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Summary

Staphylococcus haemolyticus is a ubiquitous bacterium recognised as a significant cause
of nosocomial infections. Today it represents one of the most clinically relevant
staphylococcal species, hallmarked by its extreme genome plasticity and multiresistant
phenotype. Despite its relevance, little is known about its virulence repertoire or how it
causes disease. The main objective of this PhD thesis was to achieve a better
understanding of S. haemolyticus colonization, virulence and hospital adaption by using

a combination of comparative genomics and phenotypic assays.

In paper I, by using whole genome sequencing and pangenome analysis, we showed a
clear phylogenetic separation between clinical and commensal isolates, and a distinct
genomic signature of clinical S. haemolyticus isolates. Eighty-eight percent of the clinical
isolates were multidrug resistant, compared to only 11 % of the commensal isolates.
Clinical isolates typically carried the resistance genes aacA-aphD and mecA, in addition
to the associated IS element IS256. These three genes were absent in most of the
commensal isolates and were therefore good candidates for markers to differentiate the
two groups. Additionally, sraP and the polysaccharide capsule operon, important
virulence and immune evasion factors in other staphylococcal species, were more often

detected in clinical isolates.

In paper II, we compared the adhesive and biofilm forming properties of clinical and
commensal S. haemolyticus isolates, and showed that clinical isolates formed a thicker
biofilm. By developing a novel method for investigating surface proteins expressed during
human host colonization, we identified several surface proteins, with potential roles in
colonization (sdr-like proteins, SceD), biofilm formation (Atl, Ebh) and immune evasion

(TirS and SasH-like).

In paper III, we described a new species of the Staphylococcus genus; Staphylococcus
borealis. The novel species was closely related to S. haemolyticus, but compared to S.
haemolyticus, S. borealis showed considerable phylogenetic distance, yellow pigmented

phenotype and the ability to produce urease.

In conclusion, these studies have greatly advanced our knowledge of S. haemolyticus and
its potential as a nosocomial pathogen. We have uncovered several potential markers
which can distinguish clinical and commensal isolates and potentially be used as

diagnostic markers of invasive disease. We also identified several important colonisation,
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virulence and immune evasion factors in S. haemolyticus, - some of which may be possible
future targets for therapy. Finally, we demonstrate the high discriminatory power of
whole genome sequencing by identifying a new staphylococcal species, now described as

Staphylococcus borealis.
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1 Introduction

Improvements and development in technology over the past few decades have changed
the way we live our lives. Demographic and medical developments — such as electronic
documentation, faster and better diagnostic tools and improved medical equipment —have
allowed us to live longer and to survive conditions that previously had a deadly outcome.
As a result, these advances have created more elderly, multimorbid and
immunocompromised patients - a growing patient group more vulnerable than their
healthy counterparts. These patients and the increased use of inserted medical devices
have contributed to the progressive increase of nosocomial infectionsi2. Perhaps the most
important and significant discovery in the medical field goes back to 1928 when Alexander
Flemming discovered penicillins. Antibiotics, which have played a crucial role in
preventing premature death and other complications, have in addition to treating
bacterial infection, been important drugs to prevent infection during operations and other

medical procedures.

Today we are on a fast track towards the feared post-antibiotic era. In short, this means
that there are already many bacteria resistant to all available antibiotic drug classes, and
this resistance is spreading fast through the bacterial populationss-s. At this speed we
may in the near future find ourselves in a position where previously easily curable
infections can no longer be treateds. The development of new antibiotics is time consuming
and expensives. Since the 1980s only two new antibiotic classes (lipopeptides and
oxazolidinones) have been developed and approved by regulatory authoritiess. In addition,
inappropriate use of especially broad-spectrum antibiotics eradicates beneficial bacterial
species of the normal flora, enabling other more harmful bacteria (e.g Clostridium
difficile) to blossomio. Advances made in technology have increased our knowledge about
microbes, and much focus has been given to those living in and on us, our microbiome.
Research on the microbiome is a new and rapidly expanding field and novel findings have
changed the way we look at medicine. The knowledge that not all microbes are bad has
long been accepted, but how important bacteria are for us, and the plethora of important
tasks they perform is a new and extremely interesting field. We find bacteria in all
environments, from hot springs to space stationsi1,12. Bacteria are able to adapt extremely
rapidly, and some bacteria have adapted to the harsh environment of hospitals. To survive
in the clinical environments the bacteria need to overcome all the potential threats they
encounter, including antibiotics and antiseptics. Problems arise when nosocomial

bacteria, especially those adapted to the hospital settings, cause infections. Hospital



adapted bacteria are often extensively resistant and can therefore be difficult to treatis 4.
The commensal bacterium Staphylococcus haemolyticus, on which we have focused our

research on, has the ability to adopt to and thrive in the hospital environment.

In this project, we investigated the genomic composition and surface proteome of S.
haemolyticus. By performing comparative analysis of commensal and clinical isolates of
S. haemolyticus we identified factors likely to be involved in S. haemolyticus hospital
adaption. The identified factors included mobile genetic elements (MGEs), genes involved
in virulence, immune evasion and antibiotic resistance which will be described in more
detail below. Initial genomic analysis also revealed a new staphylococcal species, for
which we have proposed the name Staphylococcus borealis. The bioinformatical and
proteomic rationale and tools used for species determination are introduced in this thesis.
Our findings will contribute to the understanding of the virulence potential, the surface

proteins and the population structure of S. haemolyticus.

THE HOSPITAL
STAFF PIP THIS TO

Figure 1: The hospital staph. Redrawn and adapted based on image fromis.



1.1  Staphylococcus

Staphylococcus is a genus of Gram-positive cocci with the following taxonomic

classification:
. Domain: Bacteria
. Phylum: Firmicutes

. Class: Bacilli

. Order: Bacilliales
. Family: Staphylococcaceae
. Genus: Staphylococcus

The Staphylococcus genus was first defined by Rosenbach in 188416. Today the genus
includes 54 validated species and 22 validated subspeciesi. Three recent publications
propose three new coagulase-negative staphylococcal species; Staphylococcus caeli,
isolated from air in an industrial rabbit holding, Staphylococcus debuckii, isolated from
bovine milk, and Staphylococcus pseudoxylosus, isolates from bovine mastitis. These three
staphylococcal strains are not yet on the updated list from bacterionet, but included here
in to total number of strainsiz-19. Under the microscope staphylococci appear spherical,
0.5-1.5 um in diameter, and characteristically form irregular grape-like clusters. They are
non-motile. The cell wall contains peptidoglycan and teichoic acid. Staphylococci are
usually un-encapsulated or have limited capsule formation. Most staphylococci are
facultative anaerobe (exceptions; S. aureus subsp. anarobius and Staphylococcus
saccharolyticus). Staphylococci are usually catalase positive (exceptions; S. aureus subsp.
anaerobius and S. saccharolyticus, in addition, some strains of catalase negative of S.
epidermidis and S. aureus have been reported) and oxidase negative (exception; S. sciuri).
Most strains grow in the presence of 10 % NaCl and between 18 and 40 °Cszo. Host or niche
range may be narrow or wide, depending on the particular species or subspecies. Some
species are commonly isolated from environmental sources (fomites, soil, air, water) and
animal products (meat, milk, cheese). Some species are opportunistic pathogens of

humans and animals2o.

1 Based on Staphylococcus species from bacterio.net. The following species and subspecies were
removed as they have been either moved or combined with other species: S. caselyticus (to
Macrococcus caseolyticus) S. jettensis (to S. petrasii subsp. jettensis), S. pulveri (combined with S.
vitulinus), S. hyicus subsp. chromogenes (to S. chromogenes), S. hyicus subsp. hyicus (to S. hyicus)
and all subspecies of S. sciuri combined into S. sciuri (with no subspecies).



The staphylococci are often divided into two main groups; the coagulase negative and the
coagulase positive, depending on the presence of the enzyme coagulase causing the fibrin
of the blood plasma to clot. The coagulase positive staphylococci comprise a small group
of species (S. aureus, S. intermedius, S. pseudointermedius, S. delphini, S. lutrae, S.
schleiferi subsp. coagulans, and coagulase-variable S. hyicus), with S. aureus being the
most clinically important member. The remaining staphylococci are coagulase negative
(CoNS), and the most clinically relevant species are S. haemolyticus, S. epidermidis, S.

lugdunensis and S. saprophyticusz1.

Staphylococci are bacterial species with a low G+C content, ranging from 27 to 41 %, and
the average genome size is between 2 and 3 Mbp. Takeuchi and colleagues identified a
unique region in the staphylococcal chromosome just downstream of the origin of
replication that showed little homology among the S. aureus, S. epidermidis and S.
haemolyticus species, and named this the oriC environszz2s. The oriC environ contains
integrated copies of the staphylococcal cassette chromosome (SCC) in its left part, and
genes encoded on MGEs typically carrying virulence factors, antibiotic resistance genes
(ARG) and specie specific genes, in its right partss2425. Genes encoding protein A (spa),
coagulase (coa), and the capsule operon (capb5/8 A to P), all important virulence
determinants of S. aureus, were all contained in the right part of the S. aureus oriC
environzz. In S. haemolyticus, genes found in the right part of oriC were capsule operon
homologs. The region does not contain genes essential for bacterial viability, since most
of the region can be deleted without affecting growth. The diversifying power of the oriC
environ has likely been a driving force for the generation of staphylococcal species capable
of survival within the human host. In addition, Takeuchi et al. proposed that the SCCs
serve as efficient vehicles for the introduction of exogenous genes into the oriC environ
and that abundant insertion sequences (IS) and other recombinases within the region
serve as the machinery for excision of genes that are no longer beneficial to the

bacteriumzes.

1.1.1 Clinical significance

Staphylococci, and mainly S. aureus, have long been considered important human
pathogens. CoNS species on the other hand were previously regarded as harmless skin
flora inhabitants, but over the last decades CoNS have emerged as important

opportunistic pathogens. The mode of infection differs between the different species; S.



aureus has a wide arsenal of virulence factors, including wide range of different toxins,
capsule and enzymes such as coagulase, staphylokinase, and nucleasezs-2s. Some of the
major human infections caused by S. aureus are pneumonia, acute endocarditis,
enterocolitis, meningitis, bacteraemia, toxic shock syndrome, and abscesses of the muscle,
skin, urogenital tract, central nervous system, and various intraabdominal organsszo,29.
The other staphylococci are believed to largely depend on adhesion and biofilm production
for infectionz0. Among the CoNS, the following have been associated with infections in
humans; S. epidermidis, S. haemolyticus, S. lugdunensis, S. schleiferi, S. saprophyticus,
S. simulans, S. capitis, S. cohnii and S. sciuri. Infections commonly cause by CoNS
include; bacteremia, septicaemia, native and prosthetic valve endocarditis, urinary tract
infections (UTI), prosthetic joint infection, and also wound, bone and joint infections2o,21,30-

32.

During the last decades, an increasing number of susceptible patient groups (premature
neonates, elderly, multimorbid, chronically ill, and often immunocompromised patients),
has led to an increased recognition of the large variety of infections caused by CoNSzi.
CoNS are today the most prevalent pathogens causing foreign body related infectionssi,ss

and are often associated with infections in neonates, especially those born pretermss-ss.

1.1.2 Staphylococcus haemolyticus

This thesis mainly focuses on one important, and perhaps somewhat “neglected” member
of the staphylococci; the ubiquitous S. haemolyticus. Primarily considered a skin
commensal, S. haemolyticus has also gained increased attention as a significant pathogen
of nosocomial infections todayse-43. S. haemolyticus is normally considered the second most
prevalent cause of infections by CoNS, after S. epidermidiszi1,44. Predominantly associated
with bloodstream and device-associated infections, S. haemolyticus particularly affect
individuals with a compromised host defence. Nosocomial isolates of S. haemolyticus are
characterized by their high levels of resistance to several antimicrobial agents, and is
ranked the most antibiotic resistant CoNS speciessr.44-49. The development and spread of
ARGs result in limited treatment options in S. haemolyticus infectionsssso. S.
haemolyticus has been implicated in native valve endocarditis, septicaemia, peritonitis,
and UTI, and is occasionally associated with wound, bone, and joint infectionss21,3840.44.
Several studies show S. haemolyticus to be frequently recovered from both the hospital

and community environmentsssi-s5. S. haemolyticus is reported to be preferentially



located on skin sites where apocrine glands are numerous (e.g. in the axillae and inguinal
and perineal areas)2156. S. haemolyticus has been shown to be a more prevalent part of
the microbiome in neonates and children compared to adults, interpreted to be due to

hospital stays7-s9.

How S. haemolyticus causes infection is still largely unknown, but biofilm production by
S. haemolyticus has been identified as an important virulence factor, protecting the cells
against antibiotics and the immune systems2ze60-62. The first fully sequenced S.
haemolyticus (JCSC1435) revealed as many as 82 insertion sequences, likely causing the
frequent rearrangements observed in this isolate, which probably facilitate uptake of

resistance genes and/or other genes22,47.

HEY PUPE! WANNA BE A SUPERBUG?
STICK SOME OF THIS IN YOUR GENOME..
EVEN LAST-RESORT ANTIBIOTICS
WON T BE ABLE TO KILL YOU...!

It was in the hospital halls that Bert was first approached by a
member of the Antibiotic Resistance.

Figure 2: Multidrug-resistant bacteria. Redrawn and adapted based on cartoon by
Nick D Kimaii.



1.2  Virulence factors and interaction with the host

Despite its rising clinical relevance, little is known about the virulence-associated
properties in S. haemolyticus. Takeuchi et al. analysed the first fully sequenced genome
of a human pathogenic S. haemolyticus strain in 2005 and reported 57 open reading
frames (ORFs) associated with virulenceze. They identified numerous genes encoding
putative surface adhesins, enzymes and toxins. Some virulence properties, such as biofilm
formation and haemolysis, have been explored, but often not linked to specific geneseo,62-
64. In the following sections, factors contributing to the disease burden of S. haemolyticus

are presented.

1.2.1 Antibiotic resistance

Antibiotic resistance is not in itself a virulence factor. However, in certain situations it
can be a key factor in development and progress of infection by preventing successful
bacterial eradication. High rates of antimicrobial resistance in clinical S. haemolyticus
have been consistently reported for decadesas,46,47,6566. The type of antimicrobial resistance
depends on the country or region and the prescription regiments followed in that specific
area. Still, multidrug resistant S. haemolyticus are reported worldwidess 7,67,6s. In studies
of clinical S. haemolyticus isolates, multidrug resistance (MDR — defined as resistance to
at least three classes of antimicrobial agents) is generally identified in over 70 % of the

strainsa47,66,6s.

S. haemolyticus shows particularly high resistance rates towards beta-lactams,
aminoglycosides and macrolidesss474966. Even “last resort” antibiotics such as
vancomycin, teicoplanin and linezolid, are not secure treatment options for clearing an S.
haemolyticus infectiones-73. S. haemolyticus was the first Gram-positive pathogen to
acquire glycopeptide resistance, earlier than any other staphylococcal or enterococcal

Specieses,74-76.

The few studies investigating resistance patterns in commensal CoNS report higher
resistance towards penicillin and erythromycin than towards other antimicrobials77-so.
Our research group analysed the antibiotic resistance patterns of different CoNS isolated
from the skin of healthy volunteersss. Among the 48 S. haemolyticus isolates included in
this study, MDR was identified in only 6.3%, which was slightly lower than what was
observed for S. hominis (10.8%) and S. epidermidis (6.4%). However, as many as 60.4% of



these commensal S. haemolyticus were resistant to erythromycinss, higher than reported
by others77,79.80. A few studies have investigated the antimicrobial resistance pattern of
CoNS from environmental samples. S. haemolyticus isolated from polluted water in Brazil
showed generally low antibiotic resistance, with erythromycin and penicillin resistance
being the highest, 27.8% and 33.3%, respectivelys:. Environmental samples of S.
haemolyticus from a university in Thailand showed high resistance towards erythromycin
(76.5%), oxacillin (70.6%) and cefoxitin (70.6%)4s. In another study looking at bacterial
contamination on inanimate surfaces of hotels in London, 86% of S. haemolyticus were
MDR, being most resistant to fusidic acid (67.7%) and erythromycin (569%). The same
study also reported 29.4 % of S. haemolyticus to be vancomycin resistantss. A trend
amongst environmental and commensal S. haemolyticus isolates is elevated resistance

towards erythromycin compared to other antibiotics.

1.2.2 “Last resort” antibiotics

The glycopeptide antibiotic vancomycin was introduced in clinical use in 1958 for the
treatment of Gram-positive bacteriasz. Shortly after being introduced, vancomycin was
eclipsed by antibiotics that were considered to be less toxic and equally or more effectivess.
The use of this agent then has had a dramatic increase in the last 30 years, in large part
due to the increasing prevalence of methicillin resistance in both CoNS and S. aureusss-
ss. Vancomycin resistance in CoNS was first observed in S. epidermidis 40 years agoss.so.
In 1987 the first report of vancomycin resistance in S. haemolyticus was publisheds:. Since
then several reports on decreased susceptibility to vancomycin have been published7o,92-
94. In vitro selection for vancomycin resistant S. haemolyticus has also been reportedos.ss,
and Biavasco et al. showed that higher minimum inhibitory concentration (MIC) towards
vancomycin were found in S. haemolyticus compared to S. aureus and S. epidermidiser.
Vancomycin resistant S. haemolyticus exhibit typically a thickened cell wall, decreased
cell growth phenotype and decreased autolysis activityss. The mechanism for decreased
susceptibility to vancomycin in staphylococci has been reported to be mainly due to
mutations in transcription regulatory genes, including walkR, vraSR, and rpoB genes,
which are involved in the regulation of cell wall synthesis and cell envelope stress
response. Mutations is these genes alter their activityss-102. Complete vancomycin
resistance conferred by the vanA operon (encoded on transposon Tn 1546, originally a part

of a vancomycin-resistant enterococci conjugative plasmidios), has been shown in S.



aureus. Resistance due to vanA operon in S. aureus is rareios, and to date this operon has

not been reported in CoNS.

Linezolid was presented as a valuable agent for the treatment of serious infections caused
by antibiotic resistant Gram-positive cocci in 2000105. However, emergence of linezolid
resistant staphylococci questions the efficacy of this antibiotic7sio6107. Over the last
decade, several reports have emerged showing linezolid resistant S. haemolyticus in
India, Spain, Brazil and Italy, and the majority of studies show point mutations in 23S
and L3 and L4 ribosomal proteinsios-110. Although linezolid resistant strains of S.
haemolyticus are still rare, they are found significantly more often in S. haemolyticus
compared to S. epidermidisios and there have been reports of S. haemolyticus becoming
resistant to linezolid during treatment7s. Additionally, the developed resistance was high

and relatively stable, being unchanged after thirty passages in drug free mediumus.

1.2.3 Capsule

The capsule is the outmost structures of certain bacteria and protects the bacteria from
immune cell recognition during infection of mammalian hosts. With the exception of the
poly-y-glutamate capsule of Bacillus anthracis, all other known bacterial capsules are
composed of polysaccharidesii2. The polysaccharide capsule (CP) of S. aureus is
extensively described, and its protective properties are well documentediis-117. The S.
aureus capsule has been divided into 11 serotypes. Serotype 5 (CP5) and serotype 8 (CP8)

are the most commoni1s, with CP5 being more associated with virulenceiis.

Several publications before 1988 described the phenotypic presence of capsule in S.
epidermidis, including different capsule types, but the specific capsular genes have not
yet been described for the speciesi19-121. Since then, reports on staphylococcal capsule have
been largely limited to S. aureus, with a few exceptions; capsule genes have been detected

in S. haemolyticus and S. saprophyticusiz2,i2s.

The presence of a potential capsule in S. haemolyticus was first reported by Poutrel et al.
in 1990. From a collection of 19 bovine S. haemolyticus isolates, 13 reacted with
monoclonal antibodies of S. aureus CP5121. Takeuchi et al. analysed the genome structure
of S. haemolyticus JCSC1435, and reported a capsule operon within the oriC environ
consisting of 13 genes, termed capA to capM, where the first seven genes, capA-capG,

showed similarity to S. aureus capA-capG. The remaining capsule genes, capH-capM,



however, showed no homology to other capsule genesz2e. The presence and function of S.
haemolyticus capsule operon was further explored by Flahaut et al. where they confirmed

the presence and also showed its protective features against phagocytosisizs.

1.2.4 Toxins

Many bacteria produce toxins, which play an important role in pathogenicity. Bacterial
toxins are categorized into two groups; 1) endotoxins, such as lipopolysaccharide (LPS),
which is part of the cell wall of Gram-negative bacteria, and ii) exotoxins, which are
secreted by the bacteria and are primarily composed of proteins. This chapter focus on

different types of exotoxins.

