains, but 40
strains were excluded. In addition, two more strains were excluded from the TSSS cohort
as they did not have any of the housekeeping genes of S. aureus. Further analysis was
based on the remaining 120 TSSS strains, as well as 63 strains from the BSI cohort and
72 strains from the MRSA cohort, where none of the strains met the exclusion criteria.
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9 Identification and assembly of S. aureus

In order to determine whether the strains actually are S. aureus, taxonomy classification
was run through the Kraken 2 database within the Nullarbor run. The percentage of
identity to S. aureus reference genomes from the Kraken 2 database for the strains in the
three cohorts is presented with box plots in figure[9.1al All the 255 strains remaining after
quality control had a percentage of identity to S. aureus of more than 80%. The strains in
the T'SSS cohort mainly ranges from approximately 85%-94% identity to S. aureus, with
an average of 90.32% (£2.49%) and median of 91.07%. One of the strains (Tromso9105)
has a noticeably lower percentage of identity, compared to the rest of the strains in that
cohort, of 82.52%. In the BSI cohort, the percentage of identity to S. aureus for the strains
mainly ranges from approximately 84%-90%, with an average of 86.80% (£ 1.47%) and
median of 86.73%. The strains in the MRSA cohort has percentage of identity ranging
from 85%-92%, with an average of 89.06% (£ 1.81%) and median of 89.33%. One strain
(SO-SAU7-16) has a percentage of identity of 82.22%. The strains with lower percentage
of identity have less genome identical to the reference S. aureus genomes in the Kraken
2 database, than the rest of the strains. Genes present in both the references and the
strains are not necessarily 100% identical, for instance due to mutations. They could also
have additional genes not found in the references.

The GC-content was checked for each strain to see if their values were similar to values
reported for reference S. aureus strains. The GC-content of the strains in each cohort is
presented by box plots in figure [9.1bl The TSSS cohort has an average and median GC-
content of 34.9% (£ 0.7%), with the values ranging from 33.3%-36.7%. The GC-content of
strains in the BSI cohort ranges from 34.6%-36.9%, with an average and median of 35.8%
(£ 0.4%). The strains in the MRSA cohort has little difference in their GC-content as
it ranges from 32.5%-33%, with an average and median of 32.8% (40.1%). The strains
in the MRSA cohort has a lower GC-content than the strains in the TSSS and MRSA
cohorts. This could be due to longer reads and better contig assembly for the MRSA
strains.

Assembly of the reads was necessary to do further analysis of the genomes, and it resulted
in various numbers of contigs for each strain, as shown in figure[0.1c¢] The average number
of contigs in each cohort is TSSS=109 (& 83), BSI=78 (£ 58) and MRSA=31 (£ 14). The
median in each cohort is TSSS=76, BSI=60 and MRSA=27. The number of contigs for
the strains in the T'SSS cohort has the largest difference, as it ranges from 18-343 contigs,
however the majority of the strains has a number of contigs between approximately 18
and 135. In the BSI cohort, the majority of the strains in the cohort has a number of
contigs ranging from 14-162. The MRSA cohort has the overall lesser numbers of contigs
ranging from 13-93.

The N50 value, which is the length of the shortest read out of a group up reads that make
up at least 50% of the entire genome of the strain, is shown in figure [9.1dl The average
N50 value in each cohort is TSSS=10.3x10* (£ 10.1x10%), BSI=12.8x10* (£ 12.9x10%)
and MRSA=31.4x10* (+ 14.5x10%). The average N50 value is similar for the TSSS and
BSI cohorts, while the average value is larger for the MRSA cohort. The median N50 value
in each cohort is TSSS=7.6x10%, BSI=8.9x10* and MRSA=30.3x10*. As most of the
strains in the MRSA cohort has low numbers of contigs and high values of N50 compared
to the other cohorts, it indicates that the assembly of these have been good. The other
cohorts, especially T'SSS, has more strains with higher numbers of contigs, which indicates
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poorer assembly. The more contigs the genome of the strain is distributed on, the harder
it can be to detect and annotate genes. The fact that the MRSA strains in average has a
lower number of contigs and a higher N50 value also indicates that longer reads such as
MiSeq sequencing gives a better basis for assembly than shorter reads such as HiSeq.

The genome size for each strain in each cohort is presented with box-plots in figure [9.1€],
where the values are quite similar for the strains in the T'SSS and BSI cohorts, while some
of the strains in the MRSA cohort has larger genomes. The median number of bp in each
cohort is TSSS=2.73 Mbp, BSI=2.73 Mbp and MRSA=2.80 Mbp. The average number
of bp in the TSSS cohort is 2.73 Mbp (£ 0.046 Mbp), for the BSI cohort the average is
2.73 Mbp (£ 0.035 Mbp) and for the MRSA cohort the average is 2.81 Mbp (£ 0.057
Mbp). The higher average observed for the MRSA cohort could be due to longer reads
(300 bp vs 150 bp) resulting in better assembly. Two of the strains in the MRSA cohort
(SO-SAU7-16 and SO-SAUT7-9) has higher numbers of bp (3.00 Mbp and 2.98 Mbp) than
the others, which are ranging from 2.72-2.91 Mbp. These strains could have more genes
than the others, giving them a larger genome. The reference strain used to run Nullarbor
has 2.78 Mbp, while other reported numbers of bp in the S. aureus genome are 2.7-2.8
Mbp. All three cohorts has an average bp within the previously reported values, which
adds to the likelihood of the strains being S. aureus and that most of their genomes have
been sequenced.
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Figure 9.1: Results from Nullarbor presented with box-plots for each cohort TSSS, BST and MRSA.
The median is represented by a line inside the box, the mean is represented by an X and
the whiskers represents the minimum and maximum values. Outliers are represented by
dots. The plots show; a) The percentage identity to Staphylococcus aureus, b) the guanine-
cytosine content, ¢) number of contigs, d) the N50 value and e) the genome size presented
as number of base pairs.
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10 Characterization of strains

10.1 Sequence types and spa types

The distribution of genotypes (STs, CCs and spa types) for each cohort BSI, MRSA
and TSSS were analysed to compare similarly characterized strains to each other. The
consolidated result from the molecular typing of the strains for each cohort are shown in
tables|[10.1} [10.3|and [10.2] The STs accounting for more than 10% of all the samples in the
TSSS cohort are ST30 (27/120) and ST45 (25/120). The STs accounting for more than
10 % of all the samples in the BSI cohort are ST45 (22/63) and ST15 (9/63), and the STs
accounting for more than 10% of all the samples in the MRSA cohort are ST5 (11/72),
ST8 (10/72), ST30 (9/72) and ST45 (8/72). The largest ST groups when combining all
three cohorts are ST45 (55/255) and ST30 (40/255). There is however a difference in the
frequency of ST45 and ST30 between the three cohort. The highest frequency of ST45
can be seen in the BSI cohort, where 35% of the strains are ST45. In the TSSS cohort
21% of the strains are ST45, while the frequency is 11% in the MRSA cohort. It is also a
difference in the frequency of ST30 between the three cohorts. 23% of the TSSS strains
are ST30, while the frequency is 6% (4/63) in the BSI cohort and 13% in the MRSA
cohort. A difference in the frequency of ST5 is also seen between the cohorts, as the
MRSA cohort has a higher frequency of ST5 than the other two. The frequency of ST5
is 2% (2/120) and 3% (2/63) in the TSSS and BSI cohorts respectively, while it is 15%
in the MRSA cohort.

The TSSS cohort has the highest diversity of STs (37), while both the BSI (17) and
MRSA (21) cohorts have fewer STs. This could be because the TSSS has more strains
than the other cohorts, and/or it could indicate that commensal carriage strains have
more diversity than infection-associated and MRSA strains. Six strains from the TSSS
cohort, four strains from the BSI cohort and four strains from the MRSA cohort did not
have a ST. All the six strains from the TSSS cohort, two from the BSI cohort and three
from the MRSA cohort had a novel full length allele of a housekeeping gene similar to
the corresponding allele in an existing ST. The remaining one strain from MRSA and two
from BSI without ST had a full length novel allele not similar to a corresponding allele in
an existing ST. The diversity in spa types is greater than the STs. There was detected 80
unique spa types, with t015 (7/120) being the most prevalent, and 37 unique STs in the
TSSS cohort. In the BSI cohort, 39 unique spa types, with t015 (6/63) being the most
prevalent, and 17 unique STs was detected. This was similar to the MRSA cohort, where
42 unique spa types, with t002 (10/72) being the most prevalent, and 21 unique STs was
detected.
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Table 10.1: Sequence types (STs) present in the BSI cohort and what clonal complex they belong to. 4
strains do not have a ST. The table also shows spa types and in what ST they are observed.
"-" are strains with no spa type.

Sequence Type Spa-type Clonal

(number of strains > 1) | (number of strains > 1) Complex

1(3) £127(3) CC1

9 t800

188 (2) t189, t7099

2418 t591

5(2) £002, £6267 CC5

8(5) t008(3), 1024, 1064 CC8

15 (9) t084, 116383, t2603(2), t346(3), t6121, - CCI5

22 t2183 CC22

30 (4) t021(3), t1414 CC30

39 t275

15 (22) t015(6), £026(3), t050, t061, t065(4), 11231, | CC45
t1248, t230, t2884, t330, t333, t344

97 t267 CCo97

12 t160 No CC

25 (2) £2471, -

50 (2) £246(1)

130 -

152 t4690

No ST (4) 002, 1008, 1096, 1340 No CC

Table 10.2: Sequence types (STs) present in the MRSA strains and what clonal complex they belong
to. 4 strains do not have a ST. The table also shows spa types and in what ST they are

observed.
Sequence Type Spa type Clonal
(number of strains> 1) | (number of strains > 1) Complex
1(3) t127(3) CC1
772 t345
5 (11) t002(7), t088, t306, t688(2) CC5
105 t002
149 (2) t002, t4382
225 (2) t003(2)
2626 t002
8 (10) t008(3), t059, t1627, t2384, t304(3), t723 CC8
72 t324
239 t030
343 t037
1324 (2) t324(2)
22 (7) £020, t032, t032, t15806, t310(2), t718 CC22
1326 £223
30 (9) t012(2), t019(3), t021(2), t1202, t1434 CC30
45 (8) t015, t026(2), t1081, 3084, 3090, t333, t362 | CC45
1330 t015
497 t2015
80 (2) t044(2) No CC
88 t690
859 t325
338 t437
No ST (4) t019(2), t064, t2952 No CC
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Table 10.3: Sequence types (STs) present in the TSSS cohort and what clonal complex they belong
to. 6 strains do not have a ST. The table also shows spa types and in what ST they are

observed. "-" are strains with no spa type.
Sequence Type Spa type Clonal
(number of strains> 1) | (number of strains> 1) Complex
188 £189 CC1
1218 £189
5(2) t548, t2595 CCh
6 t701
8 (4) £1476, t008, t197, t024 CC8
15 (9) t084(5), t144(4), t346, t5232, t605, CC15

£360, t416

1876 t5314
1882 £605
22 (2) £005, t192 CC22
30 (27) t012(4), t017, t018(2), t019(2), t021(5), t037(2), | CC30

£1135, £122, t2018, £2303(2), t318, t363,
£5250, £5255, 6134, t700

34 (2) £4244, 884

39 (2) £129, t275

1879 £318

1884 £840

1889 £138

1890 £021

45 (25) t015(6), t026, t050, t065(3), t073, 1248, 11402, | CC45

£180, £1826, £2045, £230(2), t282, t3219, t5211,
t6137, 6149, t630

A7 £2383

455 (2) £065(2)

1877 £116

1878 £065

1881 £230

1891 £026

3043 £050

3177 £015

97 £359 CCo7
121 £4390 CC21
1693 £812

7 £091 No CC
10 £240

25 (4) £167, t5242, t5449, t759

50 (3) £1269, £246(2)

59 £216

101 (3) £056(3)

182 (3) £364(2), t493

207 £375

395 £5243

No ST (6) -, £1027, t160, t164, t840, 8416 No CC
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10.2 Clonal Complex

The frequency of CCs in the three cohorts BSI, TSSS and MRSA is shown in figure [10.1]
while the number of strains in each CC is shown in table [0.4l The CCs associated to
more than 10% of the strains in the T'SSS cohort are CC30 (35/120), CC45 (34/120) and
CC15 (13/120). In the BSI cohort, CC45 (22/63), CC1 (7/63) and CC15 (9/63) accounts
for more than 10% of all the strains, while in the MRSA cohort it is CC30 (9/72), CC45
(10/73), CC8 (15/73), CC5 (17/73) and CC22 (8/73). The TSSS and BSI cohorts do
also have strains belonging to CC8 (3%/8%) and CC5 (2%/3%), but with much lower
frequencies. CC15 is considered a major CC in both the TSSS and BSI cohort, but was
not associated with any of the strains in the MRSA cohort. The number of STs not
associated with a CC in each cohort is TSSS=9, BSI=5 and MRSA=4. When combining
the strains from all three cohorts, CC45 is the largest CC group representing 26% (66,/255)
of all the strains. 85% of the strains in CC45 belongs to the T'SSS and BSI cohort, while
15% belongs to the MRSA cohort.