1.2.4.1 Staphylococcal enterotoxins

Staphylococcal enterotoxins (SE) constitute a family of more than 20 different biologically
and structurally related staphylococcal and streptococcal exotoxins. These bacterial
toxins are pyrogenic (fever-inducing) and are linked to significant human debilities such
as food poisoning and toxic shock syndromeiss. It has been shown that genes encoding SEs
often are located on MGEs such as plasmids, bacteriophages or pathogenicity
islandsi2e,127, indicating horizontal transfer of SE genes between strains. SEs are well
characterized virulence factors in S. aureusizs, but less is known regarding their role in
CONS. One study, analysing the prevalence of SE genes among Staphylococci isolated
from clinical samples, reported a higher frequency of S. epidermidis isolates producing

detectable amounts of toxins compared to other CoNS speciesizs.

In a Brazilian study, Pinheiro and co-workers studied the presence of SE in a collection
of S. epidermidis and S. haemolyticus blood culture isolatesss. Quite surprisingly, they
reported relatively high frequency of SE genes in S. haemolyticus (sea, seb, sec, seg and
sei, identified in between 24 % and 61 % of the isolates) in contrast to what had been
reported previouslyizs. Of note, Brazilian isolates of S. haemolyticus are different to
isolates from other countries, which will be further remarked upon later in this thesis.
Hence, the presence of SE genes in S. haemolyticus could be limited to this region, and

not reflect the overall toxin profile of this species.
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1.2.4.2 Haemolysins and phenol soluble modulins

Haemolysins (another type of exotoxin) are pore-forming lipids or proteins that can cause
lysis of red blood cells by destroying their cell membrane. Haemolysins are important
molecules involved in the pathogenesis of S. aureusize. Their role in CoNS infections is

still largely unknown, but S. haemolyticus haemolytic capacity has been describedss,iso.

The haemolysins of staphylococci are classified in four different types including alpha (a)-
toxin, beta (B)-toxin, gamma (y)-toxin and delta (6)-toxin. a-toxin, also called a-hemolysin
(hla), 1s an important virulence factor of S. aureus and is involved in cellular lysis. It has
been demonstrated to affect a wide range of human cell types, including epithelial cells,
endothelial cells, T-cells, monocytes and macrophagesisi-1ss. Studies have shown that the
expression of Hla may be required for the pathogenesis of invasive disease in healthy
individualsiss. B-toxin (B-haemolysin, Hlb) is cytotoxic towards human keratinocytes,
polymorphonuclear leukocytes, monocytes and T-cells and inhibits interleukin-8 (IL-8)
expression by endothelial cells. These have been shown to contribute to phagosomal
escape of S. aureus and induction of biofilm formationise1s7. Beta-toxins are produced in
large quantities in chronic human skin infectionsiss, and several studies demonstrate
their importance in S. aureus pathogenicityise,i3s139. y-toxin, also called y-haemolysin
(HlgA, HlgC, HlgB), is a leukotoxin that exhibits cytolytic activity towards human
leukocytesisi,140. The role of HIgACB in virulence is not well understood, but it has been
shown to be required for S. aureus survival and proliferation during blood stream
infection (BSI)141,142. §-toxin (PSM-y), is a member of the phenol soluble modulin (PSM)
familyiss. Pinheiro et al. reported the genotypic and phenotypic presence of haemolysins

in S. haemolyticuses.

The phenol soluble modulins (PSM) family are good candidates contributing to the poorly
understood virulence characteristics of CoNS. PSMs are a family of pro-inflammatory and
cytolytic staphylococcal peptide toxinsi44. Studies in S. epidermidis and S. aureus have
shown that PSMs have multiple functions in staphylococcal physiology and pathogenesis,
including sepsisias-146. In addition, PSMs have been linked to playing a role in the
structure of biofilms and biofilm dispersalis7i4s. The identification of PSM in S.
haemolyticus dates all the way back to 1984, then described as anti-gonococcal peptides
(or inhibitors), due to its toxic effect on gonococcal speciesiss. A few years later the
structure of these peptides was reported and the toxigenic effect was shown to be a result
of the destruction of the gonococcal membraneiso1s1. The structure, role and function of

PSMs in S. haemolyticus were thoroughly investigated recently by Da et alss. In addition
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to identifying the three already known PSMs, they also identified a new PSM not
previously described, which they called PSMa. They found that the haemolytic capacity
was paired with pronounced cytolytic capacity toward human neutrophils, indicating a
role of particularly PSMa in the immune evasion properties of S. haemolyticuses. In a
recent paper describing for the first time the secretome of S. haemolyticus, both PSMa

and PSMB were reported as the most prevalent secreted moleculesiss.

1.2.5 Staphylococcal surface proteins

Colonisation is often the prerequisite for infection. Adhesion is an essential step in
colonization, and also the first step in bacterial biofilm formation. Staphylococci express
several surface proteins that can interact with host cell receptors, abiotic surfaces and
soluble macromolecules. Many of these surface proteins have been well characterized in
S. aureus, including function, interaction partners and pathogenicity potentialiss. Surface
proteins are covalently attached to the peptidoglycan and are referred to as cell wall
anchored (CWA) proteins. These proteins offer vital opportunities for bacteria to interact
with the host and are crucial for survival in the commensal state and during invasive
infections. Surface proteins carry out a broad range of functions that are essential for the
colonisation of, and survival in, the hostis3. The number of CWA proteins on the surface
of staphylococcal species varies among species and strains, but S. aureus can express up
to 25 different CWA proteinsis4, while CONS such as S. epidermidis and S. lugdunensis
express a smaller number, 11 and 13 CWA, respectivelyiss,156. All ORFs of CWA proteins
contain a secretory Sec-dependent signal sequence at the amino terminus and a sorting
signal — which comprises an LPXTG sortase cleavage motif, a hydrophobic domain and

a stretch of positively charged residues — at the C terminusiss.

Foster et al. proposed classifying the CWA proteins into four groups based on the presence
of motifs that have been defined by structure—function analysis. The most prevalent group
is the microbial surface component recognizing adhesive matrix molecule (MSCRAMM)
family, which includes serine-aspartate (sdr) genes, clumping factor, collagen binding and
fibronectin binding genes, responsible for adhesion to different types of cells and tissue
(Table 1). The second group is the near iron transporter (NEAT) motif family of proteins,
which are involved in haem capture from haemolglobin and help bacteria survive in the
iron-restricted host milieu. The NEAT family includes Isd proteins, which have not been

identified in S. epidermidis or S. haemolyticus. The third group is the Three-helical bundle
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family consisting of protein A, only identified in S. aureus. Finally, the last group is the
Gb5-E repeat family which consists of SasG and Pls (a SasG homologue in MRSA) in S.
aureus which is closely related to the accumulation protein (Aap) in S. epidermidis. The
expression of CWA proteins can be altered by growth conditions; some proteins are
expressed only under iron-limited conditions, while others are found predominantly in

cells during exponential or stationary growth phaseisr-1s9.

A collection of the most important surface proteins and their function for S. aureus and
S. epidermidis is listed in tables 1 and 2. Takeuchi et al. presented a list of potential
virulence ORF's in S. haemolyticus which included 13 proposed surface proteins (three of
which were truncated)ze. Neither their prevalence nor their role has to date been further

investigated.
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TABLE 1: S. aureus cell wall anchored proteins. Uncharacterized proteins with no known
function are not included. Table adapted from and references can be found in 15s.

Staphylococcus aureus cell wall anchored proteins

Protein class

Protein group

Function

MSCRAMMS CIfA Adhesion to fibrinogen, immune evasion

CIlfB Adhesion epithelial cells, nasal colonization

SdrC, SdrD Nasal colonization?

SdrE Immune evasion

FnBPA, Adhesion to extracellular matrix (ECM), invasion

FnBPB

Cna Adhesion to collagen, prevents compliment activation
NEAT motif IsdA, IsdB, Iron acquisition, adhesion epithelial cells, resistant to
family IsdH lactoferrin, bactericidal lipids and antimicrobial peptides,

survival in neutrophils, invasion of non-phagocytic cells

Three-helical Protein A Inhibition of opsonophagocytosis, inflammation,
bundle endovascular infection, endocarditis
G5-E repeat SasG/pls, Adhesion to epithelial cells, biofilm formation
family glycoprotein
Structurally AdsA/SasH Promotion of survival in neutrophils
uncharacterized

SasX Biofilm formation, cell aggregation, and adhesion

SasC Attachment and biofilm formation

SraP/SasA Endocarditis, endovascular infection

Bap Biofilm, aggregation on epithelial cells (only in bovine)
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TABLE 2: S. epidermidis cell wall anchored proteins. Only proteins with proposed
functions are included. Table and protein classes adapted fromise,ieo.

Staphylococcus epidermidis cell wall anchored proteins

Protein class Protein | Function Reference
MMSCRAMs sdrF Adhesion to collagen 161
Adhesion to keratinocytes 162
Adhesion to plastic and medical devices 163
sdrG Adhesion to fibrinogen 164
Sesd Involved in biofilm formation 166
G5-E repeat SesF Cellular aggregation 167
(Aap) e :
Involved in biofilm formation 168
Unclassified SesD Proposed to have similar function as the S. aureus 169
proteins (Bhp) homolog Bap
Repeat-containing | SesE Proposed to be involved in cell aggregation and 170
proteins biofilm formation
Non-repeat- SesC Involved in biofilm formation 171
containing
) Sesl Allows bacterial adherence and colonization 172
proteins

1.2.5.1 Accessory sec and sraP

One predicted surface protein, streptococcal hemagglutin-like protein (SH0326), has by

Takeuchi been listed as one of 57 predicted virulence factors - with loss of this protein

leading to loss of agglutinationze. SH0326 is a homolog of the serine-rich adhesion for

platelets for protein, SraP (alternatively termed SasA), and was first described in S.

aureus in 2005173. SraP is part of the uncharacterised group of CWA in S. aureus. This

protein belongs to a highly conserved family of serine-rich surface glycoproteins of Gram-

positive bacteria, including the first serine-rich protein identified, Fab1l in Streptococcus

parasanguinisira and the currently best characterized GspB in Streptococcus gordoniiis.

These are large glycosylated proteins that are not efficiently transported by the canonical

(the traditional system responsible for translocation of most secreted proteins) secretion
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systemi7s. Instead, a dedicated transport system, called the accessory secretion system
(accessory sec) is required to efficiently translocate these proteins to the bacterial surface.
The accessory sec system was first identified in mycobacteria less than 20 years agoir
and has been most extensively studied in Streptococcusizs-1si. In figure 3 the different
accessory sec systems are described. The expression of the serine rich glycoproteins has
been linked to adhesion to different types of cells, including human plateletsi7s,iso,
epithelial cellsis2, salivary componentsiss, pneumocytesississ, in addition to being

implemented in biofilm formationiss,is7.

In a study published in 2009, all the sequenced S. aureus genomes at the time contained
SraP-like serine-rich repeats, highlighting their importanceirs. To date no papers
dedicated to describing the SraP homolog in S. haemolyticus or any other staphylococei
than S. aureus have been published, but a review from 2009 describes and compares
different Gram positive SraP homologs and their accessory sec systems, including that of

S. haemolyticus, but only based on genomic informationizs.

Core region
1kb A
e N\
gly nss galT1 galT2 fap1 secY2 gapl gap2gap3secA2 gtfl gtf2
S. parasanguinis FW213
psrP gly gly nss gly gly gly gly secY2 aspl asp2asp3 secA2 gtfA gtfB

S. pneumonia TIGR4

gspB/hsa gly nss secY2 aspl asp2 asp3 secA2 gtfA gtfB

S. gordonii M99/DL1
SA2447 secY2 aspl asp2 asp3 secA2 gtfA gtfB
S. aureus N315

SE2249 secY2 aspl asp2 asp3 secA2 gtfA gtfB

S. epidermidis ATCC 12228

SHO0326 secY2 aspl asp2 asp3 secA2 gtfA gtfB
[ >-I I X )| >-

S. haemolyticus JCSC1435

Figure 3: Accessory secretion system. Conservation of serine-rich glycoproteins and
proteins contributing to their biosynthesis and secretion in streptococci and
staphylococci, adapted fromizs.
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1.2.6 Biofilm

Biofilm has been defined as “aggregates of microorganisms in which cells that are
frequently embedded within a self-produced matrix of extracellular polymeric substances
(EPS) adhere to each other and/or to a surface”iss. The biofilm matrix consists of
extracellular polysaccharide, proteins, DNA and lipids, and biofilms from different
bacterial species have different compositions. Biofilms are not uniform cultures of
physiological identical cells, and different mechanisms can protect subpopulations of cells
in the biofilmiss. Within the biofilm, cells with different genotypes and phenotypes coexist.
This heterogeneity is a result of distinct metabolic pathways being expressed based on
the local environmental conditions within the biofilm. The metabolic activity of bacteria
is higher in the outer parts of the biofilm and lower in the inner partsiss. The physiological
conditions in biofilms can be stressful due to the scarcity of nutrients, excess waste
products, hypoxia and antimicrobials, and hence antimicrobial resistance development in
biofilm may partly reflect cells responding to stress which promotes mutationsis. In
addition, the high density of bacterial cells in biofilm increases the spread of plasmids by

conjugationion.

Infections caused by biofilm-forming bacteria can be difficult to eradicate with antibiotics,
and a 10 to 1000 fold increase in antimicrobial tolerance compared to planktonic cells
have been reportedis2. Antibiotic tolerance mechanisms in biofilms includes failure of
antibiotics to penetrate biofilms and slower growth rate of bacteria embedded in the
biofilm19s194. The ability to produce an adherent multi-layered biofilm on implanted
devices is considered an important virulence factor of staphylococci, and biofilm
production has been well studied in S. aureus and S. epidermidisiss. The best studied and
well characterized type of staphylococcal biofilms is the polysaccharide intercellular
adhesin (PIA), encoded for by the ica genes operoniss. Other S. epidermidis genes
associated with  biofilm  formation includes aap/sesF, embp/ebh, and
bhp/bap/sesDies 169,195-197. S. epidermidis AtlE (Atl in S. aureus) is important in cell wall
turnover and binding to both unmodified and vitronectin covered surfacesissi9s and has
been shown to have a significant role in eDNA mediated biofilmi99,200. Several CWA

proteins have also been implicated in biofilm formation, as show in table 1 and 2.

Many studies have looked at S. haemolyticus biofilm production, and most have
demonstrated that S. haemolyticus has the ability to produces biofilmss.co,201. However, in
contrast to S. aureus and S. epidermidis, the genetic mechanisms and triggers for biofilm

formation has not yet been clearly identified. Fredheim et al. showed that S. haemolyticus
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produces a biofilm primarily made of DNA and proteins, and not polysaccharides as seen

in S. epidermidiseo. A simplified representation of bacterial biofilm is shown in figure 4.

Antibiotic

Metabolic
activity

Figure 4: Life in biofilm. Bacteria in biofilm have extra protection against antibiotics.
The antibiotic may fail to penetrate beyond the surface layer of the biofilm and there
might be zones of nutrient depletion or waste product accumulation preventing the
antibiotics mode of action. The biofilm is also ideal for horizontal gene transfers, as the
bacteria are in close proximity to one another. In addition, some bacteria might enter a
different metabolic state, like the small colony variants (SCV - indicated in deep orange
colour)e.

1.3 Pangenome

Comparative studies in microbiology seek to describe and explain population structures.
Can strains be separated by ecology, geographical boundaries, pathogenicity, type of

resistance or by other traits?

The first definition of the pangenome was proposed by Tettelin et al. in 2005, shortly after
the beginning of the high-throughput sequencing erazos. A pangenome can be defined as

being the entire gene content belonging to a study group. It includes genes present in all
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strains (core genome) and genes present only in some strains of a species (accessory
genome)204:205. The applications of pangenome analysis are vast, including the study of
pathogenicity MGE, ARGs, bacterial lifestyle and taxonomyz06-209. Pangenome studies
have been suggested as a tool for classification of novel species as well as redefining known
species, by looking at the ratio between core and pangenome. A break in this ratio means
there is no transition from one species to another, leading to the definition of different
speciesz209.210. A pangenome can be defined as open or closedz204, according to the species’
capacity to acquire exogenous DNA and to have the machinery to use itz11,212. The open or
closed nature of a pangenome is often bound to the lifestyle of the bacterial species2i1-21s.
Bacterial species living in a narrow niche usually have small genomes and a closed
pangenome, because they are specialised2i2,213. Bacterial species living in a community

tend to have larger genomes and an open pangenome and a high HGT ratezia.

As an extension of pangenomics, bacterial pangenome-wide association studies
(panGWAS) pairing phenotypes with SNPs, presence and absence of genes and other

regions like regulatory sequences have begun to emerge215-217.

1.3.1 The core genome

There is a high degree of conservation of genes among staphylococci, as shown by genome
comparisons of S. haemolyticus, S. aureus and S. epidermidisz2. Comparing the orfs of
these three species revealed that 1158 orfs were present in all three species22. A recent,
more comprehensive comparative study, focused on the genomes of 182 S. aureus and 143
S. epidermidis, and showed a conservation of 1478 genes, found in all these isolates. The
genes shared between the species comprised 52 % of total genome for S. aureus and 56 %

for S. epidermidissis.

The core genome is defined as the pool of genes common to all the studied genomes of a
given speciesz14. In general, the core genome includes all genes responsible for the basic
aspects of the biology of a species and its major phenotypic traitszi1. The core genome of
S. epidermidis has been reported to be approximately 80 % 207,218, while the core genome

of S. aureus has been shown to be smaller (55-70 %)218.219.
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1.3.2 The accessory genome

The accessory genome (also called the variable/flexible/dispensable genome) contains the
'dispensable' genes present in a subset of the strains. The accessory genome encodes non-
essential genes, typically providing selective advantages to their host in a particular
environmental niche, for example genes encoding virulence factors and/or resistance
determinants. Many of these are probably acquired by HGT. HGT enables bacteria to
disseminate genes among related and unrelated bacterial species, which is important for
the adaption to new niches or challenges such as antimicrobial pressure and virulence
genesz220. HGT is dependent upon interactions between MGE, such as insertion sequences
(IS) and transposons — mediating intracellular movement of DNA- and plasmids,
bacteriophage and integrative and conjugative elements that promote intercellular DNA

mobility.

Comparative analysis of WGS of different staphylococcal species has shown that the
accessory genes constitute approximately 22-45% of the total genome for S.
aureus218,219,221, 20-22% for S. epidermidis2or,218 and 19% for S. lugdunensis222. Acquisition,
maintenance and dissemination of accessory genes have been central in the ongoing
success of staphylococei as pathogens, and S. aureus is reported to carry most of their

virulence genes on MGE25,223,224.

DNA can be introduced into staphylococci by each of the three classical bacterial gene
transfer mechanisms; transformation, transduction and conjugation. Transformation is
thought to be limited by extracellular nucleases and is usually very inefficientzz0, although
more recent research suggests that natural competence might arise under suitable growth
conditions and/or in subpopulations of cells 225. Besides the three main mechanisms of

HGT, genetic material can also be transmitted through membrane vesicles (MV)226-229.

Identical or nearly identical (homologues) accessory genes, elements, and plasmids have
been detected in different staphylococcal species and other bacterial genera, like
enterococci and streptococcizso2si. These observations suggest that gene transfer
mechanisms operating in staphylococci aid not only gene transfer among staphylococci,
but also interspecies exchange and hence gives bacteria access to an extended and shared
reservoir of genes. S. aureus is reported to carry most of their virulence genes on

MGE2s5,223,224.
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1.3.2.1 Plasmids

Plasmids are double-stranded circular or linear DNA molecules capable of autonomous
replication and can be transferred between different bacterial species and clones. Many
of the known plasmids have been identified as they confer phenotypes that are subject to
positive selection in the recipient bacteria, such as the presence of virulence or ARGs232,233.
These features promote the successful spread of different plasmid types among bacteria

from different sources and geographical originsszss.

Transfer of plasmid DNA in staphylococci occurs mainly through the process of
conjugation; a process where a donor cell makes contact with a recipient cell and directly
transfer DNA into the recipient cell. For plasmid translocation, a conjugation apparatus
is required and conjugative plasmids carry all the genes needed for plasmids
translocation. In staphylococci three distinct families of conjugative plasmids have been
reported, namely the pSK41, pWBG749 and the pWBG4 family2ss. Another type of
plasmids, mobilizable plasmids, carry the DNA-transfer genes required for mobilization,
but lack genes required for translocationzss. Mobilizable plasmids can take advantage of
conjugative plasmids for horizontal transfer and dissemination, but are non-mobile in
cells that lack mobile elements carrying compatible mating-pore geneszss. A genome
survey of staphylococcal plasmids isolated since the 1940s has shown that most
staphylococcal species carry at least one plasmid over >20 kb, for which the most common
families were pMW2, pIB485 and pUSA300HOUMR, representing 43% of all plasmids in
the 20-30 kb size range. These plasmids all lack conjugation or mobilization genes23s. In
fact, only around 5-6% of S. aureus plasmids are conjugative, but it appears that the
majority of non-conjugative plasmids, including most large MDR-plasmids, are
potentially mobilizablesss, taking advantage of conjugative plasmids for horizontal
transfer and dissemination. Recent research has demonstrated a novel method of
mobilizing non-conjugative staphylococcal plasmids without mobilization genes. Instead
these plasmids carry one or several sequences (oriT mimics) similar to recognition
sequences for mobilization (ori7) in conjugative plasmidszss. These mimic sequences can
be recognised by the conjugative plasmids’ conjugation machinery and further be
translocated. While the prevalence of conjugative plasmids in isolates of S. aureus is low,
the presence of mob and oriT sequences by most non-conjugative plasmids demonstrate
that conjugative mobilization is an event frequent enough for most S. aureus plasmids to

have evolved to take advantage of. Carriage of an oriT mimic likely has even a smaller
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impact on plasmid size than mob-gene carriage and the accumulation of multiple oriT

mimics likely increases the opportunity for transferssa.

Takeuchi et al. described three extrachromosomal plasmids (assigned pSHaeA, pSHaeB
and pSHaeC) in S. haemolyticus JCSC143522. pSHaeA (2,300 bp) and pSHaeB (2,366 bp)
only encoded the replication apparatus and resistance genes fosB and ermC, respectively.
pSHaeC (8,180 bp) carried two detoxification related genes. These findings showed that
accumulation of MDR-plasmids contributes to MDR in S. haemolyticus JCSC1435. To

date, no studies have identified conjugative plasmids in S. haemolyticus.
1.3.2.2 Transposable elements

Transposable elements are DNA sequences that can change their position within a
genome, occasionally creating or reversing mutations and changing the cell's genetic
identity and genome size. I will here focus on insertion sequences (IS) (also known as IS

elements) and transposons.

IS elements are the simplest transposable element. The main characteristics of IS
elements are that they are small in comparison to other transposable elements and only
code for proteins involved in the transposition activity. The ends of the IS elements are
usually inverted repeat sequences. Two IS elements inserting relatively near each other
allow the entire region to be transposable and thus further promoting the potential for
genetic exchange in a bacterial population. IS elements are different from composite
transposons, which also carry accessory genes such as ARGs220.236. In S. haemolyticus
JCSC1435, as many as 82 IS elements were detected, of which 60 were intact. Three IS
groups within S. haemolyticus, namely ISShal, IS1272 and IS256, comprised 85 % of the
IS elements foundz2. This number is larger than what was seen in S. epidermidis and S.
aureuszz, although certain strains of S. aureus of sequence type 247 (ST247), a MDR sub-
lineage of clonal complex 8 (CC8), has revealed a high number of IS256237. [S256 was first
described as a part of the transposon Tn4001, which harbours the ARG aacA-aphD23s
mediating aminoglycoside-resistance in staphylococcizss2ss. IS256 transposes by a “copy
and paste” mechanism, leading to an accumulation of copies in the genome, as every
transposition increases the copy numberz240. The integration of an IS element into a gene
or its promoter may result in inactivation or overexpression of the affected genezs7. In S.
aureus it has been shown to be involved in antibiotic resistance modulation, increased
virulence (by insertion into the promoter of rot, a global virulence gene receptor), and

formation of small colony variants (SCV)z237,241-244.
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Bouchamai et al. recently studied the impact of IS1272 on the population structure of S.
haemolyticus, and observed that IS movement and/or chromosomal alterations during
stability assays promoted phenotypic changes. The changes observed, namely in mannitol
fermentation, haemolysis and biofilm formation, could be clinically significant. In

addition, most of these changes were reversibleso.

Transposons are larger, more complex elements, which encode multiple genes. These
elements can change its position within a genome, which can sometimes create or reverse
mutations and alter the genetic identity and genome size of the cell. Transposons can be
divided into two classes based on their structure; simple transposon and composite
transposon, where two copies of identical IS elements flank certain genes, often ARGs.
Transposition can occur from genomic DNA to plasmid and vice versa, in addition to

plasmid to plasmidzas.

1.3.2.3 Bacteriophages

Transduction involves the transfer of genetic material between bacteria through infection
with a bacteriophage. Bacteriophages (phages) are viruses that infect and replicate within
bacteria. During the process of bacteriophage replication bacterial DNA might
erroneously be packaged into the virus head, called the “transduction particle”, which can
attach to and transfer DNA into a recipient cell. In order to be stably inherited and
expressed the DNA must be incorporated into the genome by homologues recombination.
Plasmid DNA may also be transduced and expressed in a recipient without
recombination. A bacteriophage integrated into the genome is referred to as a prophage2ss.
Most bacteria contain prophages, integrated either into their chromosome or as extra-
chromosomal elements, contributing to substantial genetic variability. These MGEs can
be responsible for gene disruption and provide docking regions for genomic
rearrangementsz46. In addition to shaping the bacterial genome architecture, phages also
constitute major tools for HGTa46247, contributing to virulence by encoding several
virulence or fitness factors, and by their movements within genomesz24s-250. Hence, it is

clear that phages play essential roles in bacterial evolution and adaptationzas.

Bacteriophages in S. aureus have been shown to carry known toxins such as enterotoxin
A (sea, food poisoning superantigen and allergy inducer), Panton-Valentine leukocidin
(PV-luk, implicated in necrotic pneumonia and severe skin infection), complement

inhibitory protein (SCIN), chemotaxis inhibitory protein (CHIP) and staphylokinase
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(sak)2s1-254. Phage-encoded virulence factors responsible for S. aureus pathogenesis appear
to be absent in CoNSz49. Takeuchi et al. reported the identification of two prophages in S.
haemolyticus JCSC143522.

1.3.2.4 Staphylococcal cassette chromosome

The staphylococcal cassette chromosome (SCC) is a family of MGE first described in
staphylococcizss. SCC operates as instruments transporting genes such as ARGs and also
larger elements like transposon and plasmids. The emergence of methicillin resistant S.
aureus (MRSA) originated from the acquisition of SCC carrying mecA. To date 11 different
SCC types have been describedsss. In a recent review on SCC in CoNS, Saber et al. showed
that S. haemolyticus carry SCC type I to Va2s7. However, Silva et al. have also reported the
presence of SCC type VII and VIII in clinical S. haemolyticus isolateszss. In their study,
SCC type I was the most prevalent. This stands in contrast to the majority of studies on
SCC in S. haemolyticus, which have reported SCC type V to be the most prevalent in the
typeable isolatessss06267. Several studies show that S. haemolyticus are often non-
typeables7,2s9 and Bouchami et al. reported a high number of non-typeable SCCmec types
(65.4 %) in their S. haemolyticus collection. They speculated that the high number of non-
typeable SCCmec found in S. haemolyticus results from SCCmec rearrangements
promoted by recombination and IS-induced genetic rearrangementsso. In a study from
2001, Wielders et al. demonstrated the transfer of SCCmec from S. epidermidis to S.
aureus in vivo during infectionzeo. In 2018, a web-based tool for identification of SCCmec,
based on whole genome sequences, was launched. However, due to the SCC diversity in
S. haemolyticus, and that fact that the majority of strains are non-typeable, it offers

limited insights into S. haemolyticus SCCae1.

1.3.2.5 Pathogenicity islands

A special class of MGEs is called pathogenicity islands (PIs), first described in the human
pathogens of Escherichia coli. Pls has since been found in the genomes of various
pathogens of humans, animals, and plants2e2. PIs contain groups of co-ordinately
controlled virulence genes, often with IS elements at their endsz24s. S. aureus Pls (SaPlIs)
are a family of 14-27 kb genetic elements that usually stably reside in the S. aureus

genome, similar to prophages, and contain phage-like repressor, integrase and terminase
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genes, but do not contain genes encoding for phage structural proteins. Translocation of
SaPlIs is dependent on a helper phage for both excision and replicationzss. They usually
carry two or more superantigens and are responsible for most superantigen-related

human diseases, especially staphylococcal toxic shock syndromei27,264.

Pathogenicity islands have been considered to be limited to S. aureus, but evidence of
their presence has been reported in CoNS as well. Madhusoodanan et al. reported the
finding of an S. epidermidis PI (SePI), with toxin geneszs. The structure of this PI
suggests that it might have originated from S. aureus. At present, the variety and the
extent of such genetic transfers remain unclearses. Takeuchi et al. reported the presence
of three predicted genomic islands in S. haemolyticus, however most of the genes were

hypothetical, and the impact of these PIs in S. haemolyticus remain unknowns.

1.4 Molecular epidemiology and population identification

Bacteria evolve extremely fast, and more rapidly than eukaryotic species. In addition to
vertical gene transfer (parental cell to offspring), they can also share genetic material by
HGT. Due to this ability, bacteria can rapidly make changes to their genome, which
subsequently often leads to altered phenotype including altered antibiotic susceptibility.
As a result, species identification of the infecting bacteria is not sufficient, we also need

to know about the genetic background to ensure effective antibiotic treatment.

Within bacterial species we often have bacterial lineages, where bacterial species of a
specific lineage have developed certain characteristics that might not be present in the
same species from a different lineagesz67,26s. Close examination and comparative analysis
of different linages allows an understanding of bacterial evolution, caused by a
combination of mutation, recombination and the acquisition of foreign DNA by horizontal

gene exchange.

Bacterial typing - identifying bacteria at the species or clonal level - is of importance for
diagnosis, treatment and epidemiological surveillance of bacterial infections. This is
especially useful for identifying bacteria exhibiting high levels of antibiotic resistance or
virulence, and those involved in nosocomial or pandemic infections2es. In the following
section, some typing methods used to identify intra-species variation in different

staphylococcal species are presented.
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Pulse-Field Gel El : is (PFGE)

PFGE has been a widely used method in molecular typing of bacteria for the past few
decadesz7o-272. The total genome is fragmented by enzymatic restriction cutting and
separated on an agarose gel by applying alternating electrical fields, ideally fragmenting
the chromosome into 20-30 fragments. Acquisition or loss of genes is reflected in
variations in the band patterns, and can be directly compared to other isolate sample runs
on the same gel. From there, comparison between bands (number of matches and relative
size of presence/absence of mismatches) are made to determine the relatedness by defined
criteriazzs. This method has a high sensitivity towards rapid genomic variation and is
therefore highly valuable in outbreak situations. On the other hand, PFGE is time
consuming and there is poor portability of results between laboratories, in addition to

difficulty assessing levels of differences between strains.

Multi] ing (MLST)

MLST, a procedure for determining population structure of bacteria using internal
fragments of normally seven housekeeping genes, was proposed by Maiden et al. in 1998
as a method for overcoming data exchange problems between different laboratorieszra.
MLST is a sequenced based method that has been widely used for a number of different
bacterial species to study bacterial evolution and pathogenicityz7s. MLST creates an allelic
profile based on combination of single nucleotide polymorphisms found in a section of
usually seven housekeeping genes present in all isolates. The analysed isolates are
assigned a sequence type (ST) after comparing their sequences with known alleles. By
selecting slowly evolving housekeeping genes, the evolutionary relationship can be
studied, as well as the establishment and spread of specific bacterial clones. The e BURST
algorithm groups isolates sharing similar allele SNPs into clonal complexes2s. Isolates
that have six out of seven identical loci are grouped together. A clonal complex is defined
by the ST believed to be the founder, from which the other STs have evolved. For each
gene (allele) the combination of different SNPs is assigned a number, and if the SNP
combination is different to those already present in the database it will be assigned a new
number. The allele combination combined creates a ST. As increasing numbers of clinical
isolates are sequenced, and additional genes can now be included to these schemes,
offering higher resolution. MLIST is a typing method widely used in S. aureus and S.

epidermidis2i727s, and schemes are also developed for S. haemolyticus, S. hominis and S.
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pseudointermediusz2m9-281. Currently the MLST databases of S. aureus, S.
pseudointermedius and S. epidermidis consists of 5533, 1523 and 897 different STs,
respectively. Both S. haemolyticus and S. hominis have more modest MLST databases,

with only 69 and 57 ST at the time of writing (checked 02.01.2020)2s2).

Extended MLST

The traditional MLST became both successful and globally used for typing of many
bacterial species2s2, but the method unfortunately lacks the discriminatory capability to
differentiate tightly linked isolates279,283. Now, WGS (see section 1.6.1 for more details)
has become a powerful and attractive tool for rapid typing of bacteria and has gradually
replaced the traditional MLST as a new “gold standard” in molecular epidemiology for
surveillance of infectious disease, on a local as well as on a global levelzss. Extended MLST
analyses the alleles of several hundreds or even thousands of genes (coreMLST or whole-
genomeMLST), and thereby offers a much stronger discriminatory power, that the
traditional MLST method is lacking. Today there are several online resources used for
bacterial typing (Enterobase, PubMLST, BacWGSTdb)2s2,285286. The advantages of some
of these databases are that, in addition to the genotypic data, epidemiological data (such
as host, source, associated disease, collection time and geographical origin) accompany
the specific strain. Some databases also check for additional factors such as antibiotic
resistance and virulence genes (BacWGSTdb)zss.2s7. Both source tracing and surveillance
is made possible based on this information. Currently several of these tools are limited to

certain pathogenic bacteria.

1.5 Species and subspecies identification

The emergence of new technologies in genomics and proteomics has been shifting
traditional phenotypic techniques for bacterial classification, identification, and
characterization towards methods based on the elucidation of specific gene sequences or
molecular components of a cellzssz2ss. Characterization of bacteria has many practical
applications in addition to the fundamental questions of bacterial systematics, taxonomy,
and evolution. Rapid identification and discrimination of pathogenic bacteria has a major
impact on public health, in relation to correct diagnosis and timely disease treatment.

Bacterial characterization can also aid in interpreting the mechanisms of bacterial
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pathogenesis, and allows for the discovery of important molecular targets essential for
the development of vaccines, diagnostic kits, and therapeutics for infectious diseases.
These types of applications make the continued development of techniques for bacterial
identification important both in basic science research and for the maintenance of human

healthess.

Species and subspecies identification (I lution

16S rRNA: 16S ribosomal RNA is a component of the 30S subunit of the prokaryotic
ribosome. It is universally present in all bacteria and useful for reconstruction of
phylogenies due to the slow rate of evolution of this gene. 16S rRNA is very often used for
conferring relatedness of different bacteria and for species determination. The percentage
similarity of 16S rRNA between species to define them as the same species was previously
set to 97%, but is now increased to 98.7%. For staphylococci, however, the 16S rRNA gene
is very similar across species, and two different species can have identical 16S rRNA
sequencez9,.291. As an example, S. caprae and S. capitis cannot be distinguished from one
another based on 16S rRNA analysis2e2. The inaccuracy related to the use of 16S rRNA

for species determination is reported for several bacterial species29s,294.

Speci 1 subspecies identification (Medi lution)

MALDI-TOF: In contrast to the other genotypic identification methods mentioned here,
matrix-assisted laser desorption ionization—time of flight (MALDI-TOF) mass
spectrometry (MS) is a phenotypic molecular typing technique that identifies bacterial
isolates based on unique protein profileszes. For detection and identification, a protein
spectrum is obtained and compared to a reference database of bacterial protein spectra.
According to the manufacturer’s criteria a score of >2.000 represent species level, a score
of 1.700-1.999 a genus level, and < 1.700 no identificationze. MALDI-TOF MS is currently
established for routine identification of bacterial pathogens in microbiological
laboratoriesz97,208, and for the distinction of bacterial strains during nosocomial outbreaks

1n intensive care units299.
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Speci | subspecies identification (Hig} lution)

DNA-DNA hybridization (DDH) experiments have been considered as the “gold standard”
since the 1960s in determining relatedness between bacterial species, as this has been
one of the few universally applicable techniques available that could offer truly genome-
wide comparisons between organisms. A value of 70% DDH has been the recommended
standard for delineating speciessoosoi. Because the DDH value reflects relatedness or
similarity between two genomes, there has been a series of efforts to develop a
bioinformatic method to replace DDH for differentiating species. Devising values
analogous to the DDH values, on the basis of similarity or distance, has been termed the
overall genome related index (OGRI)so2. OGRI represents any measurements indicating

how similar two genome sequences are.

Among the different OGRIs, average nucleotide identity (ANI) is most widely used. ANI
is a category of computational analysis that can be used to define bacterial species
boundaries. Calculating ANI usually involves the fragmentation of genome sequences
followed by nucleotide sequence search, alignment, and identity calculation. The final
ANI value is the mean of identity values of all fragments of the query genomesoo. ANI
has been widely used to compare bacterial genome sequences when classifying and
identifying bacteria. There are currently several software tools and online calculators
available for calculating the ANI, and improved versions are developed for taxonomic

purposessos-306.

An alternative to ANI is digital DDH (Genome-to-Genome Distance Calculator; GGDC),
which is also widely used for taxonomic purposes. The GGDC is a state-of-the-art in silico
method for genome-to-genome comparison, reliably mimicking conventional DDHso7. It
has been recommended that authors proposing new species should provide OGRI values
between the type strain of proposed species and type strains of related species that show
above 98.7% 16S rRNA sequence similarity2sesos. The workflow describing species

identification using OGRI is shown in figure 5.

Because OGRI does not have a taxonomic resolution above the species level, a multigene-
based phylogenomic treeing approach could be used for defining genera or higher taxa.
Application of genome data to phylogenetic analysis, called phylogenomic treeing, can be
achieved by inferring phylogenetic trees on the basis of multiple genes, instead of a single
gene such as 16S rRNA. It uses the same approach as MLST analysis, but can be

differentiated by the use of substantially higher number of orthologous genes, rationally
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selected using large scale comparative genomicssos,s10. Functionally important genes, for
example genes encoding ribosomal proteins or housekeeping genes, are usually selected
for phylogenomic treeing. Currently, there are several software tools that can be used for
phylogenomic treeing, using sets of 31 to 400 house-keeping core genes, are

availablesss,289,311-314.

Search

<98.7 %

'298.7 %

New species

< 95-96 % ANI or 70 % dDDH

"= 95-96 % ANI or 70 % dDDH

Identified as
a known species

Figure 5: Workflow of genome-based classification of species, figure adapted fromasss.

1.6 Bioinformatics and computational biology

Bioinformatics is the application of techniques derived from disciplines such as applied
mathematics, computer science, and statistics to analyse, store, retrieve and interpret
biological data. Computational tools are routinely used for many types of analysis such as
characterization of genes, determining structural and physiochemical properties of
proteins and phylogenetic analysis, to name a few. The following section will focus on the
general steps in obtaining a readable genome, from isolating the bacterial DNA to
“building” the genome and predicting the function of the proteins. I will also describe the
sequential steps to learning more about the bacterium being analysed with the help of
different databases and programs, with special emphasis on the methods chosen in this

thesis.
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1.6.1 Whole Genome Sequencing

Over the last two decades, exceptional progress has been made in DNA sequencing
technologies, which has led to substantially decreased cost per megabase and a drastic
increase in the number and the diversity of sequenced genomessis. Whole genome
sequencing (WGS) i1s the process of determining the complete DNA sequence of an
organism. WGS of bacteria has, until recently, mainly been used as a research tool, but is
currently being introduced to clinical medicine aiding in diagnostics, and particularly
useful in surveillance of bacterial outbreakszss—2s7,316-318. Using WGS has also significantly
increased the understanding of several conditions and diseasessivo-s2i. In the future
of personalized medicine WGS data may be an important tool to guide therapeutic
interventionssz s2s. There are two main types of WGS technologies on the market; short-
read and long-read sequencers. I will next (section 1.6.1.1-2) give a short introduction to

the current technologies, with focus on their strengths and limitations.

1.6.1.1 Short read WGS

Short-read sequencing are further divided into two broad categories: sequencing by
ligation and sequencing by synthesis. The sequencing by ligation uses the enzyme DNA
ligase to identify the nucleotide present at a given position in a DNA sequence. These
technologies, including SOLiD and Complete Genomics (BGIseq), offer very short reads
(75bp and 28-100bp, respectively) which limits their use for genome assembly

applications, and will not be described further.

Sequencing by synthesis uses a DNA polymerase to incorporate nucleotides in order to
determine the DNA sequence. This approach can be further classified as 1) cyclic
reversible termination or i1) single-nucleotide addition. Illumina® sequencing technology,
using the cyclic reversible termination approach, dominates the short-read sequencing
market in part due to its experience as a technology, high level of cross-platform
compatibilities and its wide range of platforms. Briefly explained, after library
preparation (generating the collection of DNA fragments), attachment and amplification
(forming clusters) on the flow cell, Illumina utilizes modified deoxyribose nucleoside
triphosphates (ANTPs) acting as chain terminators. These modified dNTPs are
incorporated into the DNA and prevents extension of the DNA molecule until the chemical
“block” signal has been removed. A mixture containing all the four dNTPs, each with

distinct chemical fluorescent block, is added to the flow cell. Each cluster will emit one of
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four fluorescent signals, corresponding to the incorporation event. Unincorporated dNTPs
are removed and the flow cell is imaged using a camera recording the signal. The

terminators are then removed and the cycle can start againsis,s2a.

Illumina’s technology has some limitations. The short reads length (50 — 300 bp) can
create problems with the determination and assembly of complex genomic regions, such
as repeat sequences and AT- and GC-rich regionss2s-s27. One way to optimize the
performance in the problematic repeat regions is to obtain sequences from both ends of
the randomly selected DNA fragment, and to have an algorithm keeping track of these
“paired-ends” and the distance between them. This improves the chances of being able to
anchor the sequence data from each fragment onto the genome. However, what Illumina
lacks in read length it makes up for in high-quality bases and very high sequencing

capacity with low error ratessiss24,32s.