CLONAL COMPLEXES TSSS CLONAL COMPLEXES BSI
CcC97 CC121 CcC97 CC30
CC15 1% 2% CC15 2% 8%
1%

14 %

6 %

CC45
35%

No CC
15 % No CC
ccl e
2%
CcC22

29% CC5

cci
4 1% ccandecs ccs
28% 2% 3% 8%

3%

CLONAL COMPLEXES MRSA

CC30
No CC 6% 2%

7%

CC1
5%
CC45
14 %
cC22
11 %

CC8
21 %

24 %

Figure 10.1: The frequency of clonal complexes in the TSSS, BSI and MRSA cohorts. Group "-" are
strains with no sequence type. "No CC" are strains with sequence types not associated
with a clonal complex.

Table 10.4: The table shows number of strains in each clonal complex group for each cohort TSSS, BSI

and MRSA.
CC30 CC45 CC8 CCh CC22 CCl NoCC - CCi1l5 CC97 cCcC121
TSSS (n=120) 35 34 4 3 2 2 18 6 13 1 2
BSI (n=63) 5 22 5 2 1 7 7 4 9 1 -
MRSA (n=72) 9 10 15 17 8 4 5 4 - - -
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11 Resistance genes

Resistance genes were detected in the three cohorts to characterise the diversity of re-
sistance genes in commensal carriage, BSI-associated and carriage MRSA strains. The
resistance genes, and the frequency detected in the three cohorts MRSA, TSSS and BSI
are shown in table[11.1} The cutoff for percentage identify was 80% identity and 95% gene
coverage for the detection of the resistance genes from the database. The biggest difference
in prevalence of resistance genes was seen between the MRSA cohort and the two others.
A total of 27 resistance genes were present in the MRSA cohort, 9 in the TSSS cohort
and 10 in the BSI cohort. The median of resistance genes detected in each cohort was
TSSS=3, BSI=3 and MRSA=6. This indicates that MRSA strains are resistant to more
types of antibiotics than MSSA strains. The frequencies of the genes detected in both the
BSI cohort and the TSSS cohort were relatively similar and the median exactly the same.
This indicates that resistance genes not necessarily is a factor in the development of BSI.

Ant(4’)-1a, Inu(A) and fus(B), associated with resistance to aminoglycoside, lincosamide
and fusidic acid respectively, were each detected in 1% of the carriage TSSS strains, but
not in the BSI-causing strains. The resistance genes str (2%), erm(C) (2%), fus(C) (5%)
and fosD (2%), associated with resistance to streptomycin, marcolide, fusidic acid and
fosfomycin respectively, were detected in some of the BSI-causing strains, but not in any
of the carriage T'SSS strains. The frequencies of these genes were very low, indicating that
they are not relevant factors in the development of BSI by BSI-causing strains. All MRSA
strains, and none of the strains from the BSI and TSSS cohorts, contained the mecA gene
associated with methicillin-resistance in S. aureus. The most common resistance genes
observed in both the T'SSS and BSI cohorts were blaZ, which is associated with penicillin
resistance, and fosB-Saur, which is associated with fosfomycin resistance. These genes
were also the most observed in the MRSA cohort after mecA. An additional 13 resistance
genes were observed in 10% or more of the MRSA strains.
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Table 11.1: Resistance genes observed in the MRSA, T'SSS and BSI cohorts. Number of strains with
specific resistance gene is given, with the percentage in parentheses.

Resistant to Resistance gene MRSA TSSS BSI
n="72 n=120 n=63
Methicillin mecA 72 (100%) | - -
B-lactam blaZ 38 (53%) | 21 (18%) | 12 (19%)
Tetracycline tet(K) 11 (15%) | 4 (3%) 2 (3%)
tet(M) 8 (11%) - -
Aminoglycoside | aph(3’)-Illa (aphA3) | 15 (21%) | - -
ant(4’)-Ia (aadD) 8 (11%) 1 (1%) -
ant(6)-Ia (aadE) 3 (4%) - -
ant(9)-Ia (spc) 8 (11%) 2 (2%) 2 (3%)
Streptomycin str - - 1 (2%)
Marcolide erm(C) 8 (11%) - 1 (2%)
erm(A) 7 (10%) 2 (2%) 2 (3%)
erm(B) 3 (4%) - -
msr(A) 9 (13%) - -
mph(C) 9 (13%) - -
Bleomycin bleO 8 (11%) - -
Phenicol fexA 2 (3%) - -
catA7 1 (1%) - -
catA8 1 (1%) - -
cat-TC 1 (1%) - -
Streptothricin saty 12 (17%) | - -
Lincosamide Inu(A) 1 (1%) 1 (1%) -
vga(A) 1 (1%) - -
Trimethoprim dfrG 7 (10%) 1 (1%) 2 (3%)
dfrC 12 (17%) | - -
Fusidic acid fusB 1 (1%) 1 (1%) -
fusC 6 (8%) - 3 (5%)
Fosfomycin fosB-Saur 46 (64%) | 68 (57%) | 29 (46%)
fosD 1 (1%) - 1 (2%)

12 Pangenome

The pan and core genome of the 255 §. aureus strains from all three cohorts TSSS,
BSI and MRSA was defined by Roary. This was done in order to obtain a core genome
alignment from all the genomes in the cohort. This could further be used to identify and
compare closely related strains from different cohorts, in addition to comparing the core
genome from this project to previously reported core genome sizes of S. aureus. A pie
chart, shown in figure [12.1] represents the distribution of genes in the pangenome of the
255 strains by categorizing them as core, soft-core, shell and cloud genes. Roary defined
1593 genes as core genes as they were present in 99%-100% of all strains. This is within
the span of S. aureus core genome sizes. 221 genes were present in 95%-98% of the strains,
and were defined as soft-core genes. There were 1458 shell genes and 5151 cloud genes,
which were present in 15%-94% and less than 15% of the strains respectively.

The pangenome matrix in figure shows all genes in the pangenome of the 255 strains
from all three cohorts, and whether the genes are present or absent in each strain. The
strains are presented with a phylogenetic tree and the presence or absence of genes are
shown in the matrix to the right of the strains. The core genome is observed to the left
in the matrix, where all genes are present in approximately all strains, while additional
soft-core, shell and cloud genes present in a selection of strains are shown to the right of
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the core genome in the matrix. A figure showing the pangenome frequency can be seen

in appendix [E]

soft-core

shell (242 <= strains < 252)

(38 <= strains < 242)

core
(252 <= strains <= 255)

221

cloud
(strains < 38)

Figure 12.1: Pangenome pie showing the distribution of core, soft-core, shell and cloud genes for all
strains in the cohorts BSI, TSSS and MRSA. (Core genes are present in more than 99%
of all the genomes, soft-core genes are present in 95%-99% of the genomes, shell genes are

present in 15%-95% of genomes and cloud genes are found in less than 15%.)

Roary matrix
(8423 gene clusters)

Tree
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Figure 12.2: Pangenome matrix showing the presence and absence of all genes in the pangenome of all
255 strains in the three cohorts TSSS, BSI and MRSA.
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13 Phylogenetic analysis and virulence genes

13.1 Phylogenetic analysis

The full phylogenetic tree containing all strains from all three cohorts TSSS, BSI and
MRSA was constructed with the core genome alignment from Roary and visualized in
iTOL (appendix [F]). The strains cluster into two main groups at the first node. One of
the clusters contains CC45, CC30 and a couple of additional STs not associated to a CC,
while the other cluster contains the rest of the strains. Strains in the same CC cluster
together, and strains with the same ST not associated with a CC cluster together. Most
of the strains from all cohorts cluster by CCs irrespective of their pathogenecity. This
means that strains from different cohorts in some cases are closely related to each other.
One strain from CC5, two from CC1 and three from CC8 do not cluster together with
the strains in their assigned CC. This could indicate that these strains do not necessarily
belong to their assigned CCs based on their core genome. A strain can be assigned to the
wrong CC as the assignment of CC is based on a few housekeeping genes rather than the
entire core genome.

Subtrees of the two largest CCs, CC30 and CC45, are shown in figures [13.1] and [13.2]
respectively. CC30 consists of the predominant ST30 and six additional STs. ST34 is
separated from the rest of the strains at the first node. The rest of the CC30 strains
cluster into to groups. The upper half cluster consists of ST1889, ST1879, ST39 and
10 predominant ST30 strains. The lower half consists of predominant ST30, ST1890
and ST1884. (CC45 consists of the predominant ST45 and ten additional STs. One
predominant ST45 (SO-SAUS8-21) is separated from the rest of the strains at the first
node. The rest of the CC45 strains are closely related, according to the phylogenetic tree.

13.2 Virulence genes

In order to look for factors that could be more significant in BSI-causing strains, the
virulence genes (factors) most associated with BSI from literature was characterised in
all the strains. The presence/absence of these genes is shown next to each strain in the
full phylogenetic tree (appendix . The prevalence of the virulence genes in each cohort
is shown in table [13.1} The median prevalence of the 17 analysed virulence genes in each
cohort was TSSS=12, BSI=14 and MRSA=14.

The virulence genes aur, higC, higB, hlgA and scn, all relevant in immune system evasion,
are present in all or almost all of the strains in all three cohorts. The pore forming
gene hla is also present in all strains, making it likely that all the strains in the three
cohorts can lyse epithelial, endothelial and immune cells. The remaining virulence genes
are present in various degree depending on cohort. The TSSS cohort has the highest,
and the MRSA cohort the lowest, prevalence of chp, which is involved in immune evasion.
The pvl component lukS-PV is almost exclusively seen in the MRSA cohort. Only one
of the BSI strains has the gene. All the sdr genes and both clf genes, all associated with
coagulation and aggregation, are most prevalent in the MRSA cohort and least prevalent
in the TSSS cohort. The BSI cohort has the highest, and the TSSS cohort the lowest,
prevalence of the fnbp genes. VWbp is also most prevalent in the BSI cohort. The TSSS
strains has the lowest frequency for 11/17 virulence genes, which could indicate that these
genes are relevant in the development of BSI.
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Table 13.1: The prevalence of the important virulence genes associated with bloodstream infection-
causing Staphylococcus aureus detected in the three cohorts TSSS, BSI and MRSA. The
genes are grouped according to their relevance during BSI.

Virulence TSSS BSI MRSA

gene n=120 n=>63 n=r72
aur 119 (99%) | 63 (100%) | 72 (100%)
hlgC 119 (99%) | 63 (100%) | 72 (100%)
higB 120 (100%) | 63 (100%) | 72 (100%)
— higA 120 (100%) | 63 (100%) | 72 (100%)
. sen 113 (94%) | 59 (94%) | 70 (97%)
Zizsion chp 95 (79%) | 48 (76%) | 49 (68%)
WkS-PV | 0 (0%) 1(2%) | 15 (21%)
sdrE 91 (76%) | 56 (89%) | 70 (97%)
sdrD 41 (34%) | 29 (46%) | 54 (75%)
sdrC 46 (38%) | 56 (89%) | 70 (97%)
. fnbpB 66 (55%) | 49 (78%) | 45 (63%)
Coaguﬁ‘“on fnbpA 82 (68%) | 58 (92%) | 64 (89%)
X rination clfB 75 (63%) | 54 (36%) | 65 (90%)
BEICE clfA 98 (82%) | 59 (94%) | 70 (97%)
vWhp 82 (68%) | 46 (73%) | 40 (56%)
Pore forming hla 120 (100%) | 63 (100%) | 72 (100%)

Prevalence of the virulence genes were CC-specific. None of the virulence genes is associ-
ated with only a single CC or ST group, but vWbp is the virulence gene detected in the
fewest CCs and ST groups. Examples of other virulence genes that are absent from all of
the strains in specific CCs or STs are chp, which is absent from CC97, CC121 and ST101,
and fnbpB which is absent in CC30, ST182 and ST25. This indicates that the presence of
these virulence genes could be determined by what CC or ST the strain belongs to. The
group missing the most of the virulence genes compared to the other CCs and STs (not
associated with a CC) is ST182, which consists of three carriage TSSS strains. FnbpB,
fnbpA, sdrE and vWbp was not detected in any of the ST182 strains. This could indicate
that strains with ST182 are less likely to be pathogenic.

In the CC30 subtree, the frequency of virulence genes is the lowest in ST1879 and ST1884,
where the median is 9. The highest frequency is observed for ST39 and ST1889, where
the median is 12. All strains within these STs belongs to the TSSS cohort, expect one
strain from ST39 which belongs to the BSI cohort. This indicates that the ST, rather
than the cohort, is more likely to determine the frequency of virulence genes. A bigger
difference is observed between the strains clustered together in the top half of the CC30
subtree and the strains clustered together at the bottom half. In the top half, 16/18
strains (excluding ST34) contains fnbpA, while it is observed in only one of the strains in
the other cluster. In addition, only the MRSA strains in the top cluster contains the puvl
genes (7/8). These differences indicates that the strains in the top cluster have evolved
differently than the strains in the bottom cluster, as assumed by the phylogenetic tree.
Another big difference can be seen in the sdrC frequency. The gene is present in all of
the BSI and MRSA strains, but only detected in 17% of the T'SSS strains.

There are differences in virulence genes presence between different pairs of BSI and car-
riage strains in the CC30 subtree. This indicates that it is not a consistent difference
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between the strains in the cohorts. One example is Tromso9100 from the TSSS cohort
and STAU275 from the BSI cohort, which are both ST30 and each others closest relative
according to the tree. The only difference in virulence gene presence is that sdrD was
only detected in Tromso9100 and sdrC was only detected in STAU275. Other closely
related BSI and TSSS strains have exactly the same virulence genes, while some has a
bigger difference in virulence genes presence. For instance the clf genes, fnbpA and sdrC
was detected in STAU279 (BSI cohort), but not in the closely related Tromso9092 (TSSS
cohort).