The single nucleotide approach is used by the Ion Torrent® systems offering longer read
lengths compared to other short-read sequencers with reads up to an average of 400 bp,
and thereby provides some advantages for applications that focus on repetitive or complex
DNAs29. As for Illumina, the genome is broken down to fragments and each fragment is
amplified. In Ion Torrent technology the fragmented DNA molecules are attached to a
bead and then amplified. ANTPs are added to the flow cell sequentially and each dNTPs
incorporation results in release of H+ and a chip detects the resulting change in acidity
(pH). In essence, tiny pH meters convert chemical information (H+) into digital sequence
dataszs. Ion Torrent is faster than most other current platforms which makes the device
well suited for clinical applicationssso. The drawbacks of this technology are insertion and
deletion errors, although the overall error rate is similar with other NGS platforms in

non-homopolymer regionsssi.

1.6.1.2 Long read WGS

Bacterial genomes are highly complex with several long repetitive elements, copy number
alterations and other structural variations relevant to the evolution, adaptation and
disease of the speciesss2,3ss. However, many of these complex elements are so long that
short-read paired-end technologies are incapable of resolving them. Thus, the main
limitations with short-read WGS are 1) the short read length and 11) the need for
amplification. Amplification is time consuming and has the potential of introducing bias,

such as over- or underrepresenting certain regions.
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In contrast to short-read WGS, long-read WGS allows for the resolution of these large
structural features. These long reads can span complex or repetitive regions with a single
continuous read, and therefore eliminate ambiguity in the positions or size of genomic
elementssis. Currently, the most widely used long-read platform is the single-molecule
real-time (SMRT) sequencing approach used by Pacific Biosciences (PacBio®)s34-336. This
device is capable of generating single reads up to 50 kb with average read lengths of 10—
20 kbszs. The SMRT sequencing device by PacBio uses a flow cell covered with tiny wells,
where each well has a single, specially engineered DNA polymerase attached to its
bottom. Single molecule sequencing is possible because the polymerase is stationary. The
instrument camera is able to focus on what is happening at the bottom of each well,
recording the fluorescence each time the DNA polymerase incorporate a dNTP into the
DNA chain (each ANTP has its own fluorescent tag). These properties are ideal for de novo
genome assembly applications and for sequencing long complex genomic structuressss.
The error rate for long reads is as high as 15%, however, these errors are distributed
randomly within each read and thus sufficiently high coverage can overcome the high

error ratesss ssg.

A different long read sequencer, the MinION from Oxford Nanopore Technologies (ONT),
became commercially available in 2014340. The ONT MinlON® is a small USB-based
device that runs on a personal computer, making it the smallest of any current sequencing
platform. This gives the MinION superior portability, highlighting its utility for rapid
clinical responses and remote field locations. Like PacBio, ONT technologies sequences
single molecule DNA in real time. The procedure begins with applying an electric current
to a synthetic membrane that can have up to several thousand pores inserted into it. A
specialised motor protein delivers the double stranded DNA molecule to the nanopore,
unzips the DNA and passes them through the pore one base at the time. The sequence of
each DNA molecule is inferred by recording the disruptions in current that occur at each
nanopore as the nucleotide pass throughss«. One of the great advantages with ONT
technologies is the superior read lengths. Indeed, read lengths approaching 1 Mbp has
been reported. On the other side, ONT MinlION still has a higher error rate, currently
decreased from 40 to 15 %, and is dominated by indel errorsssi. In addition, effective
homopolymer (difficulties inferring the precise number when a stretch of identical
nucleotides are encountered) sequencing also remains a challenge for ONT MinIONsa2.
Fortunately, recent improvements in the chemistry and the base calling algorithms are
improving accuracys4s. Total sequence output was initially modest, but increasing steadily

as the technology matures. Despite its massive potential, error rates for currently
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available single molecule sequencers are higher than for Illumina, and the total number

of reads generated per instrument is typically lowersis,szs.

At present time, SMRT platforms have proven to be particularly effective when used in
combination with more traditional technologies like Illumina. The idea is to combine the
high quality and output of Illumina with the larger read length of SMRT platformssis. The
ability to analyse data in real time presents a major advantage in clinical scenarios, where
fast detection of specific mutations can provide epidemiological information, such as the
relatedness of outbreak strains or ARGs and virulence genes, that directly impacts initial

management decisions during hospital outbreakssa4,345.

1.6.2 From millions of read to a draft genome

Depending on the application, once a bacterial species has been sequenced the reads need
further processing to build a draft genome. The majority of bioinformatical tools are
available as command line tools that can be used free of charge. In order to use these types
of tools, some bioinformatical skills and in many cases access to Unix-based computers
are needed. In the following section the steps of building a draft genome are briefly

discussed including some the commonly used software.

After having received the reads from sequencing the first step is to check the qualitysss.
After assuring satisfactory quality of the sequence reads it is often useful to trim the
reads, again depending on the planned downstream analysis. Different tools are available
for processing of the reads, which include the trimming of adapter sequences and low-
quality reads. The trimming of sequence reads has been shown to increase the quality and
reliability while decreasing the computational requirements of downstream analysess4r.
Developing tools for read trimming is an active area of bioinformatics research and there

are currently many options to choose from, such as Trimmomatic and PRINSEQs34s 349.

The next step in building a genome is to combine the short reads to build larger stretches
of DNA, a process called sequence assembly. An assembly algorithm is then implemented
to compile reads into larger sequences (contigs) that eventually represent a genome. There
are two different types of assembly methods; mapping the reads to a reference and de
novo assembly. If a reference genome of that particular strain exists, the reads can be
mapped directly on that reference. Most often, it is necessary to assemble the genome

with no reference available, which is what we call de novo assembly.
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It is often a good practice to test a few different tools before deciding on which one is most
suitable for the data being analysed. A helpful tool to assess assembly quality and
compare genome assemblies 1s QUAST3s50. N50, defined as the minimum contig length
needed to cover 50 % of the genome, is often used as a standard metric to evaluate the
quality of an assembly in terms of contiguitysss. There are several tools available, and
certain tools might work better for your specific genome. Once the assembly is complete,
it is possible to map the contigs onto a closely related strain. This will order and orientate

them along chromosomes, which can be useful for later genome comparisonsssi.

After a genome assembly, it is often of interest to perform functional genome annotation,
which is the process of identifying the locations of genes and all of the coding regions in a
genome, as well as predicting gene function. There are several tools available, and it might
be important to use the annotation tools that have the best compatibility for planned
downstream analysis. RAST® (Rapid Annotation Using Subsystem Technology) is a fully
automated Web-based tool that can be used to annotate contigsss2. A major disadvantage
with RAST is the long processing time, which can be days depending on the current server
traffic. PROKKA® (Rapid Prokaryotic Genome Annotation) coordinates a suite of
software tools to achieve a rich and reliable annotation of genomic bacterial genomes. It
is a fast and easy-to-use command line tool, with its main drawback being decreased
annotation performance for understudied genomesszssss. A benchmark test showed that
PROKKA outperforms RAST in terms of the number of predicted elementssss. Figure 6

shows the workflow from sequencing to annotation.
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Figure 6: Overview of recommended workflow from sequencing to annotation.

35



1.6.3 Genome mining using online tools

The amount of available genetic information on a vast number of microorganisms has
increased rapidly over the past few decades, and as a result a plethora of different
databases containing specific types of genomic information are available today. By
obtaining the WGS of an organism you can harvest a lot of information about that specific
organism by the use of online databases. There are databases on species determination,
virulence and resistance detection, identification of MGE, genome classification, protein
localization and secondary metabolites, etc. It is important to keep in mind that a
predicted gene in the genome is not a determination of function. The following section will
give a brief introduction to some widely used databases, including the ones used in this

thesis.

Virulence

There are two main web-based tools for prediction of virulence factors in bacteria;
VirulenceFinder® 2.0s44 VFDB®s54,355 (virulence finder data base). VirulenceFinder is
easy to use and takes both raw sequence reads and assembled contigs as inputsaa.
However, a significant limitation of VirulenceFinder is that it only contains virulence
genes for a few bacteria (Listeria, S. aureus, E. coli and Enterococcus). VFDB contains
data from 74 distinct genera, 951 bacterial strains, and a total of 1,080 identified virulence
factorssss. The VFDB platform has also recently released an interactive web interfacesss,
making it easier to use the database. Currently, in the VFDB it is only possible to upload
one genome sequence at a time, and the processing time is long. Compared to
VirulenceFinder, this database contains more markers associated with virulence, and
several genes involved in housekeeping functions. However, the content of VFDB is not
as well validated as VirulenceFinders2s. When dealing with a large number of genomes,
using online tools can be very time consuming. The command line tool ABRicatesss is a
great option for mass screening of contigs for ARGs or virulence genes. It comes bundled
with multiple databases: NCBI, CARD, ARG-ANNOT, Resfinder, NCBI, EcOH,
PlasmidFinder, Ecoli_VF and VFDB.
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\ntimicrobial resi AMR)

ResFinder®ss7 is an easy-to-use web-based tool used to detect acquired ARGs in WGS
data. The database has regular updates, and as for VirulenceFinder, inputs for ResFinder
can be either raw sequence reads or contigsss7. CARD (The Comprehensive Antibiotic
Resistance Database) is a manually curated resource containing high quality reference
data on the molecular basis of AMR, with an emphasis on the genes, proteins and
mutations involved in AMRsss. CARD spans the range of AMR drug classes and resistance
mechanisms, including intrinsic, mutation-driven and acquired resistancesss. CARD
curation is updated monthly, based on an interplay of manual literature curation,

computational text mining, and genome analysis.
Mobile genetic elements (MGE)

PlasmidFinder is a user-friendly web-based tool for the detection of bacterial plasmidszss.
Most plasmids include specific regions, called replicons, encoding functions that are able
to activate and control replication, and this tool is based on the detection of these
repliconszsz2.23s. The PlasmidFinder output gives an indication of which plasmids are
present, but further investigation is needed for confirmation.
PHASTER (PHAge Search Tool Enhanced Release) is a user-friendly web-based tool for
the rapid and accurate identification and annotation of prophage sequences within
bacterial genomes and plasmidssse. It accepts either raw DNA sequence data or partially
annotated GenBank formatted data. PHASTER also generates downloadable, interactive
graphics that display all identified prophage components in both circular and linear

genomic viewsss9,360.

ISsaga is a web application pipeline that provides computational tools and methods for
high-quality IS annotationsei. It uses the established ISfinder annotation standardssez,
and rapidly processes single or multiple prokaryote genomes. ISsaga provides information
on genome context of individual IS elements and a graphical overview of IS distribution

around the genome of interestssi.

It is important to emphasize that these tools state whether genes (or similar genes) are
present, not if they are expressed and related to a phenotype. All these tools and methods

need to be validated by functional analysis.
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1.7 Proteomics

Most of the functional information of genes is characterized by the proteome. Proteomics
is the characterization of proteome, including expression, structure, functions,
interactions and modifications of proteins at any stagesss. Proteomics involves
technologies for the identification and/or quantification of the protein content of a cell,
tissue or an organism. It supplements the other “omics” technologies such as genomics
(DNA) and transcriptomics (RNA) to clarify the identity/structure and adds functional
information of the proteins of an organism. Proteomics-based technologies are utilized in
various capacities for different research settings, such as detection of various diagnostic
markers, finding candidates for vaccine production, understanding pathogenicity
mechanisms, investigating alteration of expression patterns in response to different
signals and interpretation of functional protein pathways in different diseasessss. Mass
spectrometry, with LC-MS/MS and MALDI-TOF MS being widely used equipment, is

central among current proteomicsses.

Surface-exposed proteins form the first-line of contact between bacteria and host. These
proteins are major constituents in this complex interplay as they directly interact with
epithelial and immune cellssss. The in-depth analysis of the proteosurfaceome, defined as
“the proteinaceous subset of the surfaceome found at the cell wall and totally or partially
exposed on the external side of the cell membrane”, represents an important point to
elucidate molecular mechanisms underlying host-microbe crosstalksssss7. Surfaceome
investigation uses sophisticated strategies that selectively target surface proteins by
either protease digestion (shaving procedures) or biotin labelling (protein biotinylation

procedures) of intact cellssss.
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2 Objectives and aim of this thesis

The main objective of this PhD thesis was to use a combination of comparative genomics
and phenotypic assays to achieve a better understanding of Staphylococcus haemolyticus

colonization, virulence and hospital adaption.

I aimed to answer the following three main research questions:

1. Are there genotypic and/or phenotypic differences between clinical and
commensal isolates of S. haemolyticus?

2. What are the genes predominantly found in clinical (and not commensal) S.
haemolyticus isolates, and can these genes explain their adaption and ability
to cause disease and be used as future clinical markers of S. haemolyticus
infection?

3. Which proteins are expressed on the surface of S. haemolyticus, and can these

explain the adhesion/biofilm potential of this species?

Objectives per paper

Paper I: In this paper, we aimed to identify genomic differences between clinical and
commensal S. haemolyticus isolates, and to find for specific markers that can differentiate

between the two.

Paper II: In this paper, we aimed to identify S. haemolyticus surface proteins using a

novel method for identifying surface proteins expressed during human host colonization.

Paper III: In this paper, we aimed to describe a new species of the Staphylococcus genus,
detected during our work on comparative genomics and phenotypic assays in isolates

previously identified as S. haemolyticus.
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3  Methodology

Research should be performed with the aim of creating reproducible and sustainable
knowledge. The chosen methods should meet the requirements of modern scientific
principles and deliver credible data. When possible, different approaches illustrating the
same phenomenon should be used to confirm results. In addition, the methods should
highlight the research questions from different angles. However, most methods will have

some limitations, which must be kept in mind when interpreting the data.

Detailed descriptions of the methods are presented in the three manuscripts that forms
the basis for this thesis. The following section lists a general presentation of the methods
used in the manuscripts. Some of these methods needed optimisation, and are thus

described more in detail.

3.1 Bacterial culture collection

The bacterial collection used in this thesis (paper I-III) included 123 clinical and 46
commensal S. haemolyticus isolates. The clinical isolates were collected between 1988-
2010, and the majority were obtained from blood culturess7. Moreover, the invasive
isolates were from the following geographical locations: Norway (n=93), Switzerland
(n=42), Japan (n=13), Germany (n=9), United Kingdom (n=9), Spain (n=2) and USA (n=1).
The commensal isolates were mainly collected in Tromse, Norway (n=41) in 2014, being
part of skin sampling of CONS from healthy volunteersss. The body locations of these
commensal S. haemolyticus isolates were as follows: From the groin (n=27), hamstring

(n=6), armpit (n=5), nasal cavity (n=1) and unknown (n=7).
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3.2 Phenotypic assays

\ntibioti . ] ination ( I & IIT

In paper I and III we determined both the phenotypic and genotypic antibiotic resistance
pattern. We tested susceptibility to antibiotics commonly used in the treatment of
Staphylococcal infections. Phenotypic antibiotic testing was performed according to
EUCAST guidelinessss. Combining both genotypic and phenotypic data on antibiotic
resistance is of importance and great value when interpreting the antimicrobial
resistance patterns. It is of interest identifying the genes responsible for phenotypic
antimicrobial resistance, as well as identifying putative ARGs genes where no resistance
phenotype is yet observed. For identification of ARGs we used the previously mentioned
CARD databasesss, as CARD provides more extensive results than the other ARG

databases.

\dhesion. Cell adhesi | Biofil : I

Colonization of biotic and abiotic surfaces is predicted to be the first step in S.
haemolyticus infections, and is thus regarded as a virulence factor. In order to look at the
adhesion and biofilm potential of the isolates we performed different bioassays, to
investigate whether there was a difference in the adhesion properties between clinical

and commensal isolates.

Adhesion and biofilm assays: Phenotypic variations were observed between the biological
replicates when performing the different bioassays (adhesion to plastic, collagen,
fibronectin and HaCat cells, and the biofilm assay). These assays are sensitive to external
factors, and we tried to minimize these by doing the following modifications; the assays
for all included isolates were performed on the same day, the same equipment and batches
of reagents and medium were used and the experiments were performed by the same

person. For biofilm detection we used the modified Christensen methodso,s70.

Cell adhesion assay: We chose to use human keratinocytes (HaCaT) to study host microbe
interaction, as S. haemolyticus is skin colonizer. The cell adhesion assays were performed
as described in the original protocol developed in our lab, based on Edwards and Masseys
protocols71, with a few modifications to improve reproducibility. First, adding a PBS-
EDTA step prior to the trypsin treatment of HaCaT cells allowed a shorter trypsination
and thereby healthier HaCat cells. Secondly, centrifuging the plates after inoculating the
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bacteria onto the HaCat cells allowed a more rapid and uniform contact between bacteria
and HaCat cells. Both these steps improved the consistency and reproducibility between
the experiments. In the cell adhesion assay, we also investigated internalization and
survival of the bacteria within the HaCaT cells. After the bacteria and HaCat cells had
co-incubated for 60 minutes, antibiotics were added. For the internalization experiment
antibiotics were left for 1 hour, and for the survival experiment the antibiotics were left
for 24 hours in order to kill extracellular bacteria. The antibiotic most commonly used in
this assay is gentamicin. As several of the clinical isolates were resistance to gentamicin,
we added lysostaphin and vancomycin. In order to ensure efficient killing of extracellular
bacteria, we added an additional control step by plating out the supernatant to check for

bacterial growth.

PI . hods for describi . 111

The genomic analysis of our S. haemolyticus collection indicated that five of these isolates
were potentially a new species. We therefore proceeded to characterize these isolates
using various phenotypic methods, following the recommendations of Freney et al.s72. The
experiments were performed on all the five isolates in addition to the S. haemolyticus type
strain CCUG 7323 and JCSC1435. The experiments required for describing a new species
were performed using the recommended media and reagents, with a few exceptions. When
investigating the haemolytic activity of the bacteria it is recommended to use agar plates
containing bovine, sheep or human blood, instead we used horse blood for our experiments
as this is the standard protocol at the University hospital of North Norway, and has also
been described by othersi7. For motility testing we used a lower percentage of agar (2-3
%) and used a motile E. coli as positive control. To determine pigment production, milk or
egg yolk agar is recommended and we made P agar, a non-selective medium recommended
for staphylococci cultivationsrs, with full fat milk for this purpose. The isolates grew

poorly, and normal P agar and P agar with horse blood had to be used instead.

3.3 Surface shaving

Surface proteins promoting adhesion are predicted to be one of the most important
virulence factors of S. haemolyticus. Knowledge of S. haemolyticus surface proteins are

scarce, and for paper Il we developed a method to investigate expressed surface proteins
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after co-incubation with human keratinocytes (HaCaT). Bacteria cultured in cell-culture
media supplemented with foetal bovine serum were used as controls. Briefly, S.
haemolyticus was co-incubated with HaCaT cells for 60 minutes, prior to harvesting.
Harvesting of bacteria adhering to HaCaT cells was done by mechanical cell scraping of
the tissue culture plate. Regular trypsin-treatment was avoided as this would have
affected the surface proteins expressed on the bacterial surface. Bacteria were separated
from the HaCaT cells by flow cytometry (FACS), followed by two centrifugation steps in

order to concentrate the bacteria.

The bacteria were then added to a lipid-based flow cell, where surface expressed proteins
were “shaved” of by trypsin. Surface proteins were then collected and labelled using
tandem mass tags (TMT), to enable easier quantification, and to compare the abundance
of different proteins by mass spectrometry. This Lipid-based Proteins Immobilization
(LPI) technology was developed by our collaborators in Nanoxis®. It allows for
immobilization of intact bacterial cells within a flow cell via membrane-gold interaction.
The surface expressed bacterial proteins are subjected to enzymatic digestion within the

flow cell and proteins are subsequently identified using LC-MSs74.

3.4 Bioinformatical and statistical analyses

WGS (paper I & III) was performed by using the Illumina technology (Genome Analyzer
GAII and MiSeq) on index-tagged library using paired-end reads. The clinical isolates
were sequenced earlier than the commensal isolates and the sequence reads were shorter.
The clinical isolates were assembled, annotated, analysed and published in 201447. To
avoid biases, all clinical isolates were re-assembled and annotated identical to the
commensal isolates (paper I). Several assembly tools (Velvetsrs, raysze, SPAdess77, IDBA-
UBsuswere tested on a few isolates of both clinical and commensal origin to find the best
suitable tool for the S. haemolyticus genomes. We used Quast to evaluate the quality of
assembly results, and SPAdes provided in general longer and fewer contigs and higher

N50350. All S. haemolyticus isolates were then finally assembled using SPAdess7r.

When analysing the large collection of S. haemolyticus isolates we identified that five
isolates were genetically distant from the rest of isolates. These five isolates, later

proposed as the novel species Staphylococcus borealis, were initially assembled using
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SPAdess7. While preparing paper III, the reads were reassembled with Shovill® due to
a high number of contigs, this yielded a drastically improved assemblys7o. Shovill is a
pipeline that uses SPAdes at its core, but alters the steps prior to the primary assembly
step. Shovill downsamples the FASTQ file to 100x depth, avoiding a poor assembly due to

too much data.