In the CC45 subtree, the frequency of virulence genes is the lowest in ST455, where the
median is 10.5. The highest frequency is observed for ST45, where the median is 15. There
is however only two strains representing ST455 so the results might not be accurate for
ST455 strain in general. As for CC30, a difference can be observed in the presence of
certain virulence genes between the cohorts. SdrC is also detected in few TSSS strains
(26%) compared to the BSI (91%) and MRSA (100%) strains. Another gene present in
few TSSS strains compared to the other cohorts is clfB. It was detected in 29% of the
TSSS strains, 77% of the BSI strains and 80% of the MRSA strains. Other genes that
had differences in frequency between the three cohorts were cifA and sdrD. The frequency
of clfA in the three cohorts was TSSS=71%, BSI=95% and MRSA=100%. This could
indicate that the BSI and MRSA strains are more likely to be involved in aggregation. On
the other hand, sdrD, which is also involved in aggregation, was observed with a higher
frequency in the TSSS strains. The frequencies of sdrD was TSSS=38%, BSI=9% and
MRSA=10%. As for CC30, there is no consistent difference between closely related TSSS
and BSI strains. For instance is clfA and sdrD present in STAU277 (BSI cohort) and
absent in the closest relative Tromso9105 (TSSS cohort), while clfB and sdrC is present
in STAU284 (BSI cohort) and absent in Tromso9063 (TSSS cohort). Tromso9063 does
additionally have sdrD.
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Figure 13.1: Phylogenetic tree showing all strains in CC30 from all three cohorts TSSS, BSI and MRSA,
with a ST45 strain as an outgroup. The strains from the BSI cohort are marked with a
filled red star, the TSSS strains are marked with a white star and the MRSA strains have
no marking. The strains are marked in colours according to their sequence type (ST). The
strains with no colour marking did not get a ST during Multi-Locus Sequence Typing.
The presence and absence of virulence genes relevant in bloodstream infection-causing
Staphylococcus aureus, are displayed to the right of the tree. Virulence genes marked with
a rectangle plays a role in immune system evasion, the circular plays a role in coagulation
and aggregation of blood and the pore forming gene hla is marked with a triangle.
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Figure 13.2: Phylogenetic tree showing all strains in CC45 from all three cohorts TSSS, BST and MRSA,
with a ST30 strain as an outgroup. The strains from the BSI cohort are marked with a
filled red star, the TSSS strains are marked with a white star and the MRSA strains have
no marking. The strains are marked in colours according to their sequence type (ST). The
strains with no colour marking did not get a ST during Multi-Locus Sequence Typing.
The presence and absence of virulence genes relevant in bloodstream infection-causing
Staphylococcus aureus, are displayed to the right of the tree. Virulence genes marked with
a rectangle plays a role in immune system evasion, the circular plays a role in coagulation
and aggregation of blood and the pore forming gene hla is marked with a triangle.
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14 Microbial GWAS

Microbial GWAS was performed with Scoary, which was run individually for the largest
CC groups CC45, CC15, CC1, CC8, CC30, CCH and CC22. The aim was to see if any
genes were significantly associated with BSI-causing strains, so the strains from the BSI co-
hort was compared to the strains from the T'SSS and MRSA cohorts. Three significant hits
after correction, with a significance level of 0.05, were obtained from the Scoary run with
CC45. The significant hits are shown in table [I4.1], presenting the genes that are present
in the BSI cohort compared to those in the TSSS and MRSA cohorts. The hits were clfB
and S-formylglutathione hydrolase (group3115, group3114), where S-formylglutathione
hydrolase (group3115) was significant in the TSSS and MRSA cohorts (35/44 strains),
while S-formylglutathione hydrolase (group3114) (18/22 strains) and clfB (17/22 strains)
were present in BSI-causing strains. This is similar to what was observed in the CC45
subtree. There was a noticeable difference between the frequency of clfB between the
strains from the BSI cohort and the ones from the TSSS cohort. The clumping factor
clfB is involved in aggregation of blood and S. aureus, which is a central part of BSI.
When this gene is more present in strains that have caused BSI, it indicates that it could
be an important gene in S. aureus strains causing BSI. S-formylglutathione hydrolase is
present in both the BSI-causing strains and the non-causing strains from the TSSS and
MRSA cohorts, but with different assigned groups. This indicates that the BSI strains
have a different version of the gene than the strains from the TSSS and MRSA cohorts.
None of the other Scoary runs gave significant results.
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Table 14.1: The significant hits (p<0.05) for CC45 after running a microbial Genome-Wide Association Study with Scoary, where BSI-causing strains is set as
trait. The names and annotation of the genes significantly more or less present in BSI-causing strains opposed to strains in the TSSS and MRSA
cohorts are presented. The number of strains with or without the trait and with or without the specific genes are shown in columns 3-6, where
P=positive, N=negative, T=trait and G=gene. Sensitivity, specificity and odds ratio is presented for each hit. The naive p-value is adjusted for with

8

Bonferroni correction and the Benjamini-Hochberg procedure.

Gene Annotation #PT | #NT | #PT | #NT | Sensitivity | Specificity | Odds Naive | Bonferroni | Benjamini H.
PG PG NG NG ratio p ) p
clfB hypothetical protein | 18 9 4 35 81.82 79.55 17.5 | 2.51e-06 0.0060 0.0060
group3115 | S-formylglutathione 5 35 17 9 22.73 20.45 0.0756 | 1.27e-05 0.0306 0.0102
hydrolase
group3114 | S-formylglutathione 17 9 5 35 77.27 79.55 13.22 | 1.27e-05 0.0306 0.0102
hydrolase




15 Assembly of the SdrC gene

In order to identify virulence genes that are shared and unique within BSI or the carriage
strains, strains belonging to the different cohorts with less than 110 SNPs difference in
the SNP matrix was selected. The presence of virulence genes associated with BSI was
compared between the selected strains from the different cohorts. The sdrC gene appeared
more frequently in the selected BSI strains than the TSSS strains, as it was detected in
90% of the BSI strains and 38% of the TSSS strains. The gene was analysed further as
the difference in frequency of the gene between the BSI-causing strains and the carriage
TSSS strains could indicate an association to BSI-causing strains.

The genome of each strain was searched using NCBI-BLAST against a local database
with four sdrC reference sequences to see if the frequency of the gene would be similar to
the result obtained with Nullarbor. SdrC was found in 94% (59/63) of the BSI strains,
91% (109/120) of the TSSS strains and 100% (72/72) of the MRSA strains. This is a
big difference in frequency for the T'SSS strains compared to the results obtained with
Nullarbor, where sdrC' was detected in 38% (46,/120) of the T'SSS strain. The difference
could indicate error during assembly leading to incomplete sdrC sequences that were not
detected by Nullarbor (Abricate) due to a coverage below the threshold.

The frequency of sdrC' for each ST with more than five strains, detected in Nullarbor and
with sequence-specific analysis within Geneious, is shown in the left and right column of
each cohort for BSI, TSSS and MRSA (this cohort has only one column) in table[15.1] For
the Nullarbor results, a difference in sdrC frequency between the TSSS and BSI strains
was detected for ST45, ST30, ST15, ST50 and ST22. SdrC was detected in all strains
in both cohorts for ST8, ST25 and ST5. Looking at this result isolated could indicate
that the presence of the sdrC gene is dependent on the ST of the strain. The biggest
difference in sdrC frequency was observed between the T'SSS and BSI strains in ST30
and ST45. All or most of the BSI strains had the gene, while the frequency was 19% and
32% for the TSSS strains respectively. To see if there could be an association between the
sdrC gene and BSI-causing strains (based on the Nullarbor results), fisher’s exact test was
performed on BSI and T'SSS strains belonging to the three largest ST groups ST45, ST30
and ST15, as seen in figure The test gave a p-value of 6.3 e~ for ST45, indicating
that there was a significant association between the presence of sdrC' and BSI-causing
strains with ST45. For ST30, the p-value was 0.004, indicating a significant association.
For ST15 the p-value was 0.092, which is not a significant result. For the results from the
sequence-specific analysis, the sdrC gene was detected in all or almost all of the TSSS
strains in all STs, except for ST15 where the frequencies remained the same as observed
in the Nullarbor results. The difference in frequency between the TSSS and BSI strains
in ST15 did not indicate an association between the presence of sdrC and BSI-causing
strains, as calculated with fisher’s exact test.

A phylogenetic tree (appendix with all sdrC sequences extracted in Geneious was
created. The SdrC' sequences are marked with the ST of the strain they were extracted
from. This was only done for STs with more than 5 strains. The tree shows that sdrC
sequences belonging to the same ST cluster together. This indicates that similarity in
the sdrC' gene is more related to the ST of the strain rather than the cohort. It also
strengthens the indication that most of the sdrC' genes in the T'SSS cohort was missing
due to incomplete assembly.
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Table 15.1: The frequency of sdrC positive strains within each cohort for all sequence types (STs)
with more than 5 strains. The left columns for the BSI and TSSS cohorts are the sdrC
frequencies found by Nullarbor through Abricate. The right columns are the frequencies
found with NCBI-BLAST in Geneious. The MRSA cohort has only one column, which
contains the frequencies from Nullarbor. The STs are arranged in decreasing order from
largest to smallest BST and TSSS (combined) sample size.

BSI TSSS MRSA

Nullarbor Geneious Nullarbor Geneious Nullarbor

ST45 | 20/22 (91%) | 22/22 (100%) | 8/25 (32%) | 24/25 (96%) 8/8 (100%)
ST30 | 4/4 (100%) 4/4 (100%) | 5/27 (19%) | 26/27 (96%) 9/9 (100%)
ST15 7/9 (78%) 7/9 (78%) | 4/11 (36%) | 4/11 (36%) -
STS8 5/5 (100%) 5/5 (100%) | 4/4 (100%) | 4/4 (100%) | 10/10 (100%)
ST25 | 2/2 (100%) 2/2 (100%) | 4/4 (100%) | 4/4 (100%) -
ST50 1/2 (50%) 2/2 (100%) 0/3 (0%) | 3/3 (100%) -
ST5 2/2 (100%) 2/2 (100%) | 2/2 (100%) | 2/2 (100%) | 11/11 (100%)
ST22 | 1/1 (100%) 1/1 (100%) 1/2 (50%) | 2/2 (100%) 7/7 (100%)
ST1 3/3 (100%) 3/3 (100%) - - 3/3 (100%)

Fisher's exact test. pvalue = 6.314e-05 < 0.001 Fisher's exact test, pwvalue = 0.004

100% - 100% -

60% 60%
SdrC
0% - 50% -
[ surc posive
SdrC negative
40% 40%
53%
30% 30%
20% 20%
10% - 10% -
0% 0%
(n=22) (n=25) (n=4) (n=27)
BsI TSSS BsI TSSS
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Fishers exact test, p-value = 0.092
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Figure 15.1: Fisher’s exact test looking at a possible relationship between bloodstream infection-causing
strains and the presence of the virulence gene SdrC. The test was performed on strains
with ST45, ST30 and ST15 belonging to the BSI and TSSS cohorts.
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Part V

Discussion

16 Comparison of MRSA, BSI-causing and carriage TSSS
strains

The S. aureus strains belonging to the three cohorts MRSA, TSSS and BSI were char-
acterized with regard to genotypes, virulence genes and resistance genes. Comparative
genomics was performed using a phylogenetic tree and mGWAS. The aim was to identify
important lineages or genes associated with pathogenicity.

16.1 MRSA strains

The factor determining whether a strain is methicillin-resistant, is the presence of the
mecA gene. This gene was detected in all the strains from the MRSA cohort, confirming
that all the strains were MRSA.

The strains from the MRSA cohort were associated with multiple dominating CCs, as
shown in previous studies™¥. Enrigth et al.M¥ found their epidemic MRSA strains,
collected from 20 European countries, to be associated with the five CCs CC8, CC30,
CC45, CCH and CC22, while other studies on MRSA strains in Europe have mostly been
associated with CChH, CC8, CC1, CC22, CC30 and CC45H20121122  Rolo et ol B231 char-
acterized a selection of infection-associated and carriage MRSA strains collected between
2000-2010 in 16 different European countries. The most prevalent CC observed was CC8,
which was also one of the largest CCs in the MRSA cohort in this thesis. The study
also showed a high frequency of ST80, but only two of our MRSA strains had this ST.
Deurenberg et al.29 characterized infection-associated and carriage MRSA strains col-
lected between 1999-2004 in Belgium, Germany and the Netherlands, and found CC8 and
CC5 to be most prevalent. Also Aanensen et al.'22 found CC5 and CCS8, in addition to
CC22, to be the largest CCs in a collection of infection-associated MRSA strains collected
in 26 European countries in the period 2006-2007. These findings correlates well with the
results obtained from our MRSA cohort, as CC5 and CC8 were the largest CCs, along
with CC22, CC45 and CC30.

Several of the virulence genes relevant to BSI were detected with high frequency in the
MRSA cohort. The genes hlgA, hlgB and hlgC' active in immune system evasion were
present in all or almost all of the MRSA strains. This fits well with a study conducted
by Wang et al. 24 where all of the 24 infection-associated MRSA strains, collected in
China, contained the hlg genes. The less frequent immune system evasion gene chp was
seen in 68% of the strains in the MRSA cohort in this thesis, which is a bit lower than
what Campbell et al. 25! reported in their study, where chp was seen in 81% of their
52 infection-associated MRSA strains collected in Australia and New-Zealand. Despite
the small difference in frequency in this thesis and the Campbell et al. study, they both
indicate high prevalence. In the study conducted by Wang et al. P24 21% of the 24 strains
contained pul, which correlates well with the frequency of LukS-PV observed in our MRSA
cohort, which was also 21%.
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The frequency of the sdr genes was studied in 115 carriage MRSA strains collected in
12 European countries by Sabat et al.'8. They detected sdrC in all strains, while the
frequency of sdrD and sdrE was 99% and 88% respectively. The high prevalence of the
sdrC' gene is very similar to the results obtained in this thesis, where it was detected by
Abricate in 97% of the strains, and after sequence-specific analysis within Geneious in all
of the strains in the MRSA cohort. The frequency of the sdrD gene was also high, but
not as high as in the Sabat et al. study, as 75% of MRSA strains contained the gene. The
sdrE gene was observed in 97% of the strains, which is a bit more than reported in the
Sabat et al. study, but equally of high prevalence. Two other studies conducted by Liu
et al. P27 and Campbell et al.’23 also detected high frequencies of the sdr genes. Liu et
al. studied 109 infection-associated MRSA strains collected in China, while Campbell et
al. studied 52 infection-associated MRSA strains detected in Australia and New-Zealand.
They both detected a lower frequency of sdrD (64% and 73% respectively) than sdrC
(92% and 73% respectively) and sdrE (78% and 90% respectively). This trend was also
seen for the MRSA strains in this thesis.

The adhesion factors fnbpA and fnbpB were detected in 74% and 19% of 43 non-redundant
MRSA strains obtained in Tunisia in a study conducted by Haddad et al. ™28, The MRSA
strains analysed in this thesis also had a higher frequency of fnbpA compared to fnbpB.
However, the frequencies were higher in the MRSA cohort as 89% of the strains contained
fnbpA and 63% contained fnbpB. The biggest difference is seen for the fnbpB gene, as it
has a low prevalence in the Haddad et al. study and a high prevalence in this MRSA
cohort. The clumping factors clfA (97%) and clfB (90%) were present in a high number of
MRSA strains. A high frequency of clfA was also observed by Li et al.¥ who reported
that all of their 76 infection-associated MRSA strains collected in China had the gene,
while Campbell et al.B25 reported that only 62% of their 52 MRSA strains in their study
contained clfB. The two studies indicate that the frequency of clfB is lower than the
frequency of cIfA, which was also observed in thesis. The pore forming hla gene was in
the three studies conducted by Wang et al.m24 Li et al. and Campbell et al. observed in
all or almost all of the strains, which also was the case for the strains in the MRSA cohort.
The MRSA cohort had overall a high prevalence of virulence genes, with the exception
of pul, as seen in other studies. This means that most MRSA strains contain multiple
relevant genes associated with S. aureus BSI.

16.2 BSI-causing strains

Similar to the MRSA strains, multiple CCs have previously been associated with BSI
causing strains. Pérez-Montarelo et al.3% studied BSI-causing strains collected between
2002-2017 in Spain, and the most prevalent CCs detected from this collection were CC5,
CC30, CC45, CC8, CC15 and CC22. The exact same CCs were determined as major CCs
in a study conducted by Rasmussen et al.P31 on BSI-causing strains in Sweden collected
from 1980 to 2010. Similar results have also been detected in Norway and the Netherlands
between 2001-2017, as CC45, CC30, CC15 and CC5 were determined major CCsH32133]
Aanensen et al.'22l studied BSI-causing strains collected in 26 European countries in the
period 2006-2007, and defined CC45, CC30 and CC15 as major CCs. Even though there
was a span in collection years of the strains from the different studies, the same major
CCs were observed. All of these CCs were also detected in our BSI cohort, with CC30,
CC1 and CC15 being defined as the major groups. CC1 was not considered a major CC
in the other European studies. CC97 was additionally detected in the BSI cohort, but was
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not considered to be a major group, neither in the BSI cohort nor the European studies.

The analysis of the virulence genes relevant to BSI showed that the genes aur, higA, higB
and hlgC| known to be relevant in immune system evasion, were present in all of the
strains. This high frequency has also been seen in other studies. Rasmussen et al. 134
reported that all 88 analysed BSI-causing strains, collected in Sweden, contained aur and
higA, while Wang et al. 24! reported 100% presence of the hlg genes in the 77 BSI-causing
strains studied. Rasmussen et al. also reported that 78% of 88 strains contained chp,
and 98% contained scn. This high frequency is similar to what was observed in the BSI
cohort, where 76% of the strains had chp and 94% had scn. High prevalence of these genes
was also reported by Blomfeldt et al. B35, that studied 126 BSI-causing strains collected
in Norway, with a 75% frequency of chp and 96% frequency of scn. Blomfeldt et al. 35!
also found puvl to be present in 2% of their 126 strains, while Rasmussen et al. 134 found
pul in 1% of 88 strains. This low prevalence correlates well with the frequency of lukS-PV
found in the BSI cohort in this thesis, as 1% of the strains contained this gene.

The studies conducted by Sabat et al. P28 which studied 52 strains collected from 12
European countries, Blomfeldt et al.135 and Rasmussen et al. 34 show varying prevalence
of the sdr genes in their collections of BSI-causing strains. The frequency of SdrC was
reported to be 75%-100% in the different studies, which fits well with the 89% frequency of
the gene observed in the BSI cohort, and the 94% detected by sequence-specific analysis.
The frequency of the sdrD varied the most, as it was found in 44%-92% of the strains
in the different studies26435134 Ty the BSI cohort in this thesis, the prevalence of the
sdrD gene was on the lower side of the reported frequencies, as it was detected in 46%
of the strains. A high prevalence of sdrE was detected in the BSI cohort and the three
studies. The frequency of the gene in the studies was 73%-85%, while it was 89% in the
BSI cohort.

Li et al. 138 (80 strains collected in China) and Rasmussen et al. 134 both reported higher
frequencies of fnbpA (56% and 100%) than fnbpB (36% and 81%), which was also seen
in the BSI cohort where the frequencies were 92% strains for fnbpA and 78% for fnbpB.
The studies also reported that all their strains contained cflA, which is similar to the
finding in the BSI cohort, where the frequency was 94%. The clfB gene was also present
in all the strains in the Rasmussen et al., while the frequency was 89% in the BSI cohort.
The pore forming gene hla was present in all strains in the BSI cohort, and this high
prevalence is also reported by other studies#124136] - The prevalence was high for most
of the BSI-associated virulence genes in the BSI cohort. An exception was sdrD, which
was detected in less than half of the strains, as well as pvl, which was detected in only
one BSI strain. That not all the BSI-associated virulence genes was detected in all BSI
strains, indicates that it is not necessary for all genes to be present for a strain to cause

BSI.

16.3 Carriage S. aureus strains

Carriage S. aureus detected in Europe have been associated with multiple CCs, mostly
with CC30, CC45, CC15, CC8 and CC22M3TI34L38  which is similar to what was observed
in the TSSS cohort. Holtfreter et al. 37 did a study on carriage S. aureus strains detected
in Germany between 2008-2012. CC30, CC45, CC15, CC8 and CC22 were the five biggest
CCs detected in that study. In studies of carriage strains collected in 2005-2008 from
France, Moldova and Switzerland, the most prevalent CCs were CC30, CC45, CC5, CCS,
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CC15 and CC12113%140]  The major CCs observed in these studies were also detected in
the TSSS cohort, where the largest CCs were CC30, CC45 and CC15. CC8, CC5, CC22
and CC121 were also detected in the TSSS cohort, but were not considered major CCs.
In addition to the CCs most prevalent in the studies, strains belonging to CC1 and CC97
was observed in the TSSS cohort, but was not considered major groups. Sangvik et al. 141
found the ST and CC of 176 strains from The Tromsg Staph and Skin Study, which is the
same study the T'SSS strains are collected from. CC30, CC45 and CC15 were the major
CCs, exactly as observed for our TSSS strains. A total of 16 CCs was detected in the
study, which is more than the 9 CCs detected in our TSSS strains. They also detected
49 unique STs, which is similar to the amount of STs detected in our TSSS, as we found
43 unique STs, including novel STs.

In the TSSS cohort, the virulence genes aur, hlgC, hlgB and hlgA involved in immune
evasion and the pore forming virulence gene hla were present in all or almost all of the
strains. In studies performed by Peacock et al.m#2 which analysed 179 carriage strains,
and Rasmussen et al. B34 which studied 46 carriage strains, the frequency of the hla gene
was 100%. This high prevalence of hla was also observed in the T'SSS cohort. Rasmussen
et al.B34 also found aur and hlgA in all studied strains. The genes chp and scn, also
involved in immune system evasion, were in the study found in 83% and 89% of the
strains respectively. Also in the T'SSS cohort, scn was detected in more strains than chp,
with frequencies of 94% and 79% respectively. None of the strains in the Rasmussen et
al. study contained pvl, which was also the case for [ukS-PV in the T'SSS cohort.

For the virulence genes sdrC, sdrD and sdrE involved in coagulation and aggregation, the
studies conducted by Peacock et al.m42 Sabat et al."26 and Rasmussen et al. B34 found
them to be present in various degrees in their collections of carriage strains. SdrC was
detected in all the strains in all three studies, while sdrD was detected in 42%-87% of
the strains, and SdrE was detected in 40%-89% of the strains. The biggest difference was
seen for sdrC, where all the studies showed a high prevalence of the gene, while it was
only detected in 38% of the T'SSS strains. However, after sequence-specific analysis of the
sdrC gene, the frequency of the gene in the TSSS cohort increased to 91%, which is a lot
closer to the high prevalence observed in other studies. Possible reasons for this could be
incomplete assembly and limitations in annotation of the sdrC' gene, as discussed below.
SdrE had a frequency of 76% in the T'SSS cohort, which is within the values reported in
other studies. The sdrD gene had a lower prevalence in the TSSS cohort, with a frequency
of 34%, which is also seen in the Sabat et al. study.

Nashev et al. B3l (32 strains) and Rasmussen et al.l34 found that fnbpA were present
in all strains and fnbpB were present in 40%-59% of the strains. Both the studies and
the TSSS cohort show a larger frequency of the fnbpA gene, but the frequency of fnbpA
(68%) was lower in the TSSS cohort than in the studies. The frequency of fnbpB (55%)
was similar to the values reported by the two studies. Rasmussen et al. P34 also reported
that clfA and clfB were present in all carriage strains in the study. This was a higher
prevalence than in the T'SSS cohort from this thesis, where 82% of the strains had cIfA
and 63% had clfB. For the TSSS strains, it was observed higher prevalence of virulence
genes involved in immune system evasion compared to those involved in coagulation and
aggregation. This indicates that the strains is more capable of affecting the immune
system than promote the production of fibrin clots.
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16.4 Comparison of cohorts

When comparing the major CCs between MRSA, BSI-causing and carriage S. aureus
strains detected in studies, they are mainly associated with the same CCs. Previous
European studies have however shown that MRSA strains have fewer main CCs than
BSI-causing and carriage S. aureus. In this thesis, the MRSA cohort had more major CCs
(>10% of the strains) than the BSI and T'SSS cohorts, but more CCs was detected in the
TSSS cohort. It is important to note that studies can have different definitions of what is
considered a major group, which will impact how many major CCs is reported. That more
major CCs were detected in the MRSA cohort, compared to other European studies, could
indicate that there was a greater diversity of MRSA strains within Norway compared to
Europe. 72 MRSA strains were studied in this thesis, and a larger collection could have
impacted the distribution of CCs. CC15 was determined a major CC in previous studies
on BSI-causing and carriage S. aureus strains, but not for MRSA strains. Few cases of
CC15 is generally reported for MRSA strains"#¥. This was also the case for the strains
from the three cohorts studied in this thesis. None of the MRSA strains were associated
with CC15, while in the BSI and TSSS cohorts, CC15 was one of the main CCs. One
reason for few or no reported CC15 in MRSA strains could be that methicillin-resistance
developed later in CC15 strains than in other CCs, and is therefore less common.

Differences in the presence of virulence genes between the BSI-causing strains and the
carriage T'SSS strains are especially interesting, as it could indicate that certain virulence
genes contributes to or are important for S. aureus strains to cause BSI. The genes
involved in coagulation of blood and aggregation did all have a higher frequency in the
BSI-causing strains than in the TSSS cohort. It could indicate that having these virulence
genes increases the possibility of a S. aureus strain to cause BSI. However, the differences
in frequencies are not that big for most of the virulence genes, and additional analysis
would be necessary to determine with greater certainty the activity of these genes. The
only indication from the results that the presence of specific virulence genes could be
associated with BSI, is the significant difference between the presence of cifB in BSI-
causing strains and the carriage strains from the TSSS and MRSA cohorts, obtained from
the mGWAS. This is only seen in the CC45 strains, which could indicate that S. aureus
strains belonging to CC45 and has clfB is more likely to cause BSI than a CC45 strain
without the gene. The gene is active in aggregation where S. aureus binds to blood clots,
which is an important step in the development of sepsis. It therefore is possible that
clfB could be a factor increasing the probability of sepsis. The gene has previously been
found to improve the adherence to human nasal epithelial cells, and therefore promote
colonization 3. This is however relevant in both BSI-causing and carriage strains, and
does not explain why clfB could possibly increase chances of BSI. The mGWAS of the
CC45 strains also showed a significant association of S-formylglutathione hydrolase to
BSI-causing strains for one allele of the gene, and association to the carriage MRSA and
TSSS strains for another allele of the gene. However, the function of the gene could be
the same for both alleles and not have an impact on the pathogenicity of the strains. One
reason why significant associations is detected in only one CC could be that the strain
collection is too heterogeneous to compare all strains to each other at once. The other CCs
had less strains than CC45, which could have given a poorer foundation for comparison
and for giving significant results. A larger collection of more similar strains, for instance
belonging to the same CC, would have provided a better foundation for comparison.
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The virulence genes aur, hlg and hla were present in all or almost all of the strains in the
TSSS, BSI and MRSA cohorts, as well as in other studies on carriage and BSI-causing S.
aureus strains. This could indicate that these genes are important for the survival of S.
aureus, or makes it more likely that it survives in a human host. When comparing the
MRSA cohort to the others, the frequency of lukS-PV stands out as none of the TSSS
strains and only 2% of the BSI strains contain the gene, while the frequency is 21% for
the MRSA strains.