There are several annotation services available, and for paper I & III we chose to use
PROKKAS3s53, as 1t coordinates a suite of software tools to achieve a rich and reliable
annotation of genomic bacterial genomes. It is a fast and easy-to-use command line tool
and it is good for prokaryotic genomes in addition to providing several different file

formats of output which is an advantage for downstream analysisszs,3ss.

Phylogeny and Pangenome (paper 1 & III)

A pangenome analysis was performed to uncover potential genetic differences between
commensal and clinical isolates of S. haemolyticus. For performing pangenome analysis
there are several available tools. We tested three different tools with different settings;
Get_homologues, BPGA and Roarysso-ss2. Which tool and setting to choose depends on the
type of application and planned downstream analysis. Other factors which influence the

choice of methods are; processing time, flexibility, output and ease-to-use.

The cut-off percentage for sequence similarities decides when genes are to be considered
of the same cluster. Lower sequence similarity leads to fewer clusters, where homologues
CDS are placed in the same cluster even if there are some changes in the sequence, which
would be an appropriate setting for looking at the presence and absence of genes.
Choosing a higher sequence similarity produces a bigger pangenome where homologues
genes are separated into different clusters if there is some variation in the protein
sequence. This can be useful when looking at different variants of the same gene. We
chose to use Roary as it is very easy to use and was compatible with the downstream
analysis we wanted to do. As an extension of pangenomics, bacterial pangenome-wide
association studies (panGWAS) pairing phenotypes with SNPs, presence and absence of
genes and other regions like regulatory sequences have begun to emerge2is-217. For this

purpose we used the program Scoarysss.
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Use of different databases and local blast (paper I-IIT)
By obtaining the WGS of an organism, a lot of information on the specific species can be
gathered by using online databases. A local blast database with all isolates genomes was

set up, and interesting findings reported by the different online databases were always

checked and confirmed by local blast searches.

Genomic species determination (paper III)

In the past, species determination was largely dependent upon phenotypic
characterisation. In the genomic era, more emphasis is put on genomic characterisation,
and less phenotypic tests are necessary to prove species delineation. Recent paper
describing new species focuses largely on the genetic differences between the newly

proposed species and its closest relativesi7,1s,3s4.

There are several bioinformatic tools available for comparing the relatedness between
bacterial species. The uncharacterised novel species was compared with S. haemolyticus
type strain CCUG 7323 using ANI and dDDH calculatorssos,so7. In addition, relatedness
between species can also be conferred by phylogenomic tree reconstruction, of which
several tools are available. We used UBCG pipeline to infer phylogenomic treeing, which

looks at 92 conserved proteins in the bacterial genome (taking draft genomes as input).

Statistical analyses (paper I)

In paper I selected data (ARGs and virulence factors) were also analysed using IBM-
SPSS statistical software IBM Corp. Released 2015. IBM SPSS Statistics for Windows,
Version 23.0. Armonk, NY: IBM Corp). Categorical data are displayed as ratios and
frequency (%), and analysed using the chi square test. We used biological knowledge to
identify known pathogenicity-associated traits enriched in clinical isolates. In particular,
we focused on ARGs and previously established virulence factors. We developed different
scores including the following four traits; aacA-aphD, mecA, folP and phenotypic biofilm
production. In order to find a pragmatic score that could differentiate between a clinical
and a commensal isolate we calculated the area under receiver operating characteristic

(ROC) curves, and its 95% confidence interval.

45



4  Summary of main results

Paper I: Comparative genomic analysis of Staphylococcus haemolyticus reveals

key to hospital adaptation and pathogenicity

In this paper we described the genetic differences found between clinical and commensal

isolates of S. haemolyticus

o We show a clear separation of clinical and commensal isolates of S. haemolyticus
based on a phylogenetic tree using core genome SNPs
e The clinical isolates were overall more resistant to antibiotics with 88% being MDR

compared to 11% of the commensal isolates (Figure 7)

e By performing a pangenome analysis we identified several genetic traits that
differed between clinical and commensal isolates

- The ARGs aacA-aphD and mecA were found significantly more common in
clinical vs. commensal isolates (85 % vs 4 % and 85 % vs 13 %, respectively).

- The IS-element IS256 was also found significantly more common in clinical
vs. commensal isolates (86 % vs 11% in commensals).

- Two different versions of both folP and folB were identified in the commensal
vs the clinical isolates (78 % of the clinical isolates had a different version).

- A large phage denoted StauST387-2/vB_saus_phi2, associated with aacA-
aphD, dfrC and the IS elements IS256 and 1S431, was only found only in
clinical isolates (51 %).

- The polysaccharide capsule operon was more prevalent in the clinical isolates
(48 % vs 22 %). We also detected in total three alternative capsule operon
versions, in addition to the already described S. haemolyticus capsule operon.

- The accessory sec system and the SraP-homolog, shown to be important for
virulence in other bacterial species, were also more prevalent among the

clinical isolates (97% vs 74%).

In conclusion, there was a clear segregation of isolates of commensal origin, and specific

genetic signatures distinguishing the clinical isolates from the commensal isolates.

46



A Clade A Clade B Clade C
100 100 100
€ 80 80 80
S /
0 60 7 60 60
7}
Q 40 40 40
® Z
o Hﬂ 7| | . F1EI I
. | , m
FeESS & & Q% © FeEFsS & ,\«, '{” & F&SS & & ®0Q~{;\f,7% &
100 Clade D _ Clade E 100 Clade F
€ 80 80 80
8
LD 60 60 60
3
= 40 40 40
) |—|
20 ﬂ H I—I . 20 20
0 I_I |_| 0 o WA — H — M —
O*Y <& QA ((\)(7 OQ /\% é\QQ‘ o LV O..\?‘ 6 o@ <<\> (§ ,\Q, Qq“ <;° VQ Oﬁy <8:\ b‘ve ‘(04_) OQ /\Q:\ @0%\‘_;\,"7% (“?Q
B
100
OXA Oxacillin
ERY Erythromycin
80 GEN Gentamicin
FUS Fusidic acid
S CIP  Ciprofloxacin
B 60 TET Tetracycline
3 MDR Multidrug Resistant
X 1S256 Insertion Sequence 256
40 CAP Capsule Operon
20 wiz s
. Clinical isolates
M H ﬂ I—I |—| [] commensal isolates
0
OXA ERY

MDR 1S256 CAP

Figure 7: Phenotypic antibiotic resistance rates (%) in 169 S. haemolyticus
isolates (123 clinical and 46 commensal). Phenotypic resistance distribution among
the six different clades (A) and between clinical and commensal isolates (B).

47



Paper II: Identification of surface proteins in a clinical Staphylococcus

haemolyticus isolate by bacterial surface shaving

In this paper, we compared the adhesive and biofilm forming properties of 20 S.
haemolyticus isolates. We also described a novel method for investigating expression of
surface proteins in S. haemolyticus after human host colonization compared to protein

expression in cell culture medium supplemented with serum (figure 8).

. Adherence to fibronectin, collagen and plastic was low in all tested isolates, but
with significantly higher adhesion to fibronectin (p = 0.041) and collagen (p =
0.001) in the commensal isolates compared to the clinical isolates.

) There was a trend towards a higher degree of biofilm formation in the clinical
isolates (p = 0.059), where 5/10 clinical isolates formed substantial amounts of
biofilm assay (ODs570>3) compared to 0/10 commensal strains.

) After surface shaving of a clinical S. haemolyticus isolate we identified 324
proteins, of which 65 were classified as surface proteins.

. Among the surface proteins, five were LPXTG-containing proteins, of which two

had serine rich repeats previously characterised in several staphylococcal CWA

proteins.

. The SasH-like protein has been shown to be important in S. aureus immune
evasion.

. Ebh/Embp implicated in adhesion and biofilm formation in S. epidermidis and S.

aureus was identified in this study.
o The TIR-domain protein, Atl and SceD were significantly upregulated following

HaCaT co-incubation.

- TirS was 100 % identical to the S. aureus TirS protein where it has been shown
to have immune evasive properties.

- The Autolysin Atl has been shown to be involved in biofilm formation.

- The transglycosylase SceD has been shown to be important for cell wall
remodeling contributing to resistance to antimicrobial peptides, adhesion, S.

aureus pathogenicity, and colonisation of nares in cotton rats.

In conclusion we have identified surface proteins and immune evasive proteins previously
only functionally described in other staphylococcal species. We have also identified
hypothetical surface proteins, which need to be further characterized. The majority of the
identified proteins were equally abundantly identified in both conditions, indicating that

serum is a strong inducer of protein expression.
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Paper III: Staphylococcus borealis sp.nov. — a novel member of the

Staphylococcaceae family isolated from skin and blood in humans

In this paper we describe the characterisation of five strains belonging to a novel
staphylococcal species, Staphylococcus borealis. The five strains were noticed as they
presented aberrant genotypic traits when analysing a large cohort of S. haemolyticus by

WGS.

e Based on the traditional MLST scheme the new species revealed large nucleotide
diversities in all internal MLST genes compared to S. haemolyticus. The difference
was 23 to 79 bp difference across 6 genes (none had the gene Ribose ABC — which is
also true a few S. haemolyticus isolates).

e Phylogenomic treeing, based on 92 housekeeping gene, placed all five S. borealis on a
separate branch

¢ Genotypic methods confirm that these strains can be proposed as a new species
- The average nucleotide identity (ANI) showed the five isolates to be between 87.74

and 87.99 % similar to the type-strain of S. haemolyticus, which is well below the
threshold value of 95-96% for isolates of the same species.

- The Genome-to-genome Distance Calculator (GGDC) showed an identity of 34.1 to
34.3 % with the S. haemolyticus type strain, which is also well below the suggested
threshold of 70% for isolates of same species

o Performing a pan-genome analysis revealed 944 genes only found in these 5 isolates.
Several of the unique genes are homologs to S. haemolyticus genes.

e Compared to the 169 S. haemolyticus isolates all five S. borealis isolates displayed
yellow colonies, where S. haemolyticus has white-gray colonies (figure 9 and 10)

e The five isolates showed a stronger haemolytic capacity on p-agar compared to S.
haemolyticus (figure 11)

e S. borealis harboured a different capsule gene organisation compared to S.
haemolyticus
(figure 12)

e All five isolates produced urease and contained the urease operon

In conclusion the phenotypic and genotypic results support the description of a new
staphylococcal species (suggested name Staphylococcus borealis), closely related to S.

haemolyticus. WGS analysis is a powerful tool for identification of novel species.
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S. borealis 57-74 S. borealis 58-22 S. borealis 58-52

Figure 9: Pigmentation production of S. haemolyticus JCSC1435 and the five S.
borealis isolates on P-agar plates.

S. haemolyticus JCSC1435 S. borealis 51-48 S. borealis 57-14

S. borealis 57-74 S. borealis 58-22 S. borealis 58-52

Figure 10: Pigmentation and growth of S. haemolyticus JCSC1435 and the five S.
borealis isolates on P-agar with full-fat milk.
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Figure 11: Haemolysis of S. haemolyticus JCSC1435 and the five S. borealis isolates on
P-agar with 5 % horse blood.
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Figure 12: Organization of the different polysaccharide capsule operon
identified in our S. haemolyticus and S. borealis isolates. The three novel S.
haemolyticus operons and the S. borealis operon varies in their homology to JSCS1435.
capA-G is homologues among all versions. The region capH-K is different among all S.
haemolyticus versions, while the S. borealis (green stripes) shows most similarity to the
novel version 3. capH-K novel 2 shows similarities to S. aureus Cap8, and novel 3 to S.
aureus Capb. capL-P is similar between the three S. haemolyticus versions, and
homologues to S. aureus capL-P. These genes are absent in the JCSC1435 group. The
organization after capK in S. borealis is very different to the S. haemolyticus capsule

versions.

52



5 General Discussion

Staphylococcus haemolyticus has long been regarded an important nosocomial
pathogenss,7s,385-387. Yet information about this species is scarce compared to S. aureus and
S. epidermidis. Typically, S. haemolyticus is referred to “as the second most frequently
isolated CoNS, after S. epidermidis’21, often referring to studies conducted more than a
decade ago22.44. However, recent publications suggest this might not be a true picture
today. Several studies now report S. haemolyticus as the most frequently isolated CoNS-
species from urinesss,3s9, blood cultureass ss, puerperal (childbed fever) infectionsso and other
clinically relevant conditionsaso,42,49,391,392. The majority of these studies were performed in
high-income countries, and it is difficult to predict whether the prevalence is similar in
other parts of the world. A few recent studies from western Europe on CoNS-bacteraemia
still show a higher prevalence of S. epidermidis compared to S. haemolyticussssses. S.
haemolyticus has been considered to have few important virulence attributesss, and
perhaps for that reason has been placed in the shadow of S. epidermidis. However, the
increased prevalence of MDR S. haemolyticus infections truly highlights the importance

of comprehensive research and surveillance of this nosocomial pathogen.

The large collection of both clinical and commensal S. haemolyticus isolates that were
investigated in this thesis allowed the combined in-depth analysis on the genetic
composition and the phenotypic traits in order to uncover more information on S.

haemolyticus.

5.1 Population structure

In paper I, one of our main research aims was to uncover genetic mechanisms for hospital
adaption and pathogenicity. We therefore excluded isolates that could “cloud” our
analysis, which comprised isolates of animal origin, isolates where the genome sequences
were of poor quality after assembly, and also five isolates that were genetically very
distant from the rest of the isolates in our collection (we termed these five isolates the
“out-group”, and they were further characterized in paper III). Phylogenetic analysis by
comparing SNPs in the core genome divided the isolates into six clades, where the
majority of commensal isolates (85 %) were restricted to two clades and displayed high

diversity compared to the clinical isolates.
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The clinical isolates grouped tightly together independent of country of isolation, showing
a clonal population structure, where successful hospital adapted clones have expanded
and persisteds7. This observation is different to what was recently shown for S.
epidermidis, where pathogenic clones can emerge seemingly independent of lineagesos.
The S. haemolyticus population structure is more similar to S. aureus, where the rise of

successful pathogenic lineages is seens,218,395.

MLST was performed for all S. haemolyticus isolates in our collection using an established
MLST schemez79. The majority (37/49) of the identified STs were new. The clinical isolates
were divided into 31 ST's, and 92 % of the clinical isolates belonged to the major CC1. The
commensal isolates were divided to 25 different STs, of which only 4 were previously
described. However, only 50 % of the commensal belonged to CC1. Additionally, we
performed MLST on the five “out-group” isolates, but all alleles differed significantly from
the ones already described. Based on the combined findings of MLST and SNP-based
phylogeny we speculated that these five isolates could represent a new species. We
therefore in paper III characterised the “out-group” isolates in detail, and proposed that
these isolates belong to a new staphylococcal species. For the rest of the isolates both
MLST and SNP-based core phylogeny showed some of the same trends; a significantly
higher diversity among the commensal isolates than the clinical isolates. The combined
results from these analyses suggest that due to the clonal structure of the hospital
isolates, traditional MLST with only 7 gene loci has very limited discriminatory ability in
S. haemolyticus. The MLST scheme still did discriminate quite well between clinical and
commensal 1isolates, but it does not provide sufficient resolution for outbreak
investigation. An alternative MLST scheme for S. haemolyticus was published in 201139,
but the paper was written in Russian and therefore of limited use for the overall public.
Recently a study compared these two MLST schemes and suggested a new MLST scheme
using some loci from both previous schemes in addition to one new lociser. However, the
new scheme also did not appear to produce significantly higher resolution. This indicates
that it would be more appropriate to develop a whole genome MLST scheme for S.

haemolyticus rather than trying to optimize the current MLST schemes.

One reason for the differences in population structure between S. haemolyticus and S.
epidermidis could be different niches and roles for the two staphylococcal species. Both
are inhabitants of the skin, but while S. epidermidis is a prominent and prevalent species
on dry, moist and sebaceous body sitessss, less is known about S. haemolyticus

preferred/nmatural niche. A few older studies have reported S. haemolyticus to be
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preferentially isolated from arms and legssesa00, and less frequently from nares and
axillaeo. In contrast, in a study by our group S. haemolyticus was preferentially cultures
from the axillae and groinsse. In a recent publication on the human skin microbiome, S.
haemolyticus was only listed among the top ten abundant bacterial species on the footsos.
A different study by the same author showed that S. haemolyticus accounted for 1 % of
the total staphylococcal species, independent of disease state of the skin microbiome in
paediatric atopic dermatitis compared to healthy controlssi. In the healthy population
the most commonly isolated staphylococci were S. epidermidis and S. hominisis9s,o1.
There is a clear discrepancy in literature regarding S. haemolyticus preferred body site,
however it seems clear that its relative prevalence is lower than that for S. epidermidis
and S. hominis. A new study found that the two major lineages of S. epidermidis (the A/C
and B-lineage, as defined by207,218) appeared to occupy different skin niches and perform
different biological functions on the skin; lineage A/C had a broader and more superficial
skin niche, while lineage B dominated hair follicles and sebaceous glands. The authors
found that linage A/C isolates were more likely to cause infections4oz. Hence,
understanding the species-specific niche could be an important step in understanding the
roles and functions of the bacteria, and can also potentially provide information about

pathogenic potential.

In paper I we showed that the population structure of the clinical isolates differed from
the commensal isolates - presenting a more clonal population, rich in ARGs associated
with certain IS elements, indicating a successful genotype. Combining these findings with
previous reports on S. haemolyticus suggest that established hospital clones outcompetes
commensal clones. This is exemplified by Mannion et al. who showed a 5-fold increase of
S. haemolyticus post-operatively compared to before operation, with oxacillin resistant
isolates increasing from 9% to 95 % 403. Additionally, Larson et al. also found that S.
haemolyticus was significantly more often isolated from patients compared to healthy

non-hospitalised individualszs.

Whereas the prevalence of S. haemolyticus on skin of healthy adults appear to be low,
studies show S. haemolyticus to be a prevalent part of the microbiota of neonatess?,59,404,405.
It has been proposed that neonates might play an important role in the spread of MDR S.
haemolyticusse,a0s. It might not be surprising then that S. haemolyticus is also retrieved
from surfaces, material and air within the hospital as the most frequently isolated

speciessi,s2.
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The relative low abundance of S. haemolyticus on the skin of healthy adults, the higher
prevalence on neonates and in patients compared to healthy counterparts, and the clonal
population structure observed for the clinical isolates of S. haemolyticus, suggest that
infections caused by this species are less likely to come from the patient’s own flora, and
more likely to have been acquired from the surroundings and from the hospital upon
admission. S. haemolyticus also appears to possess a unique ability to adapt to a range of
different, and often very harsh, environments. For S. epidermidis it has been suggested
that infections can often result from translocation of the hosts own bacteria20s.40,407.
However, it appears that this is not a common transmission route for S. haemolyticus,
rather, infections caused by S. haemolyticus are most likely to originate from already
established hospital clones. The diversity we observed among the commensal isolates,
which mainly originated from the same geographic location (paper I) is strongly

suggestive of a different adaption strategy than for the clinical isolates.

5.2 Antibiotic resistance

Ever since S. haemolyticus was first described in 1975408, its resistance to several
antimicrobials has been described, and is referred to as the most extensively resistant
CoNSs9,44. However, most of the studies have investigated isolates of clinical origins, and
the commensal counterparts have been given little attention. In paper I we added
genotypic resistance patterns to the already presented phenotypic antimicrobial patterns
of the commensal isolates 56, and combined it with previous published results on the
clinical isolatess7. Phenotypically we showed that the clinical isolates were resistant to
multiple antimicrobials, consistent with what has been reported in literature over the last
40 years. In contrast, the commensal isolates showed significantly less antimicrobial
resistance. A study conducted in Portugal investigated resistance pattern in 170
commensal CoNS isolates from the nares of healthy humans and found 19 % to be MDR.so
Interestingly, among the commensal isolates 65 % were resistant to erythromycin. The
commensal isolates carried mainly mphC, while the clinical carried either ermC or both
ermC and mphC. A study, investigating staphylococcal species isolated from indoor air of
flats in Poland reported that 63.6 % of the staphylococci were resistant to erythromycin
with mphC being the most detected geness. In other studies of commensal CoNS,
resistance towards penicillin and erythromycin is the most prevalent7-so,410. However,

none of these studies showed such a high prevalence of erythromycin resistance as

56



observed in our study. In Norway until 2013, the macrolide azithromycin was prescribed
as a first-line antibiotic to treat genital chlamydia infections. Since then guidelines for
genital chlamydia infection therapy have changed and now recommend doxycycline due
to resistance development towards macrolidessi1,412. Genital chlamydia infections have a
high prevalence in Tromses1s414 and as 72 % of the commensal S. haemolyticus with
macrolide resistance were isolated from the groin, it could be possible that these resistant

isolates have been spreading through human contact.

In paper II we studied the ability of S. haemolyticus to adhere to human keratinocytes
(HaCaT cells). In the same assay we also investigated the isolates ability to invade and
internalize the HaCaT cells. As the clinical isolates were MDR, we added vancomycin and
lysostaphin in addition to gentamicin in the experiment, to ensure that all extracellular
bacteria were killed after co-incubation of bacteria with HaCaT cells. In theory, none of
the bacteria should be able to survive as all were susceptible to both vancomycin and
lysostaphin. However, we found that after 60 minutes, 6/10 of the clinical isolates
survived antimicrobial treatment despite being susceptible to the aforementioned
treatment. Additionally, we observed that several clinical isolates produced small colony
variants (SCV). The explanation for this observation could be multifaceted. The
vancomycin MIC, as measured with MIC test in standard medium in the laboratory, may
not be the same in a different medium. Indeed, studies have shown that MIC testing
performed in host-mimicking media added serum provides different MIC values compared
to the standard bacterial medium (Mueller-Hinton Broth) for antimicrobial susceptibility

testingais-417.

Kim et al. showed that vancomycin treated S. haemolyticus demonstrated cell wall
thickening, slower growth and decreased autolysis. Increased resistance to vancomycin
also resulted in decreased susceptibility to lysostaphin, teicoplanin, daptomycin and
tigecyclinegs. Furthermore, studies on S. aureus shows that vancomycin induce and
positively selects for SCVais. This could provide a potential explanation for our
observation of an increase in SCV’s of S. haemolyticus after vancomycin treatment (paper
II). SCV are slow-growing subpopulations of bacteria that has atypical colony morphology
and unusual biochemical characteristics, often deficient in electron transport or
thymidine biosynthesisai9. They are often isolated from chronic infections and have
reduced susceptibility to antibioticsz2s7. Clinical SCV isolates are often formed during
intracellular growth or prolonged antibiotic therapy420421. Moreover, SCV has been

associated with increased biofilm production in S. aureusszi422. The insertion element
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IS256 is also associated with the formation of SCV in S. aureus2si. In our genome
comparison (paper I) between commensal and clinical S. haemolyticus, IS256 was one of
the strongest differentiating findings separating the two groups, found in 86 % of clinical
isolates and 11 % of commensals. It is therefore possible that IS256 was involved in the
observed SCV phenotype in the cell assays performed. Kleinert et al. also demonstrated
that unlike other IS elements (IS1272, IS1181, and IS431mec), which were mostly located
between the coding sequences, 46% of the IS256 insertions were intragenic and inducing

SCV formationesr.

A case report describing a patient with endocarditis, showed that the infection could not
be cleared with treatment using glycopeptides, even though the infecting S. haemolyticus
was classified as susceptible to both vancomycin and teicoplanines. In this report the
authors speculated that the finding of SCV, which they attributed to early rifampicin
treatment, reduced the in vivo susceptibility to glycopeptides. They concluded that in vitro
susceptibility towards glycopeptides was not predictive of in vivo eradication of S.
haemolyticus from endocarditis and that recovery from endocarditis by CoNS without

surgery is unlikelyes.

Neither vancomycin nor linezolid resistance was detected in the S. haemolyticus isolates
in our collection by conventional phenotypic susceptibility methods. Resistance to
glycopeptide antibiotics in CoNS is largely dependent on point mutations, and studies
have shown resistance to occur in S. haemolyticus during infection, as well as easily
developing in viiro. We have shown in this thesis that clinical isolates of S. haemolyticus
have the ability to form SCV, produces a stronger biofilm and contains several copies of

1S256, all factors that can influence antibiotic susceptibility Paper I and paper II).

5.3 Horizontal gene transfer and mobile genetic elements

For the “last resort” antibiotics (e.g. vancomycin and linezolid), the most common
mechanism for decreased susceptibility and resistance to S. haemolyticus are point
mutations. However, many of the other antibiotic resistance mechanisms found in S.
haemolyticus are based on ARGs located on MGE. We showed in paper I that a large
portion of the accessory genome of S. haemolyticus belonged to the COG categories
associated with MGE and antimicrobial resistance. It is believed that S. haemolyticus

easily acquires MGE 39, but so far successful HGT, with S. haemolyticus as recipient, has
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not been reported — neither in vitro or in vivo. A few studies have suggested transfer of

MGE from S. haemolyticus to other species2s-425.

One reason why genetic engineering of S. haemolyticus is so difficult lies in the restriction
modification (RM) systems found in this species. RM systems are important components
of prokaryotic defence mechanism against invading gene. Restriction is achieved by the
cleavage of the foreign DNA, which is unmethylated, while the genome of the host remains
protected due to methylation by the cognate methyltransferaseszs. A study from our
research group has previously shown four different types of RM systems in our clinical

1solates, and some isolates contained more than oneasr.

Revealing the mechanisms behind HGT for S. haemolyticus is important in order to
understand, and in turn, hopefully try to limit the spread of resistance. Even though the
exact mechanism of transfer and uptake of genes has not yet been fully explained, it seems
clear that S. haemolyticus does rely on HGT. In paper I we showed that the majority of
genes separating clinical isolates from commensal isolates are typical MGE-related genes.
The aminoglycoside-modifying gene aacA-aphD, associated with transposon Tn4001 that
includes IS256238 was found almost exclusively in clinical isolates. Several plasmids and
transposons, carrying ARGs, also found in S. aureus were identified in many S.
haemolyticus isolates. Overall, the clinical isolates had a higher number of MGE’s than
the commensal counterparts. The few studies that have looked at plasmids in S.
haemolyticus have not identified conjugative plasmids, and exactly how transfer of

resistance genes in this species is mediated is presently unknown.

Several studies have reported a high genome plasticity and a very high number of IS
elements in S. haemolyticusz2.47.427. In our S. haemolyticus collection, IS1272 was detected
in all isolates in several copies. However, due to the fragmented genome, the exact copy
number was hard to predict, and we could not determine whether the number of this
element differed between clinical and commensal isolates. IS256 on the other hand was

identified almost exclusively in clinical isolates.

5.4 Biofilm

Research on S. haemolyticus has predominantly focused on antibiotic resistance and
biofilm formation, as these have been considered the most important traits for clinical

significance. To date most of the research has focused on presence and prevalence of these
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factors rather than the genes and specific proteins responsible for these traits. Despite
some variations in the methods used and the results, the overall consensus is that this
bacterium has the ability to produce biofilmeoz2o1,42s. A comprehensive study on S.
haemolyticus biofilm analysed the type of biofilm formed by this specieseo. In contrast to
S. epidermidis which produces a polysaccharide biofilm, the major constituents of S.
haemolyticus biofilm were proteins and extracellular DNAeo. In the same study it was
shown that some genes, namely bifunctional autolysin atlE and fbe, previously described
in biofilm formation in other staphylococcal species were also present in the genome of S.
haemolyticusi19s. However, their role in biofilm formation was not determinedseo. In our
collection atl (at/E homolog) was found in all isolates and in paper II Atl was also one of
the proteins found to be more abundant on the S. haemolyticus surface after co-incubation

with keratinocytes, indicating, at least, a potential role in adhesion to host cells.

The best studied biofilm associated genes in S. epidermidis are the ica genes. Generally,
the prevalence of ica genes in S. haemolyticus is lows1,60,387,428. However, a few studies from
Greece and Brazil showed a high prevalence of ica containing S. haemolyticus strains,
this suggests that they provide certain advantages in these environmentssszo1,429. In a
previous study by our group only 3/72 isolates were positive for icaD by PCR, confirmed
by southern blot in 2 of these 3 isolates. Two of these three isolates were also part of the
collection used in this thesis, but ica genes were not found it any of our isolates. It has
previously been reported that DNA segments were deleted in strains of S. haemolyticus
JSCS1435, an observation assigned to IS-encoded transposase acticityze, and a similar

deletion event may have occurred in the previously ica-positive isolates.

We performed phenotypic biofilm assays and showed that the clinical isolates formed
more biofilm compared to commensal isolates. However, the difference was only found to
be statistically significant in paper I, and not in paper II, and the interpretations of the
results should be handled with caution. Biofilm formation is a dynamic process and for S.
haemolyticus the genetic mechanisms regulating this process are still largely unknown.
Therefore, a number of factors might influence the results of biofilm assays. In static
biofilm assays several researchers agree that glucose is a trigger for biofilm
formationseo430,431, while NaCl lowers the amount of biofilm producedseoss2. Others have
showed that while NaCl on its own might inhibit biofilm formation, a combination of NaCl
and glucose promotes more biofilm than glucose on its ownasi. As part of the required tests
for species determination in paper III, we observed that growing JSCS1435 in p-broth at
pH 5 produced a visible biofilm, which was not observed on higher pH, indicating that pH
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could also be an important contributor in inducing biofilm. Most biofilm assays are
performed in tryptic soy broth (TSB), but some studies have been performed in Mueller
Hinton Broth (MHB) or Brain-Heart Infusion broth (BHI). Barros et al. tested the biofilm
formation of S. haemolyticus JSCS1435 in both TSB and BHI, with and without glucose
and NaCl, and found that BHI with 1% glucose yielded much more biofilm compared to
the other conditionss2s. We also experienced that the type of microtiter plate used can
have a large impact on the amount of biofilm the bacteria produce. Lastly, how the optical
density (OD) read outs are interpreted, including the cut-off values for biofilm positivity,
can have a huge impact on the reported results. In the original Christensen et al. study
from 1985 an OD > 0.12 was considered as positive for biofilm formation. This value was
chosen because it was three standard deviations (SD) above the mean of a clean tissue
plate stained in the same way as the bacterial sampless7o. A modified and new version of
this calculation to determine cut-off for biofilm positive samples has been used, such as,
three times SD above mean of negative control (the negative control being a known biofilm
negative bacterium)a4ss 34 and above two times mean of negative controlsss, while others
have used OD above 0.1 and/or 0.25 to be considered biofilm positivesis0. Whether a
bacterial isolate is biofilm positive or not is hugely dependent on medium, equipment and
OD interpretation, and in my opinion a true comparison between isolates can only be
made if all above factors are exactly the same for the strains compared (e.g. comparison
of strains in a single assay). Biofilm formation is likely a highly regulated process, with
different host and environmental signals influencing and regulating the different stages
in biofilm formation 4s6437. We decided to choose a biological relevant model when
investigating the surface proteins of a clinical S. haemolyticus isolate. In paper II we
first investigated the biofilm formation ability of 10 clinical and 10 commensal isolates,
and although all isolates were considered biofilm positive, the clinical isolates were on
average stronger biofilm producers. To make a more generalised conclusion on whether
clinical isolates are stronger biofilm producers more isolates would need to be tested, and
such a result would then only be valid in those specific conditions. We chose one of the
clinical isolates, that showed superior adhesion to keratinocytes in addition to biofilm

formation for further investigation of the surface proteome (paper II).

In the surface shaving experiment (paper II) we detected an Embp (Ebh in S. aureus)
homolog. Embp has been described as a giant fibronectin-binding protein in S.
epidermidis sufficient and important for biofilm formationis7. Christner et al. also showed
that Empb is a multifunctional cell surface protein that mediates attachment to host

tissue (ECM), biofilm escape phagocytosisier. Linnes et al. suggested that the central role

61



of Embp lies in commensal skin colonization, rather than as a virulence factorass. In the
isolate used for surface shaving, three different embp homologs were found in the genome.
Two of the three Empb proteins were detected in the surface shaving experiment, which
proves that in S. haemolyticus at least two out of the three genes are expressed and/or
functional. The specific role of these proteins in S. haemolyticus needs to be further
investigated. In agreement with other studies, we show in paper I and II that S.
haemolyticus isolates have the ability to produce biofilm, and that different external
factors are likely to be involved in biofilm regulation. Biofilm production was not

dependent on ica genes in our collection of S. haemolyticus isolates.

5.5 Staphylococcal surface proteins

As part of this thesis we aimed to characterize the surface proteins of S. haemolyticus,
and for this we used two different approaches; WGS and surface shaving. WGS reveals
the blueprint and the genetic potential of bacteria, but the presence of a gene does not
mean it is expressed or even functional. In contrast, in the surface shaving approach, the
proteins identified are indeed functional and expressed in the setting tested. In order to
perform proteomic analysis, like surface shaving, knowledge about the genome, as

obtained from WGS, is a prerequisite.

Surface proteins in staphylococcal species often contain long stretches of repeated DNA,
which 1s difficult to assemble correctly with only short sequence reads at hand. Despite
these limitations we found some interesting surface proteins (paper I and paper II),
partly with hitherto unknown function. In paper I we identified SH0326 described as
“streptococcal hemagglutinin-like proteinzz in the majority of the clinical isolates.
Takeuchi et al. predicted SH0326 to play a role in bacterial cell agglutination as a mutant
strain with a deleted region of 21 orfs, including SH0326 led to loss of agglutinations2.
Upon further investigation we identified this gene to be a homolog of the serine-rich
adhesin for platelets, sraP, in S. aureus. SraP may be associated with or play a part in
biofilm formation, as has been shown for the streptococcal homolog, Fabliss. Homologs
have also been identified in Lactococcus speciessss, but is to date best studied in several
streptococcal speciesi7s179,181. The protein appears to have its own secretion apparatus;
the accessory secretion system. In JCSC1435 SH0326 (sraP) is 10.827 bp (3.608 amino
acids) long, including a long repeat sequence in its central part. In our isolates, we were

only able to detect the extreme N and C terminal of this gene. However, based on detection
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of the C-terminal of sraP directly upstream of the accessory sec operon, in addition to the
N-terminal of sraP somewhere in the genome, we were able to predict the presence and
potential function of this gene. We found the accessory sec system to be present in 96% of
the clinical isolates, and 74% of the commensal isolates, suggesting an important role in
the clinical isolates, perhaps essential in the niche they occupy. In S. aureus, SraP has
been shown to bind to platelets, and has been associated with infective endocarditisizs,a4o.
In S. epidermidis SraP has yet to be functionally described but Zhou and Wu described
the structure based purely based on genome miningi7s. Moreover, Meric et al. showed that
the accessory sec gene asp3 and sraP were both significantly associated with virulence in

S. epidermidissos.

We were not able to detect SraP after surface shaving of the clinical isolate co-incubated
with HaCat cells (paper II); either it was not expressed under these conditions or it was
expressed but not identified. There are several potential explanations for this.
Biologically, homologs of this protein have been shown to adhere to blood plateletsi7s. SraP
might not be expressed under the conditions used in the surface shaving experiment.
Additionally, we showed in paper I that several commensal lacks sraP and accessory sec,
strongly suggesting it is not needed on the skin. Technically, glycoproteins are also more
difficult to detect by mass spectrometry than other proteins. Even though SraP is a huge
protein, the majority of the protein consists of repeat sequences without any trypsin cut
sites. Second, due to the variety of glycans that can be present on the same glycosylation
site, different protein glycoforms exist for each protein resulting in a lower abundance for

each glycoform compared with non-glycosylated peptidesaai.

Higher prevalence of S. haemolyticus among neonates compared to adults has been
reported by several studiess7se442. An association has also been shown between the
hospital adapted CoNS colonization and the risk of developing neonatal sepsiss9,443. In S.
aureus glycoproteins have been shown to play a role in sepsis, by adhesion and disruption
of plateletssss. Accessory sec and sraP were highly prevalent among the clinical S.
haemolyticus isolates (97 %), while this system was absent in several commensal isolates
(26%, mainly absent in isolates from the diverse clade F). This suggests that SraP might
provide an important function for the clinical isolates, and it is possible it also includes
binding to human platelets as seen for S. aureus SraP, and hence also plays a role in

sepsis development.

In the surface shaving experiment performed as part of paper II we detected five surface

proteins containing either or both LPXTG and YSIRK motifs. The two proteins with both
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motifs were serine-aspartate repeat-containing (sdr-like) proteins. Sdr-protein have
comparable structural organization, however they are not closely related, with only 20-30
% 1dentical amino acid residuessss. Different sdr proteins have been shown to have
different roles in pathogenicity. Hence, the role of the two sdr-like proteins identified on

S. haemolyticus surface needs to be further investigated before a function can be proposed.

We conclude that exploring and defining the surface proteins of pathogenic bacteria is an
important step in increasing the understanding of the species, and the structure of surface
proteins are important targets for new treatment, such as virulence inhibitors and vaccine

candidates.

5.6 Immune evasion

Microbial immune evasion strategies may not be generally categorized as virulence-
factors, but their importance in pathogenicity is unquestionable. The polysaccharide
capsule has been associated with biofilm formation in bacterias4s-44s. The staphylococcal
capsule is important in the pathogenesis of S. aureus infections, as the capsule enhances
virulence by evading phagocytosis which results in bacterial persistence in the
bloodstream of infected hostsiis449450. The polysaccharide capsule modulates S. aureus
adherence to endothelial surfaces in vitro and animal studies suggests that it also
promotes bacterial colonization and persistence on mucosal surfacesiis. The protective
properties of the S. haemolyticus capsule was demonstrated by Flahaut et ali2:. In paper
I we investigated the presence and prevalence of this capsule in our strain collection. We
identified a capsule operon identical to the one described by Takeuchi et al. in 17 of the
169 isolates, all of which were clinical isolatesze. In addition, we identified three novel
capsule operons. All four putative operons were homologs in capA-capG, while capH-capK
were unique for each capsule type. This observed variable region is also the variable
region in S. aureus capsule, and it is what separates CP5 from CP811s. Furthermore, the
three novel capsule operons contained the region capL-capP which the JSCS1435 capsule
lacked, and these genes were homologs to the S. aureus CP5/8. The GC content of this
variable region capH-capK was significantly lower than the surrounding cap genes,
indicating the variable region were acquired by HGT. The novel putative capsule operons
appeared to be clade specific, and the commensal isolates containing a capsule operon all
belonged to one type. We also identified a capsule operon in isolates forming the new

species (paper III). The putative capsule operon of the novel specie displayed a different
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organization and order of the capsule genes compared to the four types identified in S.
haemolyticus. All five S. borealis isolates displayed the identical capsule operon structure.

The structure of the different capsule operons can be viewed in figure 12.

In paper II, a Toll/interleukin-1 like (TIR) domain protein was significantly upregulated
after S. haemolyticus co-incubation with HaCaT cells. TIR domain containing proteins
have been reported in several pathogenic bacteriassi-4ss. Upon further investigation we
identified the TIR domain protein to be identical to the TirS identified in S. aureus
MSSA476. TirS in S. aureus has been shown to increase survival in the hostss2. TIR
proteins have not been described in S. haemolyticus previously, however the gene
encoding the TIR protein was only identified in three S. haemolyticus isolates, and in one
S. borealis isolate. A recent study investigated the presence of tirSin a S. aureus collection
of 226 isolates and found the gene in 12.4 % of the isolates restricted to only three CCs
(CC1, CC5 and CC8). The authors showed that the tirS-mutant conferred superior
virulence compared to wildtype (WT) underlining the role of TirS in immune
modulationsss. Additionally, they showed that #irS was located in SCC in close proximity
of fusC, and that sub-inhibitory concentrations of fusidic acid increased tirS expressionassa.
The fact that #irS/fusC in our isolates were identical to S. aureus strongly suggest a
transfer event between S. aureus and S. haemolyticus. Our four isolates with tirS/fusC
were not closely related (different clades/different countries) suggesting independent

horizontal events.

Another protein found on the surface of S. haemolyticus (paper II) shared homology with
the SasH/AdsA protein in S. aureus, a protein shown to promote survival of S. aureus
within neutrophilssss. SasH has also been positively associated with disease isolates of S.

aureus4se.

5.7 Other virulence determinants

Biofilm, surface adhesins and capsule can all contribute to the virulence potential of a
bacterium. Another important virulence factors for staphylococci, and perhaps especially
in S. aureus, are toxinsisi,457. CoONS are generally portrayed as a group with little toxin-

production, however few studies have addressed this topicz1,45s.
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Toxins

All S. haemolyticus isolates (n= 169) displayed haemolysis on TSA blood agar plates. In
paper III, haemolysis testing of the isolates proposed as the new species S. borealis was
performed. The S. borealis isolates, in addition to JSCS1435 were plated on p-agar with
5 % horse blood. All S. borealis isolates displayed a more pronounced haemolysis
compared to S. haemolyticus (figure 11). However, performing the same experiment on
TSA with 5 % horse blood revealed the opposite, showing the S. haemolyticus strain to
induce the strongest haemolysis. Clearly, the medium plays a big role, and this
observation suggests that regulation of the genes responsible for haemolysis is different
between the proposed S. borealis strains and S. haemolyticus. The genetic background
responsible for haemolysis in S. haemolyticus or the new species S. borealis is not clear.
To date no homologs of beta or delta toxin gene contributing to haemolysis in S. aureus

have been reported for S. haemolyticus.