The presence of specific virulence genes is not necessarily the main reason why some strains
cause BSI while some remain carriage strains, as bigger differences between the virulence
gene presence was seen between CCs and STs clustering together in the phylogenetic tree
rather than between cohorts. VIWbp was detected in all CC1 strains, but not in any of the
CC15 strains. FnbpB was not seen in any of the CC30 strains, but seen in almost all of the
C(C45 strains, regardless of what cohort the strains belonged to. When comparing specific
strains from different cohorts that have the same ST and are closely related according
to the phylogenetic tree, they mostly have more virulence genes in common than with
strains from the same cohort, but with a different ST. For example Tromso9115 (TSSS)
and STAU302 (BSI) are both ST22 and according to the tree closest related to each other,
and the difference in virulence genes is STAU302 having clfB, which Tromso9115 does
not have. While the difference between STAU302 from ST22 and STAU275 (BSI) from
ST30 is the presence of sdrE, sdrD, fnbA and fnbB in STAU302, while they are absent
in STAU275. The genes are also present in Tromso9115 from ST22. STAU275 (BSI)
is closest related to Tromso9100 (TSSS), and the difference between them is STAU275
missing sdrD and sdrFE. This shows that the strains mostly have more virulence genes in
common with strains from the same ST rather than the strains from the same cohort,
which indicates that strains from both the TSSS cohort and BSI cohort had the ability
to cause BSI, However, as mentioned previously, only a selection of virulence genes have
been analysed. There could be other genes or factors determining if a strain is able to
cause BSI.

17 Assembly and detection of repeat-rich genes

Most of the virulence genes in the BSI cohort had frequencies similar to those seen in
previous studies. Many of the genes in the TSSS did however have a lower frequency than
observed in other studies. This was especially seen for the virulence genes associated
with coagulation and aggregation. These genes (except vWpb) are MSCRAMMSs with
tandem repeats. The sdr and clf genes have repeats of serine and aspartate, while the
fnbp genes have fibronectin-binding repeats. As Torresen et al./¥ have suggested, tandem
repeats could lead to errors in assembly, which could mean that the MSCRAMM genes in
some strains have not been assembled properly and therefore not been detected. When
performing sequence-specific analysis of the sdr(C' gene, many strains were missing the
end of the gene sequence, or one part of the gene was present on one contig, while the rest
of the gene was present on another contig. This indicates that the repeat region located
towards the end on the sdrC' gene could have caused trouble for the assembly tool. When
large parts of a gene is missing due to incomplete assembly, it can be hard to detect this
during annotation as the gene sequence will often be too short for the coverage threshold
to detect the gene.
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Even though incomplete assembly of these genes could be one of the reasons why the
annotation of sdrC' is unpredictable in the T'SSS cohort, it is questionable why this is
not seen to such a large extent in the BSI cohort as well, as they were both sequenced
with a HiSeq sequencer and the same read length. The average number of contigs and
N50 values in the two cohorts were also relatively similar. One possible explanation for
the difference in detection of the sdrC gene in the BSI and TSSS cohort could be that
BSI-causing strains and carriage strains differ in the number of repeats in their repeat
regions. Long repeat regions could make it harder to assemble the genel® . If the carriage
strains typically have longer repeat sequences, this could be the reason why they were
harder to assemble completely. This is however something that would have to be analysed
further.

Limitations in databases could also, in addition to incomplete assembly, be a reason as
to why virulence genes that are present in a strain is not detected. If a virulence gene
has different alleles, and the database only has a few or one reference sequence of the
virulence factor, some alleles could be too different from the reference to be detected.
Large differences in repeat sequence lengths could limit the reference databases!4. If
the MSCRAMM genes have large differences in their repeat sequence lengths between
isolates, STs or CCs, some could have not been detected.

The virulence factor database (VFDB)H® was used by Nullarbor to detect virulence
genes of each strain, and uses for instance the clfB sequence from 14 different reference
genomes. If the diversity of the gene is well documented, then cifB is correctly identified,
but if the reference sequences are too similar, it could lead to missing detection of clfB.
There were 13 reference sequences for sdrC' in the VFDB, and little variation in these
could be one reason as to why sdrC' was not detected in many of the strains. As seen in
the phylogenetic tree constructed with the sdrC' genes, the sdrC' sequences detected in
strains from the same STs cluster together. This indicates that there are allelic differences
of the sdrC gene between different STs. Limited representation of this variation in VFDB
could therefore be one reason why this gene was not detected in all strains.

Differences in annotation could also be one reason why sdrC' was not significantly related
to BSI strains in the mGWAS, as one would expect from the frequency of the gene
identified from Abricate/ VFDB. The mGWAS is based on the presence/absence file from
Roary, which is based on the annotation performed with Prokka. Prokka uses other
databases than VFDB, which appears to have limited variation of virulence gene reference
sequences as the presence/absence file from Roary shows that sdrC was annotated in only
9 strains. This would not give a significant result in a mGWAS.

There are some limitations to the study. Which virulence genes that was focused on in
this thesis was based on literature describing the pathogenisis of S. aureus BSIs. This
limits the possibility of finding differences between BSI-causing and carriage strains. Even
though the selected genes are relevant players in a BSI, there could still be others that have
an impact on whether a strain causes a BSI or remains carriage strains. Another limitation
of the study is the use of different sequencing equipment for the different cohorts. The BSI
and TSSS strains were sequenced with a HiSeq machine giving 150 bp reads, while the
MRSA strains were sequenced with a MiSeq machine giving 300 bp reads. This could give
different quality of assembly leading to different foundations during detection of virulence
genes.
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18 Conclusions

In this thesis, three cohorts of S. aureus have been characterized with respect to geno-
type, virulence and resistance genes in order to determine if there are genetic traits that
distinguish BSI-causing strains from carriage strains. A discovery of specific factors that
are different in BSI-causing and carriage strains could potentially contribute to a decrease
in BSI and sepsis cases caused by S. aureus. No apparent difference was found between
virulence genes presence in BSI-causing strains and carriage strains, but rather between
strains belonging to different STs and CCs. This indicates that there are other factors
that contribute to the pathogenicity of S. aureus strains. The host-pathogen interaction
is an important factor to consider that could be investigated further. This involves com-
ponents in the host that could increase the adherence to S. aureus, make the endothelial
barrier more prone to damage or make the immune system more likely to be inhibited. It
could explain why, in a selection of genetically similar strains, some strains have caused
infection in certain individuals while others remain carriage strains in other individuals.
It is also important to acknowledge that possible problems relating to assembly and limi-
tations in databases makes it more challenging to detect true differences between strains.
Additional analyses could thus be necessary to confirm or invalidate possible findings.
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A  Commands

This appendix lists all commands run during the bioinformatic analysis.
FastQC

>fastqc $input_fastq -o $output

MultiQC

>multiqc $input -o $output --interactive

FastP

>fastp -i $input_forward_reads -I $input_reverse_reads
-0 $output_paired_forward -0 $output_paired_reverse
--unpairedl $output_unpaired_forward --unpaired2
$output_unpaired_reverse --failed_out $failed_output
-j $json_output -h $html_out

Nullarbor
>nullarbor.pl --name $project_name --mlst $input_organism
--ref $input_reference_strain --input $input_strains
--outdir $output_directory --run

SpaTyper

>spaTyper -f $input

Roary

>roary -e -n -f $output $input

FastTree

>FastTree -gtr -nt $input > $output

Roary plots

>roary_plots.py $input_tree $input_gene_presence_absence

Scoary
>scoary -g $input_genes_presence_absence -t $input_trait

-n $input_tree -r $input_strains

Snippy

>snippy --cpus 16 --outdir $output --ref $input_reference
--R1 $input_forward_reads --R2 input_reverse_reads

Snippy core

>snippy-core --ref $input_reference -ver-prefix core
$input_strains
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SNP tree

>snippy-clean_full_aln $input_snippy_core > $output_modified
>run_gubbins.py -p gubbins $input_modified
>snp-sites -c gubbins.filtered_polymorphic_sites.fasta
> $output_clean_core
>FastTree -gtr -nt $input_clean_core > $output_tree
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B Quality control data

This appendix shows data from the quality control including the number of reverse- and
forward reads and base pairs before and after trimming, number of reads passing the
quality filter and number of reads failing to pass the quality filter for all three cohorts

BSI (B.1) MRSA (B.2) and TSSS (B.3).
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Before filtering After filtering
Base pairs | Base pairs Base pairs | Base pairs Reads Low
Forward | Reverse | forward reverse | Forward | Reverse | forward reverse passed quality
Strain reads reads reads reads reads reads reads reads filter reads
STAU303 || 1570878 1570878 237202578 237202578 1497776| 1497776| 214945879| 214946331} 2995552 1439584
STAU302 | 4269664 4269664| 644719264| 644719264) 4132839| 4132839| 615336858| 615336858) 8265678 270292
sTAU301 | 4773022| 4773022| 720726322 720726322) 4697115| 4697115 692497449 692497449) 9394230 146906
STAU300 [ 2314563| 2314563 349499013 349499013 2262953 2262953| 329323633| 329323633] 4525906 101380}
STAU299 [ 5086642 5086642| 768082942 768082942 5012595| 5012595 732884668| 732884668 10025190 143872
STAU298 | 2556507| 2556507 386032557 386032557] 2516123| 2516123| 370443553| 370443553] 5032246 78682
STAU297 | 5061993| 5061993 764360943| 764360943 4972398( 4972398| 735967819| 735967819] 9944796 174946
STAU296 | 5524908| 5524908 834261108| 834261108) 5356768 5356768 797379625| 797379625] 10713536 3318144
STAU295 || 2241174|2241174| 338417274 338417274 2200475| 2200475| 323616306 323616306f 4400950 79660}
STAU294 | 4193372]|4193372| 633199172| 633199172 4108771| 4108771| 606861670 606861670f 8217542 165742
STAU293 | 4654678| 4654678| 702856378| 702856378) 4579529| 4579529 673230825| 673230825§ 9159058 1463848
sTAU292 | 2851860 2851860 430630860| 430630860] 2785140| 2785140 412028765 412028765] 5570280 131168}
STAU291 | 1712527|1712527| 258591577 258591577] 1636803| 1636803| 235712077| 235711967} 3273606 149212
STAU290 [ 2119789] 2119789 320088139 320088139 2107032| 2107032| 296854852| 296854852] 4214064 23786
STAU289 [ 3923912|3923912| 592510712 592510712] 3867408| 3867408| 557711163| 557711163} 7734816 109308§
STAU288 || 4514489| 4514489| 681687839 681687839 4441138| 4441138| 656474965| 656474965] 8882276 142740'
STAU287 || 2560611| 2560611| 386652261 386652261] 2531878| 2531878| 365888424| 365888424] 5063756 55284'
STAU286 [ 4196332]|4196332| 633646132| 633646132]] 4102286| 4102286| 607764983| 607764983) 8204572 184834'
STAU285 | 4094580| 4094580| 618281580| 618281580) 4023794| 4023794| 581900068| 581900068§ 8047588 137588'
sTAU284 | 2806122| 2806122 423724422 423724422] 2761300| 2761300 405554439 405554439) 5522600 87310'
STAU283 || 2238714|2238714| 338045814 338045814 2144274 2144274] 309550611| 309550431f 4288548 186138]
STAU282 | 5105162 5105162| 770879462| 770879462] 5027816| 5027816| 722796098| 722796098 10055632 150316
STAU281 | 3143892| 3143892| 474727692 474727692 3052299| 3052299 444102100 444102100§ 6104598 180632
STAU280 || 3874712|3874712| 585081512 585081512] 3810218| 3810218| 547383127| 547383127} 7620436 125436
STAU279 | 3894378 3894378| 588051078 588051078 3832481| 3832481| 566630395| 566630395} 7664962 120446
STAU278 | 2698154| 2698154| 407421254| 407421254 2660382| 2660382| 390858019| 390858019f 5320764 732108
STAU277 || 3196416| 3196416 482658816 482658816] 3101416| 3101416| 451691435| 451691435f 6202832 187366
STAU276 || 3212644|3212644| 485109244 485109244 3051990| 3051990| 453529334| 453529334} 6103980 319026
STAU275 [ 3727121|3727121| 562795271| 562795271 3650533| 3650533| 532157709| 532157709] 7301066 1495243
STAU274 | 2435981|2435981| 367833131 367833131] 2403119| 2403119| 351903461| 351903461} 4806238 63740'
STAU273RY 3147279| 3147279 475239129( 475239129) 3113592| 3113592| 429511370| 429511370f 6227184 65508'
sTAU272 | 2586699] 2586699 390591549 390591549 2552340 2552340( 373870298| 373870298) 5104680 66526
STAU271 || 5152917| 5152917 778090467 778090467] 5021151| 5021151| 739051853| 739051853 10042302 259218y
STAU270 [ 2900123 2900123 437918573 437918573] 2846833| 2846833| 420957781| 420957781} 5693666 104160§
STAU269 || 4721862 4721862| 713001162 713001162] 4550045| 4550045| 634037364 634038004 9100090 340206
STAU268 || 4293014| 4293014 648245114 648245114] 4223647| 4223647 621029884| 621029884} 8447294 1352644
STAU267 || 2816933| 2816933 425356883 425356883 2777961| 2777961| 404004701| 404004701f 5555922 75520'
STAU266 || 5285267| 5285267| 798075317 798075317] 5219422| 5219422| 764835393| 764835393f 10438844 126438'
STAU265 [ 4103945 4103945| 619695695 619695695 4043190| 4043190 594233060 594233060f 8086380 117370}
STAU264 || 5892838 5892838| 889818538 889818538 5600935| 5600935| 838964122| 838964122 11201870 579106
STAU262 || 4428922| 4428922| 668767222 668767222] 4358221| 4358221| 636525992| 636525992] 8716442 137406
STAU261 | 4205531| 4205531 635035181| 635035181 4157470| 4157470] 605041798| 605041798] 8314940 918644
STAU260 | 5130997| 5130997| 774780547| 774780547) 5021596| 5021596 745844430 745844430] 10043192 214704)
STAU259 [ 2869409| 2869409| 433280759( 433280759] 2824295| 2824295| 416668821| 416668821} 5648590 87852
STAU258 | 3891621| 3891621| 587634771 587634771] 3848733| 3848733| 559076044| 559076044} 7697466 82376
STAU257 | 6139158| 6139158| 927012858| 927012858] 6067504 6067504| 884325624 884325624f 12135008 138150)