The phenol soluble modulins (PSM) provide a better explanation for genes responsible for
haemolysises. It was suggested by Da et al. that the haemolysis observed in S.
haemolyticus is a result, at least in part, due to PSMa, as the amount of PSMa produced
by each strain tested correlated well with the degree of haemolysis observed. The authors
also found that the haemolytic capacity was paired with pronounced cytolytic capacity
toward human neutrophils, indicating a role of particularly PSMa in the immune evasion
properties of S. haemolyticuses. In addition, the authors proposed, based on the conserved
structure of PSMs, and the fact that all PSM types have been shown to activate immune
cells, that other PSMs may also promote sepsises. As part of paper I, we compared the
presence and prevalence of PSMB, and the more recently identified S. haemolyticus
specific PSM. In S. haemolyticus five PSMB genes are found, with the structure 83-82-83-
B2-B1. This cluster was found in all isolates, but some commensal isolates in the diverse
clade F had additional copies of some of these genes. One can speculate that perhaps
replication of some of these genes could provide benefit in competition against other
bacterial species on the skin. PSMa was identified in all our strains, suggesting this gene
to have a potentially important function for this species. We did not detect any other

toxins than the PSMs in any of our isolates.
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Staphyloxanthin

In paper III we showed that all five isolates of the proposed new species S. borealis had
yellow pigmentation, a feature we did not observe for any of the other S. haemolyticus
isolates which all displayed an off-white/grey colour. The yellow pigment of some
staphylococcal species comes from carotenoid pigment staphyloxanthin, which is an
important virulence factor in S. aureussss. The pigment acts as an antioxidant, enabling
the detoxification of host immune system-generated reactive oxygen species (ROS)460,461.
S. aureus species lacking staphyloxanthin grow normally but they are rapidly killed by
ROS from host neutrophils and are deficient in skin abscess formationss. We identified
the staphyloxanthin gene cluster in both the S. haemolyticus isolates and the five S.
borealis isolates. However, S. borealis isolates had a tetR-like transcriptional regulator
three genes upstream of the staphyloxanthin gene cluster. This tetR-like gene was not
detected in any of the S. haemolyticus isolates, and could provide a potential explanation

for the observed yellow pigmentation in S. borealis.

Urease

In paper III we also showed that the five S. borealis isolates were all urease positive by
biochemical testing, and the urease operon was also confirmed genetically. One of the
main biochemical traits separating S. haemolyticus from S. warneri is the production of
urease, whereas S. haemolyticus is urease negativessz2. Urease is crucial for niche adaption
of many bacterial pathogenssss, and is an important virulence factor for several
uropathogenic bacterial species, including S. saprophyticusass—sss. The majority of S.
aureus strains are urease producingse7, and a recent study established that urease is not
only the primary component of the acid response network but also an important factor
required for persistent murine renal infectionsss. By increasing the pH, it also counteracts
the slightly acidic pH caused by lactic acid secreted in the human skin, enabling increased
survival on the skinses. Four out of five S. borealis isolates were of commensal origin,
colonizing the skin, thus counteracting the acidic pH by producing urease might be an

important colonizing strategy.
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6  Concluding remarks and future aspects

With the rise of nosocomial infections and the fast-approaching post-antibiotic era soon
upon us, we are in dire needs of faster and accurate diagnosis in addition to new or
alternative treatment options. Finding a good clinical marker that easily determines
whether the isolated bacteria is the infecting agent or an innocent contamination, can aid
in accurate and fast diagnosis. Additionally, new targets for treatments, like anti-
virulence factors — where the bacteria are disarmed instead of killed, and thereby less
likely to quickly develop resistance - is sorely needed to counteract the growing antibiotic

resistance crisis.

Whole genome sequencing offers the most comprehensive view of genomic information
and associated biological implications. A large part of this thesis has focused on the
genomic content of S. haemolyticus and previously unknown information has emerged as
a result. We have confirmed the MDR nature of S. haemolyticus, revealing the ARGs
responsible for the observed phenotype, but also several ARGs where phenotype has not
been investigated. MDR is a common trait of clinically isolated S. haemolyticus, a feature
not common among the commensal counterparts. Additionally, we found several other
pathogenicity related genes that were positively associated with clinical isolates of S.
haemolyticus. These findings include, but are not limited to; IS256 (previously associated
with ARG and nosocomial infections in both staphylococci and enterococci), a capsule
operon (shown to be protective for phagocytosis in both S. haemolyticus and S. aureus),
sraP (a glycoprotein implicated as important in infection for both staphylococci and

streptococci), and the ARGs aacA-aphD and mecA.

Through genomic inspection we found five isolates differing from the other S.
haemolyticus to such an extent that we suggested classification of a new species. We have
named this species Staphylococcus borealis. Pangenome analysis shows that, while
related, S. borealis differs substantially from S. haemolyticus, with over a third of their
genome being unique to S. borealis. There are also observable phenotypic and
morphological differences between the new species and S. haemolyticus, seen in

pigmentation, haemolysis, and urease production.

We also developed a method to investigate the S. haemolyticus surface proteome after
colonisation of human keratinocytes. We show, for the first time in S. haemolyticus,

several interesting surface proteins with potential roles in adhesion, biofilm and immune
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evasion. These detected surface proteins will need to be further explored to characterize

their precise function in host microbe interaction.

We are currently developing a molecular toolbox for genetic manipulation in S.
haemolyticus, and we plan to follow up our findings with functional studies of the most

interesting genetic markers of virulence that emerged during the course of this thesis.

When we embarked on this study, there was a substantial knowledge gap regarding S.
haemolyticus. It was known that it was a nosocomial pathogen, but data relating to how
it caused infection was extremely sparse. At the end of this study, we have done the
largest and most comprehensive analysis of a S. haemolyticus collection to date. We have
shown that clinical S. haemolyticus isolates show a clear genetic signature and possesses
several genes described in other species as virulence factors. This study has enabled the
identification of proteins involved in adhesion and colonisation, and the identification of
genes potentially responsible for the traits that make this species well adapted in hospital
settings. We have proposed several potential clinical markers and targets for
therapy, and described a new species, Staphylococcus borealis. Our contributions provide
new knowledge on both S. haemolyticus and S. borealis, and lay the foundation for more

work to be done.
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Staphylococcus haemolyticus is a skin commensal gaining increased attention as an
emerging pathogen of nosocomial infections. However, knowledge about the transition
from a commensal to an invasive lifestyle remains sparse and there is a paucity of
studies comparing pathogenicity traits between commensal and clinical isolates. In
this study, we used a pan-genomic approach to identify factors important for infection
and hospital adaptation by exploring the genomic variability of 123 clinical isolates
and 46 commensal S. haemolyticus isolates. Phylogenetic reconstruction grouped
the 169 isolates into six clades with a distinct distribution of clinical and commensal
isolates in the different clades. Phenotypically, multi-drug antibiotic resistance was
detected in 108/123 (88%) of the clinical isolates and 5/46 (11%) of the commensal
isolates (p < 0.05). In the clinical isolates, we commonly identified a homolog of the
serine-rich repeat glycoproteins sraP. Additionally, three novel capsular polysaccharide
operons were detected, with a potential role in S. haemolyticus virulence. Clinical
S. haemolyticus isolates showed specific signatures associated with successful hospital
adaption. Biofilm forming S. haemolyticus isolates that are resistant to oxacillin (mecA)
and aminoglycosides (aacA-aphD) are most likely invasive isolates whereas absence of
these traits strongly indicates a commensal isolate. We conclude that our data show
a clear segregation of isolates of commensal origin, and specific genetic signatures
distinguishing the clinical isolates from the commensal isolates. The widespread use of
antimicrobial agents has probably promoted the development of successful hospital
adapted clones of S. haemolyticus clones through acquisition of mobile genetic
elements or beneficial point mutations and rearrangements in surface associated genes.

Keywords: Staphylococcus haemolyticus, pangenome, multidrug resistance, bacterial genomics, pathogenicity,
antibiotic resistance genes

Abbreviations: ARG, antibiotic resistance genes; aSec, accessory secretion system; CARD, comprehensive antibiotic
resistance database; CDS, coding sequence; COG, cluster of orthologous groups; CoNS, coagulase negative staphylococci;
CP, capsule polysaccharide; ENA, European Nucleotide Archive; IS, insertion sequences; MDR, multi drug resistant; Orf,
open reading frame; WGS, whole genome sequence.
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INTRODUCTION

Staphylococcus haemolyticus is an emerging pathogen of
nosocomial infections, and the most frequently isolated
coagulase-negative staphylococcal (CoNS) species alongside
Staphylococcus epidermidis (Hope et al., 2008; Pereira et al., 2014;
Nanoukon et al., 2017; Teeraputon et al., 2017). S. haemolyticus
infections particularly affect immunocompromised patients and
mainly occur as bloodstream and device-associated infections.
Nosocomial S. haemolyticus isolates are ranked as the most
antibiotic resistant species among the CoNS, and antibiotic
therapy choices are therefore very limited (Hope et al., 2008;
Kresken et al., 2011; Barros et al., 2012).

Compared to the more virulent Staphylococcus aureus,
S. haemolyticus possesses few typical virulence factors (Takeuchi
et al., 2005). Formation of biofilm (Fredheim et al., 2009;
Giormezis et al., 2014; Pereira et al., 2014), production of phenol-
soluble modulins (Da et al, 2017) and frequent phenotypic
rearrangements due to a large number of insertion sequences
(IS) (Takeuchi et al., 2005) have been suggested as important
S. haemolyticus virulence determinants. However, these traits
have not yet been linked explicitly to strains of clinical origin. The
oriC environ is a chromosomal region of staphylococci proposed
to be important for the evolution and differentiation of each
staphylococcal species. There is little homology between the oriC
environ of the different staphylococcal species, and the region
does not contain genes essential for viability. The oriC environ
is significantly larger in S. haemolyticus compared to that of
S. aureus and Staphylococcus epidermidis. Moreover, almost half
of the candidate coding sequences (CDS) for virulence are located
within the oriC environ, encoding e.g., surface adhesins and
capsular polysaccharides, factors that can modulate adherence
and contribute to phagocytosis resistance (Takeuchi et al., 2005;
Flahaut et al., 2008).

Despite the advancing clinical relevance of S. haemolyticus,
knowledge about the transition from a commensal to an invasive
lifestyle remains sparse. Moreover, there is a paucity of studies
comparing pathogenicity traits between commensal and clinical
invasive isolates. Predicting invasiveness of staphylococcal strains
by use of marker genes is one approach to differentiate isolates
with different pathogenicity. For S. epidermidis, the ica operon
encoding biofilm formation and the insertion sequence element
1S256; associated with aminoglycoside resistance, have been
proposed as markers for invasive strains of S. epidermidis
(Kozitskaya et al., 2004; Rohde et al., 2004). More recently, Méric
et al. (2018) presented how calculation of a genotype risk score
can predict pathogenicity in S. epidermidis isolates with 80%
accuracy. With the advances in sequencing technologies and
more available bacterial genomes new methods for analysis have
emerged. The total number of genes in a bacterial population,
collectively called the pan-genome, allows identification of genes
more present and important in pathogenic strains (Tettelin
et al., 2005). Studies of S. haemolyticus to date have focused
predominantly on clinical isolates. The aim of this study was to
identify factors important for infection and hospital adaptation
by exploring the genomic variability of clinical and commensal
S. haemolyticus using a pan-genomic approach.

MATERIALS AND METHODS

Bacterial Isolates, Species Identification,
Antibiotic Susceptibility and Biofilm

Testing

This study includes 169 S. haemolyticus isolates; 123 clinical
isolates and 46 commensal isolates. The clinical isolates (mainly
from blood cultures, invasive catheters and wounds), in addition
to five of the commensal isolates, were from different hospital
units and had different geographical origins. They were collected
between 1988 and 2010, and have been described previously
(Cavanagh et al., 2014). The remaining 41 commensal isolates
were skin samples isolated from healthy volunteers with no
antibiotic exposure and no hospitalization or health care
affiliation during the three previous months (Cavanagh et al.,
2016). This was a separate collection from one geographical
location (Tromse, Norway) and collected between 2013 and
2014 (Cavanagh et al,, 2016). An overview of all the isolates
used and their characteristics can be found in Supplementary
Data S1. Species identification was done by 16s rRNA sequencing
and/or matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS) using a Microflex
LT instrument (Bruker Daltonics, Bremen, Germany), Flex
Control software and the MALDI Biotyper 3.1 software (Bruker
Daltonics, Bremen, Germany). Antibiotic susceptibility testing
was performed as previously described (Cavanagh et al., 2014,
2016), and interpreted according to the 9th version of the
EUCAST guidelines'. Isolates resistant to three or more classes
of antibiotics were classified as multidrug resistant (MDR). Semi-
quantitative determination of biofilm formation was performed
with the modified Christensen assay, as described previously
(Fredheim et al., 2009). Isolates were considered biofilm positive
if they had an optical density (OD) value >0.2 above the
negative control.

Whole Genome Sequencing (WGS),

Assembly and Annotation

The WGS procedure for all clinical isolates and five of
the 46 commensal isolates is described in a previous study
(Cavanagh etal,, 2014). For the remaining 41 commensal isolates,
bacterial DNA was extracted and prepared for WGS using
the Wizard Genomic DNA purification kit (Promega, Madison,
United States) according to the manufacturer’s instructions. WGS
was performed on index-tagged libraries for each S. haemolyticus
strain by paired-end sequencing at the Norwegian Sequencing
Centre on an Illumina MiSeq (Illumina Inc., San Diego,
California, United States). Subsequently, all 169 genomes were
(re-assembled using SPAdes version 3.7 software (Bankevich
et al., 2012), with some modification to the default parameters.
Contigs >500 bp were reordered relative to the only complete
fully annotated closed reference genome (JCSC 1435) (Takeuchi
et al,, 2005) using ABACAS (version 1.3.1). Protein CDSs were
predicted using Prokka v1.12 (Seemann, 2014) using default

Uhttp://www.eucast.org/
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settings. The sequences are deposited in the European Nucleotide
Archive?; study accession no ERP000943 and ERP114853.

Phylogeny and Molecular Typing

Subtyping of the 169 isolates was performed using kSNP3 to
identify single-nucleotide polymorphisms (SNPs) in the core
genomes and to reconstruct a parsimony phylogenomic tree
(Gardner et al., 2015). Phylogenetic trees were visualized using
the online tool iTol’.

Pan-Genome and Pan-Genome-Wide
Association Study (Pan-GWAS) of

S. haemolyticus

Pan-genome analyses of all 169 isolates were performed using the
Roary software package with default settings (Page et al., 2015).
The program generates a file containing all the predicted gene
clusters and the sequence identifier of each isolate containing
said gene. Based on this file, core, accessory and unique genes
were extracted and saved as individual lists. The accessory list
was subdivided based on clusters common for both clinical and
commensal isolates, in addition to clusters unique to each group.
The unique list was further subdivided based on genes identified
in clinical and commensal isolates. These lists were uploaded to
eggNOG to get cluster of orthologs groups (COG) identifications
(Huerta-Cepas et al., 2016).

Files created by Roary, were used as input for Scoary, a
microbial pan-GWAS tool that calculates the association between
all genes in the accessory genome and traits defined by the users.
For our purpose we only used one trait; whether a given isolate
were of clinical or commensal origin. Based on this information
Scoary reported a list of genes sorted by strength of association
per gene (Brynildsrud et al., 2016).

In silico Analysis and Statistics

The resistance gene identifier in the comprehensive antibiotic
resistance database (CARD; version 1.1.1; Department of
Biochemistry and Biomedical Science; McMaster University,
Canada (Jia et al., 2017) was used to predict genes presumed
to confer antibiotic resistance, and the results were further
compared with the phenotypic susceptibility test results. Potential
virulence factors were identified by homology searches against
the virulence factor database (VFDB) together with putative
virulence factors previously predicted by Takeuchi et al. (2005)
and Chen et al. (2016). Identification of IS elements was
performed using the ISsaga program (Varani et al., 2011). The
presence of IS elements were confirmed by sequence search
against the complete S. haemolyticus sequence collection (both
on contigs and CDS). Sequence coverage of contigs harboring IS
elements was used to quantify the copy numbers: the coverage
of contigs with IS elements divided by the overall average
coverage of its respective genome. Identification of putative
plasmids was performed by screening the genome assemblies
for plasmid replicon (rep) genes using the PlasmidFinder

2www.ebi.ac.uk/ena
3https://itol.embl.de/

database (Carattoli et al., 2014) with coverage settings set to
default of 75%. Identification of prophages, potentially important
for horizontal gene transfer (HGT), was performed by using
PHASTER (Arndt et al., 2016). Plasmid replicon sequences with
more than 80% coverage and predicted intact phages identified
in more than 10 isolates were further investigated by sequence
search in order to confirm the presence of plasmid and phage
genes, respectively.

Data were also analyzed using IBM-SPSS statistical software
(IBM Corp. Released 2015. IBM SPSS Statistics for Windows,
Version 23.0. Armonk, NY: IBM Corp.). Categorical data are
displayed as ratios and frequency (%), and analyzed using
the Chi square test. Pathogenicity is a complex multifactorial
property. We used biological knowledge to identify known
pathogenicity-associated traits enriched in clinical isolates. In
particular, we focused on antibiotic resistance genes (ARGs)
and previously established virulence factors. We developed
different scores including the following four traits; aacA-aphD,
mecA, folP and phenotypic biofilm production. In order to
find a pragmatic score that could differentiate between a
clinical and a commensal isolate we calculated the area under
receiver operating characteristic (ROC) curves, and its 95%
confidence interval.

RESULTS

Genome Composition and Genetic
Variability

The average size of the assembled genomes was 2.52 Mb (2.32-
2.86 Mb), with an average of 120 (32-415) contigs per genome.
Each genome had on average 2,457 (2,239-2,816) predicted
protein sequences (CDSs) with an average GC content of 32%.

The pan-genome of the 169 S. haemolyticus isolate dataset
comprised 9,092 Cluster of Orthologous groups (COGs). We
divided the pan-genome into core genes (genes shared by all
strains), accessory genes (genes shared by some but not all strains)
and unique genes only present in one genome (Figure 1A). The
pan-genome sub-groups were annotated and sorted into COG
categories (Figure 1B). Gene accumulation curves showed that
the core genome plateaued at 1,522 genes reflecting a stable core
and an open pan-genome where the addition of each new genome
increases the total gene pool (Figure 1C).

Thirty-two percent of the annotated genes were categorized
as function unknown, and this class was excluded from the
graphical representation of the COG categories. The most
abundant categories in the core genome were genes involved in
housekeeping functions, like transcription and translation, and
different metabolism categories. The accessory genome had a
larger portion of genes associated with mobile genetic elements
(MGE) such as transposons and bacteriophages (transcription,
replication, recombination and repair (24%), which was also
the most enriched category amongst the unique genes (25.7%).
Genes involved in transcription (12%), genes associated with cell
wall and membrane biogenesis (9.2%) and defense mechanisms
(6.8%) were also considerably more prevalent in the accessory
and unique gene pool, compared to the core gene pool. No
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FIGURE 1 | Staphylococcus haemolyticus pangenome statistics. (A) The size and distribution of the pangenome into the subgroups; core (shared by all isolates),
accessory (shared by some isolates) and unique (found only in one isolate). (B) Collective distribution of core (black), accessory (gray) and unique (white) genes in

COG. (C) Pangenome curve generated by plotting total number of gene families in the pan and core genome.

significant differences of the COG distribution were found
between the clinical and commensal group (data not shown).

Phylogeny and Population Structure

The phylogenetic reconstruction grouped the 169 isolates into
six clades (A-F). There was a distinct distribution of clinical and
commensal isolates into the different clades (Figure 2). The two
largest clades, A and C, consisted almost exclusively of clinical
isolates (88/90; 98%), while the majority of the commensal
isolates (39/46; 85%) were found in clades D and F. The clinical
isolates in clade A-C were more closely related compared to
the commensal isolates. Twenty-eight of 123 (22.8%) clinical
isolates were grouped in the three clades (D-F) predominantly
consisting of commensal isolates. A long branch separating the
“commensal heavy” clade F (78% commensal isolates) from the
rest of the isolates underlines the high variability observed in the
commensal isolates, compared to the clustered clinical isolates
(Figure 2). We observed that with the exception of clade F, the
isolates in all the other clades were closely related, independent
of country of origin. The commensal isolates in clade F, mainly
originating from the same geographic location in Norway, were
in contrast very diverse.

Antibiotic Resistance and Mobile

Genetic Elements (MGE)

Phenotypically, 113/169 (68%) of the isolates were classified as
MDR; 108/123 (88%) of the clinical isolates (Cavanagh et al.,
2014) and 5/46 (11%) of the commensal isolates (Cavanagh
et al, 2016) (p < 0.05). Using a genotypic approach, we
identified the ARGs for most of the observed phenotypes, and
overall, phenotypic and genotypic resistance correlated well.

However, ARGs toward eight additional antibiotic classes were
also detected, but not phenotypically tested (Figure 3).

ARGs were among the most common genes among all
clinical isolates. In particular mecA, aacA/aphD, blaZ were
predominantly found in invasive isolates (Table 1). Phenotypic
macrolide resistance was common in both the commensal (30/46;
65%) and the clinical (100/123; 81%) isolates. However, the
majority of commensal isolates carried the macrolide resistance
gene mphC (28/46; 61%) and few carried ermA (5/46; 11%),
while the clinical isolates had both mphC (75/123; 61%) and
ermC (52/123; 42.3%). The antiseptic resistance genes gacA
and qacB were found in both clinical and commensal isolates,
however gacB was identified predominantly in the commensal
isolates whereas qacA was detected predominantly in clinical
isolates (Figure 3).