Table B.1: Quality control data for the BSI cohort.
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Before filtering After filtering

Base pairs | Base pairs Base pairs | Base pairs Reads Low

Forward | Reverse | forward reverse | Forward | Reverse | forward reverse passed quality

Strain reads reads reads reads reads reads reads reads filter reads
STAU256 | 2741790| 2741790| 414010290| 414010290§ 2687095 2687095| 391949653| 391949653] 5374190 107076
STAU255 || 3735378 3735378| 564042078 564042078' 3599525| 3599525| 530567410 530567410 7199050 269086
sTAU254 | 5189593| 5189593 783628543 783628543) 5072827| 5072827 744442941 744442941] 10145654 229198y
STAU253 || 3713432|3713432| 560728232 560728232] 3664345| 3664345| 528331359| 528331359] 7328690 94700'
STAU252 | 1753425| 1753425] 264767175| 264767175 1679920 1679920| 241746195| 241746325 3359840 145084'
STAU251 || 1948816 1948816 294271216 294271216] 1855060| 1855060 269256169| 269256289] 3710120 185356
STAU250 | 5663349| 5663349 855165699| 855165699 5536863| 5536863| 807623714| 807623714] 11073726 247402
STAU249 | 3569279| 3569279 538961129 538961129' 3490460 3490460| 516609513| 516609513] 6980920 1545644
sTAU248 | 4815499] 4815499 727140349 727140349 4699250| 4699250 697979858| 697979858 9398500 228266
STAU247 | 2494891| 2494891| 376728541 376728541 2392780| 2392780| 345330058| 345330474f 4785560 200916
STAU246 || 4852823|4852823| 732776273 732776273 4735035| 4735035| 697742278| 697742278} 9470070 231704)
STAU245 | 1770581 1770581] 267357731| 267357731 1740252 1740252| 256147661| 256147661 3480504 59102
STAU244 | 2569747 2569747| 388031797| 388031797] 2471445| 2471445| 353347773| 353348368] 4942890 193582
STAU243 || 4992491| 4992491| 753866141 753866141] 4875465| 4875465| 723044970 723044970' 9750930 229810§
sTAU242 || 6198947 6198947| 936040997| 936040997] 6075149| €075149| 897022030] 897022030f 12150298 242300]
STAU241 || 2904456| 2904456 438572856 438572856] 2861290| 2861290| 420923733| 420923733] 5722580 83916
STAU240 [ 4636507| 4636507| 700112557 700112557] 4557130| 4557130 663208781| 663208781 9114260 153882

Table B.1: Quality control data for the BSI cohort (cont.).
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Before filtering After filtering
Base pairs | Base pairs Base pairs Reads
Forward| Reverse | forward reverse | Forward| Reverse | forward Base pairs passed [Low quality
Strain reads reads reads reads reads reads reads reverse reads] filter reads
SO-SAU8-9 855871| 855871|257617171|@257617171 | 848172| 848172|230601470 |230601470 1696344 15396
SO-SAU8-8 596851 596851|F 79652151 |F 79652151 § 590239| 590239|E 60673452 |FA60673452 1180478 13224
SO-SAU8-7 731939| 731939|220313639|@220313639 | 722145| 722145|F203174807 |203174807 1444290 19588]
SO-SAUS8-6 542435| 542435|@63272935|@A63272935 | 537352| 537352|@50321726 |@50321726 1074704 10166
SO-SAUS8-5 513971| 513971|@A54705271 (54705271 § 503093| 503093|@41969350 |FA41969350 1006186 21756
SO-SAUS8-43 | 698504| 698504|210249704 (210249704 § 690807| 690807|@83523263 |FA83523263 1381614 15394
SO-SAUS8-42 | 624355| 624355|@87930855|E87930855 | 617744| 617744|E163473461 |A63473461 1235488 13222
SO-SAUS8-41 § 677555| 677555|203944055|203944055 | 671123| 671123|A 78401302 |A78401302 1342246 12864
SO-SAU8-40 | 550241| 550241|@65622541|@65622541 | 544247| 544247|A46025408 |A46025408 1088494 11988]
SO-SAUS8-4 686985| 686985|F206782485|206782485 | 679821 679821|@87375791 [@87375791 1359642 14328
SO-SAUS8-39 § 737953| 737953|222123853|222123853 | 730780| 730780|A96585115 |A96585115 1461560 14346
SO-SAU8-38 | 780917| 780917|235056017 235056017 | 773023| 773023|208163603 208163603 1546046 15784
SO-SAU8-37 | 556397| 556397|@67475497 |E167475497 | 552283| 552283|@47455112 |A47455112 1104566 8228
SO-SAUS8-36 | 767271| 767271|230948571|230948571 | 761388| 761388|R03642759 |R03642759 1522776 11766
SO-SAUS8-35 | 753964 753964|226943164|R26943164 | 747327| 747327|@99174021 |@A99174021 1494654 13274
SO-SAUS8-34 | 850784 850784|256085984 256085984 | 840772| 840772|®231226902 |@231226902 1681544 20024
SO-SAUS8-33 § 642370 642370|@93353370|@ 93353370 | 634956| 634956|A 67338418 |A67338418 1269912 14828}
SO-SAUS8-32 | 525777| 525777|@58258877|@58258877 | 523316| 523316|A41250188 |[@41250188 1046632 4922
SO-SAUS8-31 | 862656 862656|F259659456|259659456 | 856649| 856649|@227560678 [227560678 1713298 12012
SO-SAUS8-30 § 605407 605407|@A82227507|@A82227507 | 601898| 601898|E 61408699 |F 61408699 1203796 7018}
SO-SAUS8-3 578853| 578853 74234753 |@74234753 | 570942| 570942|@59436044 |@A59436044 1141884 15822
SO-SAU8-29 | 668237| 668237|F201139337|201139337 | 665529 665529|F 76002686 |A76002686 1331058 5416
SO-SAUS8-28 § 713398| 713398|214732798|214732798 | 707449| 707449|EA 89632373 |A89632373 1414898 11896
SO-SAUS8-27 | 770452| 770452|@231906052|231906052 | 762728| 762728|@201131193 |201131193 1525456 15446
SO-SAU8-26 | 699965| 699965|210689465 (210689465 | 693345| 693345|@ 83593143 |A83593143 1386690 13240}
SO-SAUS8-25 | 628603| 628603|@A 89209503 |A89209503 § 625421| 625421|A 66887771 |F66887771 1250842 6364
SO-SAUS8-24 | 775981| 775981|233570281|233570281 | 769359| 769359|203367844 203367844 1538718 13244
SO-SAUS8-23 | 685128| 685128|206223528 (206223528 | 679657| 679657|@80994913 |A80994913 1359314 10942
SO-SAUS8-22 | 672227 672227|202340327|202340327 | 665082| 665082|E80499007 |E80499007 1330164 14290}
SO-SAU8-21 | 647980| 647980|@95041980|F95041980 | 642371| 642371|A 71826700 |A71826700 1284742 11216
SO-SAUS8-20 | 698423| 698423|210225323|210225323 | 691755| 691755|FA84774810 |(A84774810 1383510 13334
SO-SAUS8-2 486208| 486208|@46348608|@46348608 | 481791| 481791|@A34287999 |FA34287999 963582 8834
SO-SAUS8-19 | 644072| 644072|@A93865672|@A 93865672 | 636464| 636464|@ 73953268 |@A73953268 1272928 15216
SO-SAU8-18 | 616086| 616086|@85441886|@85441886 | 609680| 609680|@ 66018261 |F66018261 1219360 12812
SO-SAUS8-17 § 724110 724110|®17957110|217957110 § 718275| 718275|E 95539886 |E95539886 1436550 11670f
SO-SAUS8-16 | 625787| 625787|@A88361887|7A 88361887 | 618067| 618067|A 67448516 |A67448516 1236134 15440I
SO-SAUS8-15 | 561250 561250|@68936250|@ 68936250 | 554805| 554805|F49040946 |@49040946 1109610 12888
SO-SAUS8-14 § 624041| 624041|A87836341|@A87836341 | 617773| 617773|A66935068 |E66935068 1235546 12536
SO-SAUS8-13 | 481548 481548|[A44945948|@44945948 | 476749| 476749|@29698723 |@29698723 953498 9598
SO-SAUS8-12 | 572033| 572033|@72181933|@72181933 | 569460| 569460|@46522665 |A46522665 1138920 5146
SO-SAUS8-11 § 592146| 592146|@78235946|@A 78235946 | 582024| 582024|E58285811 |A58285811 1164048 20244
SO-SAUS8-10 § 720373| 720373|216832273|216832273 | 712184| 712184|@ 93884779 |@93884779 1424368 16376
SO-SAUS8-1 608697| 608697|E83217797|@A83217797 | 600443| 600443|FA64569082 [A64569082 1200886 16508]
SO-SAU7-9 605205 605205(F82166705|F82166705 § 601312 601312|A 65574354 |F65574354 1202624 7786
SO-SAU7-8 543925| 543925([63721425(|FA 63721425 | 534726| 534726|@A52791826 |A52791826 1069452 18398
SO-SAU7-7 917829| 917829|276266529|276266529 | 897853 897853|R245631913 (245631913 1795706 39952'
Table B.2: Quality control data for the MRSA cohort.
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Before filtering After filtering
Base pairs | Base pairs Base pairs Reads
Forward| Reverse | forward reverse | Forward| Reverse | forward Base pairs passed [Low quality|
Strain reads reads reads reads reads reads reads reverse readsj filter reads
SO-SAU7-6 719261| 719261|216497561|@216497561 | 710511| 710511|A93493478 |A93493478 1421022 17500]
SO-SAU7-5 736339] 736339|221638039|E221638039 § 726608| 726608|E199583824 |F99583824 1453216 19462
SO-SAU7-4 779705| 779705(@234691205 |@234691205 § 770630 770630|E208535268 |208535268 1541260 18150Q
SO-SAU7-3 639358| 639358|[92446758 | 92446758 | 632240| 632240|A65712650 |A65712650 1264480 14236
SO-SAU7-29 | 563887 563887|@69729987|@69729987 | 559218| 559218|@ 57101115 |A57101115 1118436 9338
SO-SAU7-28 § 731788| 731788|220268188|220268188 § 723020| 723020|A90444117 |A90444117 1446040 17536
SO-SAU7-27 | 497745| 497745|@49821245|@49821245 | 486593| 486593|735865596 [@35865596 973186 22304
SO-SAU7-26 | 621925| 621925|@87199425|@A 87199425 | 616285| 616285|E 70172520 |A70172520 1232570 11280}
SO-SAU7-25 | 659887 659887|@ 98625987 | 98625987 | 655446| 655446|@ 78031530 |A78031530 1310892 8882
SO-SAU7-24 | 662318| 662318|@99357718|@99357718 | 656426| 656426|F84501890 |[A84501890 1312852 11784
SO-SAU7-23 | 669998| 669998|201669398 |201669398 | 659562| 659562|E 79866405 |E79866405 1319124 20872
SO-SAU7-22 § 681915 681915|205256415|R05256415 | 673465| 673465|A87924515 |A87924515 1346930 16900f
SO-SAU7-21 | 595963| 595963|@79384863|@79384863 | 574673| 574673|@60274661 |A60274661 1149346 42580]
SO-SAU7-20 § 837007 837007|E51939107 251939107 § 829760| 829760|E219152348 |R219152348 1659520 14494
SO-SAU7-2 508677| 508677|@53111777 (53111777 § 497549| 497549|@ 36470307 |A36470307 995098 22256
SO-SAU7-19 | 865635| 865635|260556135 (260556135 | 856635| 856635|@226311747 |R226311747 1713270 18000§
SO-SAU7-18 § 753953| 753953|226939853|226939853 | 745307| 745307|@95182310 |A95182310 1490614 17292
SO-SAU7-17 | 663843| 663843|@99816743|[A99816743 | 654360| 654360|A81144492 |A81144492 1308720 18966
SO-SAU7-16 | 841690| 841690|253348690(253348690 | 833036| 833036|@223248981 |@223248981 1666072 17308}
SO-SAU7-15 § 606114| 606114|@A82440314|@A 82440314 § 599323| 599323|A 68169323 |E68169323 1198646 13582
SO-SAU7-14 § 886935 886935|266967435|R66967435 | 879067| 879067|@225414870 |R25414870 1758134 15736
SO-SAU7-13 § 729162 729162|R19477762|R219477762 § 721011| 721011|@ 92038042 |@92038042 1442022 16302
SO-SAU7-12 § 774739 774739|233196439|233196439 | 765796| 765796|@212353817 |R12353817 1531592 17886
SO-SAU7-11 § 749641| 749641|225641941|225641941 § 742730| 742730|R202562238 |R02562238 1485460 13822
SO-SAU7-10 § 723521| 723521|@17779821|R17779821 | 717686| 717686|@91907992 |@91907992 1435372 11670f
SO-SAU7-1 625847| 625847(FA88379947 (88379947 | 617403| 617403|[69231624 |F69231624 1234806 16888I
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Tromso9200 | 2303261 2303261 347792411 347792411] 2251490 2251490 310221376| 310224362 4502980 102376
Tromso09199 999752| 999752| 150962552| 150962552 980886| 980886| 141014803| 141014516f 1961772 37196
Troms09198 | 2233335| 2233335| 337233585| 337233585 2187000( 2187000| 306745176| 306746785 4374000 91326
Tromso9197 | 1671243] 1671243] 252357693| 252357693 1636663| 1636663| 245479693| 245479720§ 3273326 68036
Tromso9196 | 2340415| 2340415| 353402665| 353402665 2287038| 2287038| 320991034 320992650' 4574076|  105428)
Tromso9195 | 2409600| 2409600| 363849600| 363849600 2350279( 2350279| 352913869 352914312] 4700558 117368I
Tromso9194 | 2429363] 2429363| 366833813( 366833813 2381568( 2381568 324733217| 324736053) 4763136 94360I
Tromso9193 | 2132689( 2132689 322036039| 322036039] 2082004 2082004| 312276613 312275610' 4164008 100128'
Troms09192 | 2539795( 2539795| 383509045| 383509045 2490993 2490993| 337445347| 337448521)] 4981986 96426
Tromso9191 | 1625971 1625971| 245521621 245521621 1588985| 1588985| 238383176| 238383453) 3177970 73000f
Tromso9190 962542 962542| 145343842| 145343842 943278| 943278| 141406895| 141406897] 1886556 38054
Tromso9189 | 2562671 2562671 386963321| 386963321 2507553] 2507553| 339706211( 339710221f 5015106] 109040}
Tromso9188 | 1203727] 1203727| 181762777| 181762777] 1179672 1179672 161569852 161571273F 2359344 47348'
Tromso9187 382329| 382329| 57731679 57731679f 373937| 373937 56106592 56106628' 747874 16532
Tromso09185 | 2122273| 2122273| 320463223 320463223' 2075085 2075085| 288503082 288504719' 4150170 93378}
Tromso9183 | 2313368 2313368| 349318568 349318568' 2263136 2263136 339708518| 339707331} 4526272 99250'
Tromso9182 | 2342766| 2342766 353757666| 353757666Q 2290241| 2290241 315502329| 315505236 4580482| 103972
Tromso9181 | 2073260( 2073260| 313062260| 313062260f 2031336( 2031336| 304956578| 304956352] 4062672 82610f
Tromso9180 | 1945522| 1945522 293773822 293773822] 1905180 1905180| 286347314| 286347542]) 3810360 79772
Tromso9179 | 1878911 1878911| 283715561 283715561 1840271 1840271 260179697| 260181161] 3680542 76326
Tromso9178 | 2233361 2233361| 337237511| 337237511] 2187808| 2187808| 297379832| 297381880 4375616 89814
Tromso9177 | 1908196 1908196 288137596 288137596 1870381 1870381| 279500316| 279500437] 3740762 74606
Tromso9176 | 1737144 1737144 262308744 262308744 1695027 1695027 254209526| 254210490f 3390054 83306
Tromso9174 | 1760045| 1760045| 265766795| 265766795] 1722363| 1722363| 258322427 258322366 3444726 74384
Tromso9173 | 2093484] 2093484] 316116084( 316116084] 2042238( 2042238| 306634215| 306633698) 4084476 101480}
Tromso9172 | 1491947| 1491947 225283997 225283997] 1457455| 1457455| 219146426 219146878' 2914910 68186
Tromso9170 § 2151223] 2151223| 324834673] 324834673 2113989] 2113989| 290999215| 291000491f 4227978 73366
Tromso9169 | 3045859 3045859| 459924709 459924709' 2981837| 2981837| 448399336| 448398667] 5963674| 126504
Tromso9168 | 1370618| 1370618| 206963318 206963318' 1344568| 1344568| 199404875| 199404665 2689136 51338}
Tromso9167 | 1661447| 1661447| 250878497| 250878497] 1622103( 1622103| 243221108 243221153] 3244206 77808'
Tromso9166 909194| 909194| 137288294| 137288294 891111 891111| 133625975| 133625744f 1782222 35582
Tromso9165 | 1937577 1937577 292574127 292574127 1897394| 1897394| 285151929| 285152258) 3794788 79490Q
Troms09164 | 1424535( 1424535| 215104785| 215104785 1392309( 1392309| 208630935| 208630357] 2784618 63666
Tromso9163 | 1967985| 1967985 297165735( 297165735] 1928141| 1928141| 289485870| 289485682 3856282 78706
Tromso9162 | 2130283| 2130283 321672733 321672733 2081976 2081976 312988665| 312988235Q 4163952 95486
Tromso9161 | 3841347| 3841347| 580043397| 580043397] 3746840| 3746840| 559182434| 559183413 7493680| 187130)
Tromso9159 | 2191018 2191018| 330843718| 330843718] 2137375| 2137375| 320768972| 320769617] 4274750 106112
Tromso9157 | 1756854| 1756854| 265284954 265284954 1719811 1719811 257086206| 257086681] 3439622 73278}
Tromso09156 | 3165492| 3165492| 477989292| 477989292 3091936( 3091936| 463990488| 463989314 6183872 145428'
Tromso9155 | 1616245] 1616245 244052995[ 244052995) 1581412 1581412 217831829 217833488) 3162824 68794
Tromso9154 | 1075318 1075318| 162373018| 162373018 1054226 1054226| 143965096 143965620' 2108452 41706
Troms09152 | 1964181| 1964181| 296591331| 296591331 1911815( 1911815| 286295029 286294089' 3823630/ 103770}
Tromso9151 § 2201808] 2201808] 332473008( 332473008] 2144551f 2144551] 321918684| 321918354f 4289102 113202
Tromso9150 | 2066948| 2066948| 312109148 312109148' 2020361 2020361 302735388| 302735376] 4040722 92124
Tromso09149 | 2060248| 2060248| 311097448 311097448' 2010311| 2010311 300947893| 300947825Q 4020622 98828}
Tromso9148 | 1719013| 1719013| 259570963 259570963' 1682061| 1682061 251773950| 251773710 3364122 73066I
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Tromso9147 | 2692223] 2692223| 406525673| 406525673 2639298( 2639298| 367165800| 367167189f 5278596 104324
Tromso9146 | 2209724 2209724 333668324 333668324] 2157650 2157650 323524373 323523809' 4315300 102852
Tromso09145 | 2684589| 2684589| 405372939| 405372939 2626939| 2626939| 351481885 351485549' 5253878| 113976
Tromso9144 | 2393263| 2393263 361382713 361382713 2334574| 2334574| 350643449 350643988' 4669148 116118}
Tromso9143 | 2170586 2170586 327758486| 327758486Q 2111427| 2111427| 316660341| 316660231) 4222854 117020'
Tromso9141 | 4488105| 4488105| 677703855| 677703855 4387108| 4387108| 657564399| 657565198 8774216| 199596
Tromso9140 | 2114425| 2114425| 319278175( 319278175 2072852 2072852| 283764381| 283766952 4145704 82072
Tromso9139 712372 712372| 107568172 107568172 697415| 697415| 104314263| 104314055 1394830 29588]
Tromso9138 | 1558663| 1558663| 235358113| 235358113 1524977 1524977| 228422556 228422563 3049954 66650'
Tromso9137 | 2339011 2339011| 353190661| 353190661 2286021 2286021 342237747| 342237554] 4572042| 104784
Tromso9135 | 1732889 1732889 261666239| 261666239] 1692750 1692750 254246712| 254247061] 3385500 79354
Tromso9134 | 1339007 1339007| 202190057| 202190057] 1311086( 1311086| 196191724| 196190985) 2622172 55130f
Tromso9133 | 2586786| 2586786 390604686( 390604686) 2529180f 2529180| 346198304| 346201369f 5058360 113866
Tromso9132 | 2084088 2084088| 314697288| 314697288 2043260 2043260| 306669016 306669270' 4086520 80638]
Tromso9131 | 2533966| 2533966| 382628866| 382628866 2472088| 2472088| 371175231 371175469' 4944176 122600'
Tromso9130 | 2620156 2620156 395643556| 395643556 2545893 2545893| 382900430| 382900104 5091786| 147236
Tromso9128 § 2759518| 2759518| 416687218( 416687218] 2697693| 2697693 375996935| 375999204] 5395386| 122248}
Troms09126 | 2381749| 2381749| 359644099 359644099' 2338984| 2338984| 351513190| 351512187) 4677968 84230'
Tromso9125 | 1834307| 1834307 276980357 276980357] 1793578 1793578| 268927444| 268927253 3587156 80480|
Tromso9124 | 1642359 1642359 247996209 247996209] 1609205| 1609205| 241099955| 241100167] 3218410 65530'
Tromso09123 | 2009241| 2009241| 303395391| 303395391 1966207| 1966207| 294911500| 294911303] 3932414 85134
Tromso9121 § 1876298| 1876298| 283320998| 283320998 1834637( 1834637| 275221338 275221277) 3669274 82398
Tromso09120 § 1291319 1291319| 194989169 194989169' 1265587 1265587 188761788| 188761640 2531174 50794
Tromso09118 | 2125792| 2125792| 320994592| 320994592 2080173( 2080173| 311779284 311778979' 4160346 90120f
Tromso9117 § 2306958 2306958| 348350658 348350658] 2258098 2258098| 322245491 322246843' 4516196 96442
Tromso9115 | 1940631 1940631| 293035281 293035281 1894393| 1894393| 283752396| 283751716 3788786 91362
Tromso9114 | 2214941 2214941| 334456091| 334456091] 2169644 2169644| 323506971| 323506717] 4339288 89456
Tromso9113 | 2512535| 2512535 379392785( 379392785 2457906 2457906 368682940| 368682790f 4915812| 107820}
Tromso9112 | 2468299| 2468299 372713149 372713149] 2411586 2411586 360935910 360935854 4823172 112112
Tromso9111 § 2103702| 2103702 317659002| 317659002] 2046051| 2046051| 307181679| 307181751] 4092102 114350}
Tromso9110 | 2033293| 2033293| 307027243 307027243 1978267| 1978267| 296730966 296730031] 3956534 108890'
Tromso9109 J 1661253| 1661253| 250849203 250849203 1619885( 1619885| 242257840 242259300 3239770 81772
Troms09107 | 2138907| 2138907| 322974957| 322974957] 2088994| 2088994| 313772582 313773069' 4177988 98606
Tromso9106 | 2458878| 2458878| 371290578| 371290578 2407587| 2407587| 324794881 324797090' 4815174| 101200}
Tromso9105 | 2414124| 2414124 364532724| 364532724 2358922| 2358922| 304969716| 304974121) 4717844| 109066
Tromso9104 | 3249964| 3249964| 490744564| 490744564] 3170881| 3170881| 474903600| 474904244 6341762 156458)
Tromso9103 § 2693118] 2693118| 406660818( 406660818] 2630281( 2630281]| 366077871| 366081532f 5260562 123956
Tromso9102 | 2757063 2757063| 416316513 416316513' 2696391 2696391 366009554| 366015061 5392782| 119640}
Tromso09101 973953| 973953| 147066903 147066903' 950290 950290| 141941447| 141941478 1900580 46892
Tromso9100 | 2616747 2616747| 395128797| 395128797 2557581| 2557581 367342847| 367343602] 5115162| 116552
Tromso9099 § 2741776| 2741776| 414008176( 414008176§ 2680461| 2680461| 401178112 401178440 5360922| 121382
Tromso9098 | 2712329| 2712329| 409561679| 409561679 2645486( 2645486| 397139424 397138910' 5290972| 132228}
Tromso9097 | 1753272 1753272| 264744072 264744072 1709885| 1709885| 255501526| 255502136Q 3419770 85942
Tromso9096 | 1385179 1385179 209162029( 209162029] 1351870 1351870| 202480305| 202480626Q 2703740 65966
Tromso9095 | 1446024| 1446024| 218349624| 218349624] 1408237| 1408237| 210669119| 210669612] 2816474 74664
Tromso9094 | 2357567] 2357567| 355992617( 355992617] 2311806{ 2311806| 309786596 309791679f 4623612 90448}
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Tromso9093 § 2106520] 2106520| 318084520( 318084520 2054436( 2054436| 308611082| 308611563) 4108872 102920}
Tromso9092 | 2628973| 2628973| 396974923 396974923' 2570642| 2570642 386108997| 386108472 5141284| 115256
Tromso9091 J§ 6331461| 6331461| 956050611| 956050611} 6184891| 6184891| 873917620 873921726f 12369782 289048]
Tromso9090 | 1478562 1478562 223262862 223262862] 1442242| 1442242| 215337427| 215337021 2884484 71808I
Tromso9089 | 1958694 1958694| 295762794 295762794 1913467| 1913467| 285537355| 285537371] 3826934 89538'
Tromso9088 | 2736397| 2736397| 413195947| 413195947] 2673269 2673269| 401302969 401302947] 5346538 124598'
Tromso9087 | 2339226| 2339226 353223126 353223126] 2280593 2280593| 342815052| 342814791 4561186 116106
Tromso9086 | 2241542| 2241542 338472842 338472842] 2182665 2182665| 327525173| 327525102] 4365330 116514
Tromso9085 | 2265004| 2265004 342015604| 342015604 2213329( 2213329| 331892563 331892505] 4426658| 102180}
Tromso9084 | 1063182 1063182| 160540482 160540482 1039575| 1039575| 155662327| 1556625800 2079150 46652
Tromso9082 | 2577842 2577842 389254142 389254142 2524021 2524021 354408365| 354410302 5048042| 106242
Tromso9081 | 2387544 2387544| 360519144| 360519144 2335390( 2335390| 350386840| 350386385 4670780| 103152
Tromso9080 | 2707617] 2707617| 408850167( 408850167] 2632081( 2632081| 394800424| 394800385) 5264162 149818}
Tromso9079 | 2648661 2648661| 399947811 399947811 2595004 2595004| 354866889 354870829] 5190008 105778'
Tromso9078 | 2236486| 2236486| 337709386| 337709386 2186806( 2186806| 327570437| 327570312] 4373612 98182
Tromso9075 | 2068694 2068694 312372794 312372794] 2027025| 2027025| 303544662| 303544126Q 4054050 82200f
Tromso9074 | 2583268| 2583268 390073468| 390073468 2516889 2516889 377983680 377983478] 5033778| 131492
Tromso9072 | 1951352 1951352| 294654152| 294654152 1902770( 1902770| 285204857| 285205736] 3805540 96170}
Tromso9071 | 2487406 2487406 375598306( 375598306] 2436947| 2436947| 331576254| 331579615] 4873894 99538'
Tromso9069 | 2423079| 2423079 365884929 365884929 2362083| 2362083| 355025309| 355024406] 4724166 120820I
Tromso9068 | 1500426| 1500426| 226564326| 226564326] 1464972| 1464972| 219636827| 219636605 2929944 69920'
Tromso9067 | 2412894] 2412894| 364346994( 364346994 2362749( 2362749 318014265| 318016689f 4725498 98862
Tromso9063 | 2840764 2840764 428955364| 428955364 2754909 2754909| 414519100 414519173' 5509818| 169978}
Tromso9062 | 2124821| 2124821| 320847971| 320847971] 2073139( 2073139| 310673731| 310674071] 4146278 102158'
Tromso9060 | 1467857 1467857| 221646407 221646407] 1433400 1433400 214998569| 214998945) 2866800 68176
Tromso9058 | 1814825| 1814825| 274038575( 274038575) 1778069( 1778069| 262633062| 262633148) 3556138 72454
Tromso9057 | 2042932| 2042932| 308482732| 308482732 1988896( 1988896| 299052878 299053613' 3977792 106758)
Tromso9056 §| 1901355| 1901355| 287104605| 287104605f 1847755| 1847755| 277363628| 277363114] 3695510 106264
Tromso9055 | 2452615 2452615| 370344865| 370344865 2398519 2398519 360218785| 360218526 4797038| 106816
Tromso9054 § 2107801 2107801 318277951| 318277951 2049919] 2049919| 307522054| 307521743) 4099838 114568}
Tromso9053 | 2118405 2118405| 319879155( 319879155 2063109| 2063109| 309306440 309306148' 4126218| 109634
Tromso9050 § 1833309| 1833309| 276829659( 276829659) 1790912 1790912 268225970 268225623' 3581824 83702
Tromso9049 | 2440939| 2440939| 368581789 368581789' 2382468| 2382468| 359027549( 359027074f 4764936 115880}
Tromso9048 | 2070905| 2070905| 312706655( 312706655] 2016249 2016249| 302961343| 302960172 4032498 108170|
Tromso9047 J§ 2062615| 2062615 311454865( 311454865 2005335( 2005335| 300452288| 300451829 4010670 113360'
Tromso9046 483363 483363 72987813| 72987813) 471178| 471178 68897354 68896993' 942356 24086
Tromso9045 | 2194850 2194850( 331422350 331422350' 2137191| 2137191| 320988265 320987733' 4274382| 114092
Tromso9043 | 2088424| 2088424 315352024 315352024] 2037043| 2037043 306660570 306660478' 4074086 101454
Tromso9042 | 1272740| 1272740| 192183740| 192183740 1241962| 1241962| 187170641| 187170574] 2483924 61042
Tromso9041 | 2328512| 2328512 351605312| 351605312 2277326 2277326 341622064| 341622234 4554652| 101222
Tromso9040 | 2388762| 2388762| 360703062| 360703062 2336283| 2336283| 333617218| 333617332] 4672566 103594
Tromso9039 | 1797389| 1797389| 271405739| 271405739 1760432| 1760432| 263107060| 263107146] 3520864 73046
Tromso9038 | 2875706 2875706 434231606| 434231606Q 2793431 2793431| 420734775| 420734194 5586862| 162852
Tromso9037 | 2208172 2208172| 341525156 341525156 2154597 2154597 331675718| 331675504] 4309194| 105854
Tromso9036 | 2261756| 2261756| 341525156| 341525156f 2210151| 2210151] 331675718 331675504f 4420302 102120}
Tromso9035 | 2183151 2183151| 329655801 329655801 2116107 2116107| 318537500 318536751 4232214 132738'
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Tromso9030 § 2706846| 2706846| 408733746| 408733746 2654910| 2654910 357925498 357928698 5309820 102332
Tromso9029 J 2104170| 2104170| 317729670 317729670] 2055910 2055910 308530372 308530086} 4111820 95354
Tromso9028 | 2613273| 2613273 394604223 394604223' 2556828 2556828| 382726492| 382725554 5113656 111612
Tromso9027 § 5036923| 5036923| 760575373 760575373' 4927914| 4927914| 696013555| 696014243 9855828 215096
Tromso09026 | 2278683| 2278683| 344081133 344081133 2226801| 2226801 333747611| 333747372] 4453602 102530}
Tromso9023 § 2123353| 2123353 320626303 320626303 2075233| 2075233| 311629361| 311629044 4150466 95182
Troms09022 | 2398435| 2398435| 362163685| 362163685 2341817| 2341817| 351472986| 351472135) 4683634 112064
Tromso9021 § 2023738| 2023738| 305584438 305584438] 1973119| 1973119] 295950229| 295950053] 3946238| 100044
Tromso9020 § 1793960| 1793960| 270887960 270887960' 1752466 1752466| 262990326| 262990321} 3504932 82172
Tromso9019 | 2712670| 2712670 409613170 409613170' 2642754 2642754| 396935039 396934069. 5285508 138462
Tromso9018 | 2053504( 2053504 310079104| 310079104] 1998231| 1998231| 300407788 300407163' 3996462 109446
Tromso9016 J 2662607| 2662607| 402053657 402053657 2601272| 2601272 389991710 389991748' 5202544 121470|
Tromso9015 § 1998792| 1998792| 301817592| 301817592) 1946422| 1946422 292281699 292281417 3892844 103708'
Tromso9014 § 1897137| 1897137 286467687 286467687] 1852079| 1852079 277408157| 277408007] 3704158 88878}
Tromso9013 J 2178146| 2178146]| 328900046 328900046 2126092| 2126092 319519547| 319519084 4252184 102904
Tromso9012 | 1707174| 1707174| 257783274| 257783274} 1674167| 1674167| 249851474 249851207] 3348334 65120
Tromso9011 § 2454156| 2454156| 370577556| 370577556] 2405009| 2405009| 361565108| 361564843 4810018 97116
Tromso9010 § 2675693| 2675693 404029643 404029643. 2618797| 2618797| 392203182| 392203517 5237594 112474
Tromso9008 § 2552813| 2552813 385474763 385474763' 2490270| 2490270 374651915| 374651236f 4980540 123602
Tromso9007 § 2666921| 2666921 402705071| 402705071] 2608999| 2608999 391642903( 391642117] 5217998 114452
Tromso9006 | 2254842| 2254842 340481142| 340481142 2199735| 2199735| 329948754 329949275 4399470 109094
Tromso9004 § 2410228| 2410228| 363944428| 363944428} 2346768| 2346768 353088381 353087549. 4693536 1254704
Tromso9003 § 2285045| 2285045 345041795| 345041795 2225629 2225629| 334381500 334381260' 4451258 117524
Tromso9001 765691| 765691| 115619341 115619341 749645| 749645 107423812 107423899' 1499290 31546

Table B.3: Quality control data for the TSSS cohort (cont.).
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C Mean quality score

This appendix shows the mean quality score for each base in the forward and reverse
reads for all strains in each cohort TSSS ((C.1)), BSI (C.2) and MRSA (C.3)) for raw and

trimmed data.
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Figure C.1: The mean quality score for each base in the forward and reverse reads for all strains in the

TSSS cohort for raw and trimmed data. The subfigures show the mean quality score for:
a) Forward reads, raw data b) reverse reads, raw data c) forward reads, trimmed data d)
reverse reads, trimmed data.
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Figure C.2: The mean quality score for each base in the forward and reverse reads for all strains in the
BSI cohort for raw and trimmed data. The subfigures show the mean quality score for:
a) Forward reads, raw data b) reverse reads, raw data c) forward reads, trimmed data d)
reverse reads, trimmed data.
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Figure C.3: The mean quality score for each base in the forward and reverse reads for all strains in the
MRSA cohort for raw and trimmed data. The subfigures show the mean quality score for:
a) Forward reads, raw data b) reverse reads, raw data c) forward reads, trimmed data d)
reverse reads, trimmed data.
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D Adapter content

This appendix show the adapter content of reads where the adapter contamination >
0.1% for all three cohorts TSSS , BSI and MRSA . For trimmed reverse
reads in the TSSS cohort and trimmed forward and reverse reads in the BSI cohort, no
reads had adapter contamination > 0.1%.
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Figure D.1: The percentage of the sequences at each position of the reads from the TSSS cohort with
adapter contamination > 0.1%. The plots are created with MultiQC, and show the adapter
content of: a) raw forward reads b) raw reverse reads c) trimmed forward reads.
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Figure D.2: The percentage of the sequences at each position of the reads from the BSI cohort with
adapter contamination > 0.1%. The plots are created with MultiQC, and show the adapter
content of: a) raw forward reads b) raw reverse reads.
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Figure D.3: The percentage of the sequences at each position of the reads from the MRSA cohort with
adapter contamination > 0.1%. The plots are created with MultiQC, and show the adapter
content of: a) raw forward reads b) raw reverse reads c¢) trimmed forward reads d) trimmed
reverse reads.
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E Pangenome frequency

The pangenome frequency in figure shows the number of genes detected in the
genomes. The full number of genes is given for the first genome in the plot. The sub-
sequently strains show the number of additional genes present in their genomes, that
were not present in the previous genomes. The first genome contains almost 2000 genes,
which contains the core genes as well as additional genes present in that particular strain.
The first 75-80 subsequent genomes have noticeable additional genes, which are genes not
present in the core genome, but additional genes not present in all strains in the three co-
horts. After that, few new genes are added to the pangenome before the approximately 10
last genomes. The last genome adds almost 1500 new genes to the pangenome, meaning
it has a lot of genes not present in any of the other strains.
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Figure E.1: Pangenome frequency first showing the total number of genes present in one of the genomes.
For the subsequently genomes, the number of additional genes not present in previous
genomes is shown.
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F Phylogenetic tree
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Figure F.1: Phylogenetic tree showing all strains from all three cohorts TSSS, BSI and MRSA. The strains from
the BSI cohort are marked with a filled red star, the T'SSS strains are marked with a white star and
the MRSA strains have no marking. The strains are marked in colours according to their sequence type
(ST). The strains with no colour marking did not get a ST during multi-locus sequence typing. The
presence and absence of virulence genes relevant in bloodstream infection-causing Staphylococcus aureus,
are displayed next to the tree. Virulence factors marked with a rectangle plays a role in immune system
evasion, the circular plays a role in coagulation and aggregation of blood and the pore forming gene hla
is marked with a triangle.
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G SdrC phylogenetic tree
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Figure G.1: A phylogenetic tree showing the possible relationship between the strain’s sdrC' genes. The sdrC genes
was extracted in Geneious and visualized in iTOL. SdrC genes from the TSSS cohort is marked in green,
the ones from the MRSA cohort is marked in blue and the ones from the BSI cohort is marked in red.
What sequence type (for sequence types with 5 or more strains) the strain the gene is extracted from
belongs to is shown, and whether it was found by Abricate when running Nullarbor.
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