For the plasmid analysis, we found a total of 51 replicon
sequences, with an average of 5.5 replicon per clinical isolates
and 7.6 average replicon in commensal isolates. When a
replication sequence was identified in more than 10 isolates,
we examined the presence of the entire plasmid. For smaller
plasmids presence was easily determined, and numbers in
clinical and commensal isolates were calculated and presented
in Table 2. Larger plasmid sequences were often split over
several contigs, thus not all of the plasmid genes were identified.
If the whole plasmid could not be identified, we looked for
the presence of its cargo genes instead. The replicon sequence
of S. haemolyticus plasmid pSHaeB, carrying ermC, was only
found in the clinical isolates (55/123; 45%). The S. aureus
plasmid replicon for pUB110, carrying kanamycin and bleomycin
resistance genes, was identified in 23/123 (19%) clinical and 2/46
(4%) commensal isolates. Chloramphenicol resistance plasmid
pC221 was predicted based on the replicon sequence, and
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FIGURE 2 | (A) Number and origin of isolates included in this study. (B) Phylogenetic tree of the 169 S. haemolyticus isolates, based on SNPs in the core genome.
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FIGURE 3 | (A) Graphical representation of S. haemolyticus antibiotic resistance genotype plotted onto the phylogenetic SNP-based core tree. The figure shows the
presence and absence of ARGs and classes across the different clades. *Mutations in gyrA and parC gives resistance to fluoroquinolones. ** QACs: quaternary
ammonium compounds. (B) The percentage of each ARG present in the clinical and commensal subgroups.

the chloramphenicol gene (cat) was identified in 39 isolates,
all of clinical origin. In addition, the plasmids pSHaeA and
pSHAaeC, the former carrying the fosfomycin resistance gene,
were identified in our collection but in less than 1/3 of all
isolates, and with no clear difference between clinical and
commensal isolates. Several larger plasmids were predicted based

on replicon sequence but none of these were identified in their
entirety. We extracted what we considered interesting cargo
genes from these plasmids and determined the prevalence of
these (Table 3).

We predicted 13 different intact prophages in our collection,
identified in 68% (114/169) of the isolates (clinical 94/123; 76%
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TABLE 1 | Genes and gene versions enriched in 123 clinical isolates, sorted
by significance.

TABLE 2 | Smaller plasmids and their distribution in clinical (n = 123) and
commensal (n = 46) isolates.

Gene name SH_ref Annotation Clinical Commensal Plasmid  Origin Size  Associated Clinical Commensal
(%) (%) genes (%) (%)

NA SH1612 Acetyltransferase 86.2 4.4 pSHaeA S. haemolyticus 2,300 bp fosB (fosfomycin  26.8 8.7
GNAT resistance)

aacA-aphD  SH1611  Bifunctional AAC/APH 85.4 4.4 pSHaeB S. haemolyticus 2,366 bp ermC 44.7 0

folPX SH2496  Dihydropteroate 78.9 0.0 (erythromycin
synthase resistance)

folBX SH2495  Dihydroneopterin 78.1 0.0 pSHaeC S. haemolyticus 8,180 bp MFS transporter, 8.9 6.5
aldolase mobC, marR

NA SH2607  AtP-binding protein 76.4 2.2 transcriptional
(plasmid) regulator

paaZ SHO090  Bifunctional protein 85.4 13.0 PWBG1773 S. aureus 2.916bp 25.2 28.3
PaaZ pKH21 S. aureus 2,581 bp  Lincosamin 5.7 4.3

mecA SH0091  Methicillin resistance 85.4 13.0 resistance
gene pWBG754  S. aureus 2,241 bp gacC 29.3 17.4

ugpQ SHO089  Glycerophosphodiester 82.1 13.0 pC221 S. aureus 4,555 bp Chloramphenicol 31.7 0
phosphodiesterase resistance

blar1X SH1763  Regulatory protein 84.6 19.6 puB110 S. aureus 4,548 bp Bleomycin and 18.7 4.3
BlaR1 kanamycin

tagE SH2252 Truncated 86.2 217 resistance
glycosyltransferase

plazX SH1764 Beta-lactamase 781 15.2 TABLE 3 | Distribution of genes associated with larger plasmids in the isolates.

X -

blal X SHi762 Penlclllhnase repressor 60.2 22 Associated Origin Gene Clinical Commensal

ansA’ SH1433 Putative 55.3 0.0 plasmids (%) (%)
L-asparaginase

NAX SH2156 Ferrichrome ABC 88.6 30.4 pPSE-12228-05, S. epidermidis Tn552 72.4 6.5
transporter truncated pWBG753 S. aureus

nikAX SH0292  Nickel-binding 94.3 413 pPSE-12228-05, S. epidermidis blaR1 91.9 43.5
periplasmic protein pWBG753 S. aureus

fabGX SH0438 FabG 89.4 32.6 pPSE-12228-05 S. epidermidis Penicillinase 94.3 457

NA SHO155  MFS transporter 96.8 47.8 repressor

sraPX SHO326 SraP 96.8 47.8 pWBG753 S. aureus blaz 91.9 43.5

secA2X SHO331  Protein translocase 96.8 478 VRSAp S. aureus aacA-aphD 85.3 4.3
subunit SecA2 VRSAp S. aureus gacA/B 69.1 73.9

yijX SH0452  Pyrimidine 84.6 26.1 VRSAp S. aureus gacR 67.5 76.1
5’-nucleotidase YjjG pWBG753 S. aureus tetk 26 8.7

PHAGE StauST398- 51.2 0.0 SAP099B, S. aureus, cadC 171 17.4
2/vB_saus_phi2 pLEW6932 Staphylococcus

All these genes/gene versions were significantly enriched in clinical isolates Sp-

(b < 0.001), the order of presentation from top of the table indicates those with ~ SAP099B, S. aureus, arsR 4.1 63

the lowest p values. X These genes exist in different conserved versions in the PLEW6932 Staphylococcus

clinical and commensal isolates. SH_ref; S. haemolyticus reference gene numbers Sp.

from Takeuchi et al. (2005), accession number APO06716.1. The complete list of
genes can be found in Supplementary Data S2.

and commensal 17/46; 37%). Five of these prophages were found
in more than 10 isolates. The most prevalent phage, exclusively
found in only clinical isolates (63/123; 51%), was predicted
as staphylococcal phage vB_Saus_phi2 and S. aureus phage
StauST398-2. Sequence searches of the two phage genes matched
the same S. haemolyticus genes. Staphylococcus phage SPbeta-
like is a phage of 127,726 bp with 156 CDS, and was identified
in 21 clinical isolates and in one commensal isolate. This phage
carries the genes aacA-aphA and dfrC, encoding resistance to
gentamicin and trimethoprim, in addition to five IS256 and one
IS431 element (CDS 146-156). Of all the isolates carrying this

phage, we could identify the first 145 genes in the same order as
in the reference phage.

We identified a large number of IS elements, ranging from
15 to 88 per each isolate. ISShal and IS1272 were found
as several copies in all isolates. IS256 was found almost
exclusively in clinical isolates (106/123; 86%) and rarely (5/46;
11%) in commensal isolates. The transposon Tn552/IS481 was
also identified predominantly in clinical isolates (89/123; 72%)
compared to commensal isolates (6/46; 13%).

Biofilm Production and Biofilm Encoding

Genes
Phenotypic biofilm production was significantly more prevalent
among clinical isolates (83/123; 67%) versus commensal isolates
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(16/46; 35%), p < 0.001. However, we did not detect ica genes
which typically encode biofilm production in other CoNS species.

Putative Surface Proteins

The C-terminal part of a hypothetical serine-rich surface protein
(SH0326) named sraP (serine rich adhesin for platelets) was
present in 119/123 (97%) of the clinical isolates and in 22/46
(48%) of commensal isolates. The partial sraP gene was located
up-streams of secY2, the first gene in the accessory sec system
(aSec); a structure dedicated to transport and modification of this
surface protein. The N-terminal was located on a different contig
which was, in most cases, correctly assembled directly upstream
of the aSec contig. The central part of SraP, known to contain long
stretches of repeated patterns was lost during assembly. Mapping
sequence reads on assemblies of isolates, predicted to contain
sraP, against the full length SH0326 showed that these strains
did indeed have the full sequence. However, there appeared to be
individual differences in the length of these repeat sequences. The
complete aSec operon was identified in 119 clinical isolates (97%)
and 34 (74%) of commensal isolates by performing sequence
read mapping. Isolates without sraP and aSec belonged to the
commensal clades D (12 isolates) and F (3 isolates), and one
commensal isolate in clade B.

Putative Capsule Polysaccharide (CP)

Operons

We identified four different structures of the CP operons
among the 169 isolates. Seventeen isolates, all of clinical origin,
had the capA-M operon structure similar to that described in
S. haemolyticus JCSC 1435 (Takeuchi et al, 2005). Another
52 isolates had three potential novel CP operons (Figure 4).

These three novel CP operons were homologs to the capA-G
of S. haemolyticus JCSC 1435 (65-100% CDS identity). Each
novel CP operon contained a capH-K region unique to its group,
followed by the region capMj;-P (CDS 51-78% identity) which
was common to all the three novel versions. The last gene in the
operon, named capM in JCSC1435 was present in all four CP
operon versions. capM identified in the three novel versions were
named capMp to distinguish it from the already annotated capM
found in JCSC 1435. capL-Mj; shared homology with S. aureus
cap5/8. The novel CP version 1 was lacking the capH gene and
capI-K did not show considerable homology to any other known
CP genes. However, the novel CP version 2 capH-K showed
homology to S. aureus cap8 (CDS 55-72% identity) and novel CP
version 3 to S. aureus cap5 (CDS 57-68% identity).

Genes and MGE Significantly Different
Between Clinical and Commensal

Isolates

In order to identify a specific signature in the gene repertoire
of the clinical isolates important for hospital adaptation, a
pan-GWAS analysis was performed on the accessory genome.
1887 predicted genes were statistically different between the
two groups (p < 0.05), and the genes found most enriched
for each group are listed in Tables 1, 2. As the population
of S. haemolyticus is diverse, the gene sequence of genes with
the same function varied significantly between the isolates,
resulting in several orthologs clusters for one gene. Two enzymes
in the folate pathway, dihydropteroate synthase (folP) and
dihydroneopterin aldolase (folB) are a representative example of
this. One version was only present in clinical isolates (96/123
isolates, 78%), and not found in any commensal isolates.

A
JCSC1435 | |
Novel 1 | ]
Novel 2 | |
Novel 3 |
| J\

A B C D E F G

f
JCSC1435 homology

|:| Novel
- Cap8 homology
- Cap5 homology
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FIGURE 4 | Organization of the different polysaccharide capsules (CP) operons identified in our collection. (A) The three novel varies in their homology to the CP in
JCSC1435. capA-G is homologs among all isolates with identified capsule operon. The region capH-K is what separates the four types from one another; novel 1

with no known homology, novel 2 shows homology to S. aureus cap8 and novel 3 with homology to S. aureus cap5. The region capL-P is homologs to S. aureus
and is found in all three novel types, a region absent in JSCS1435. (B) Pie chart showing the distribution of all identified CP operons in this study.
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A different version was found in all 46 commensal isolates, and
27/123 (22%) of clinical isolates. The majority of the clinical
isolates of the latter group belonged to the commensal clade
D and F (19 isolates), with 8 isolates scattered amongst clade
A, B and E. Extracting these CDSs from each isolate and
aligning them displays conserved differences between the genes
in the two groups.

The most prevalent genes with a known function enriched
in the clinical isolates included several ARGs (Table 1). The
most prevalent genes with a known function enriched in the
commensal isolates included several genes involved in metal
control, transposases, and generally different versions of genes
found in clinical isolates (Table 4). Using scores including one or
more ARGs and phenotypic biofilm formation resulted in ROC
curves with area under the curve (AUC) values > 0.9, indicating a
high discriminatory capacity to differentiate between clinical and
commensal isolates (Figure 5).

DISCUSSION

There is a significant lack of knowledge about S. haemolyticus
pathogenicity. In the present comparative genome study of
clinical and commensal isolates we identified several genetic
determinants and genotypes associated with the pathogenicity
and the success of S. haemolyticus in the hospital environment.
Resistance to commonly used antimicrobial agents and
disinfectants, in addition to genes encoding proteins involved in

adhesion and human immune defense escape predominates in
the clinical isolates.

Population Structure - Distinct
Signatures of Clinical and Commensal

Isolates

The establishment of hospital adapted S. haemolyticus clones was
previously reported by our group (Cavanagh et al,, 2014). In
the current study the majority of the clinical and commensal
isolates form distinct phylogenetic groups when phylogeny is
reconstructed based on SNPs in the core genome. In clades
where clinical isolates are grouped with commensal isolates,
they display a signature more similar to the commensals. In
S. epidermidis there has been more research on phylogenetic
relationship between clinical isolates, but data reported are
conflicting. Conlan et al. (2012) showed that commensal and
invasive isolates were grouped as distinct groups. In contrast,
Meéric et al. (2018) recently demonstrated that pathogenic clones
of S. epidermidis can arise from various commensal backgrounds.
This was shown by the absence of specific disease associated
clades in a comparative study of invasive and commensal isolates.
Staphylococcus haemolyticus and S. epidermidis are the two
most recovered CoNS species from infection. Abundance of
S. epidermidis on skin enhances the probability of contamination
of indwelling devices. While S. haemolyticus also is a skin
commensal, the population structure observed among our
isolates suggests that specific persistent hospital adapted clones of

TABLE 4 | Genes and gene versions enriched in 46 commensal isolates, sorted by significance.

Gene name SH_ref Annotation Clinical (%) Commensal (%)
folBX SH2495 Dihydroneopterin aldolase 22.0 100.0
folPX SH2496 Dihydropteroate synthase 23.6 100.0
group_2286 Major Facilitator (MFS) 0.0 56.5
csoR Copper-sensing transcriptional repressor 8.1 76.1
CsoR
copZ Copper chaperone CopZ 8.1 73.9
COpA Copper-exporting P-type ATPase 8.1 7.7
czcD Cadmium, cobalt and zinc/H(+)-K(+) 8.1 7.7
antiporter
NAX SH0287 Caax amino terminal protease family protein 41 63.0
arsR ArsR family transcpriptional regulator 4.1 63.0
ISSha1* SH2073 Transposase 0.0 47.8
grxC Glutaredoxin 8.1 69.6
nikAX SH0292 Nickel-binding periplasmic protein 41 60.9
ydaF* SH2658 Putative ribosomal N-acetyltransferase 7.3 65.2
YdaF
recQ SH1430 ATP-dependent DNA helicase RecQ 44.7 100.0
ansAX SH1433 Putative L-asparaginase 45.5 100.0
IS30 IS30 family transposase 1.6 47.8
vjaB Putative N-acetyltransferase YjaB 2.4 50.0
group_1785 Putative Insertion element/transposase 2.4 50.0
IS1272X SH2041 181272 0.0 39.1
yodd X SHO186 Putative carboxypeptidase YodJ 2.4 47.8

All these genes/gene versions were significantly enriched in commensal isolates (p < 0.001), the order of presentation from top of the table indicates those with the lowest
p values. X These genes exist in different conserved versions in the clinical and commensal isolates. SH_ref: S. haemolyticus reference gene numbers from Takeuchi et al.
(2005), accession number APO06716.1. The complete list of genes can be found in Supplementary Data S2.
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FIGURE 5 | (A-C) Receiver operating characteristics (ROC) curves with area under curve (95% confidence interval) for scores using different combinations of
aacA-aphD, mecA, folP and phenotypic biofilm production in order to discriminate between clinical and commensal isolates.
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S. haemolyticus are the major sources of infections, and that skin
contamination is less likely (Tognetti et al., 2012; Kaspar et al.,
2016; Byrd et al., 2018).

Surveillance and molecular typing are important in order
to monitor the epidemiology of established and developing
S. haemolyticus hospital clones. The availability of online
resources, such as PubMLST*, Enterobase’, and BacWGSTdb®,
for bacterial typing offers rapid classification and source tracing,
which is increasingly important in a globalized community
(Ruan and Feng, 2016; Alikhan et al., 2018; Jolley et al,
2018; Ruan et al., 2019). Currently, it is possible to investigate
S. haemolyticus epidemiology using the traditional MLST
database’, but extended MLST schemes are unavailable. As
S. haemolyticus is an emerging nosocomial pathogen with
extended antibiotic resistance, an online resource offering
rapid typing and phylogenetic relatedness linked to antibiotic
resistance genes and clinical data would be very useful.

The accessory gene repertoire of the clinical isolates is
characterized by high prevalence of ARGs. This was expected
as S. haemolyticus infections are commonly caused by MDR
isolates (Barros et al, 2012; Chang et al, 2018). Creating a
score with ARGs and phenotypic biofilm formation clearly
separated the invasive from the commensal isolates. This can
be useful in clinical microbiology when conveying results of a
positive S. haemolyticus culture back to the treating clinician.
Biofilm forming S. haemolyticus isolates that are resistant to
oxacillin (mecA) and aminoglycosides (aacA-aphD) are most
likely invasive isolates whereas absence of these traits strongly
indicates a commensal isolate.

The interpretation of the folB/folP results is complex. We
found distinct conserved differences in folB and folP clearly
separating clinical from commensal S. haemolyticus isolates.
In S. aureus five mutations in folP have been shown to
directly contribute to sulfonamide resistance (Griffith et al.,
2018). Combination treatment of trimetoprim-sulfamethoxazole
has been used in infections caused by methicillin resistant
staphylococci, and the rates of trimetoprim-sulfamethoxazole
resistance is increasing (Khamash et al., 2018). Neither of the

“http://pubmlst.org
Shttp://enterobase.warwick.ac.uk
Shttp://bacdb.org/BacWGSTdb
7https://pubmlst.org/shaemolyticus/

two versions of folP that we identified in our S. haemolyticus
collection had the mutations shown to increase resistance
to sulfonamides in S. aureus. However, there is substantial
sequence variations between the S. haemolyticus and S. aureus
folB and folP genes, and other mutations could also lead to
decreased susceptibility. The importance of the folP versions in
S. haemolyticus needs further evaluation, and extensive testing on
sulfonamide resistance is needed.

In the successful epidemic S. aureus EMRSA-15, mecA
acquisition, mutations in gyrA and gIrA; resulting in
fluoroquinolone resistance, and uptake of plasmids carrying
ermC, was shown to be strong drivers of evolution (Holden
et al, 2013). Uptake of plasmid pSHaeB carrying ermC was
only observed for the clinical S. haemolyticus isolates, and has
also been shown to be prevalent in several clinically important
staphylococcal species (Aguila-Arcos et al., 2017). The observed
population structure in S. haemolyticus appears more similar to
S. aureus than to S. epidermidis. In S. aureus defined pathogenic
clones have adapted to the specific challenges of the hospital
environment (Rasmussen et al., 2013), and our data support that
similar phenomenon occurs in S. haemolyticus.

15256, found in the majority of clinical S. haemolyticus isolates,
has also been reported to be more common in nosocomial
isolates of S. epidermidis, and has been associated with gentamicin
resistance due to co-localization on the transposon Tn4001, in
addition to biofilm formation (Kozitskaya et al., 2004; Conlan
et al., 2012; Sharma et al., 2018). IS256 can shape the genome
by affecting gene expression. In several successful virulent MRSA
STs, such as ST 247, the presence of 1S256 has been linked
to increased virulence, vancomycin resistance and formation of
small-colony variants (Kleinert et al., 2017). The opposite was
demonstrated in Brazilian MRSA ST 239 isolates where 1S256
was integrated near global regulatory genes (agr and mgr) likely
leading to rapid changes of bacterial traits, resulting in reduced
virulence (Botelho et al., 2019). 15256 has been suggested as a
marker for molecular typing and identification of nosocomial,
invasive S. epidermidis isolates (Gu et al., 2005; Yao et al., 2005;
Montanaro et al., 2007). There is also some evidence indicating
that IS256 is not only enriched within invasive isolates, but
also more prevalent in isolates with poor treatment outcome
(Post et al., 2017).

The transposon Tn552/IS481, was also predominantly
identified in clinical S. haemolyticus isolates, and this MGE often

Frontiers in Microbiology | www.frontiersin.org

September 2019 | Volume 10 | Article 2096



Pain et al.

Genetic Signatures of Staphylococcus haemolyticus

carry antiseptic resistance and beta lactamase genes (Anthonisen
et al., 2002). The pandemic S. aureus ST239 has acquired
resistance to multiple antibiotics and antiseptics, among them
qac A and B (Chang et al., 2017). Qac proteins are efflux pumps
that protect bacteria not only from a variety of toxic substances
but also from fluorquinolones and beta-lactams (Prag et al,
2014; Wassenaar et al., 2015; Taheri et al., 2016). In our study,
qacA was detected more often in clinical isolates, while gacB
was almost exclusive to the commensal isolates. gacA has been
reported to have a broader spectrum of resistance than gacB, and
this might be the reason why we found gacA more often in the
clinical samples (in 65% clinical isolates and 39% commensal
isolates), obtained from an environment with higher antibiotic
pressure (Wassenaar et al., 2015).

The Adhesion Protein SraP Is Highly

Prevalent in Clinical Isolate

In the clinical isolates we commonly identified a homolog
(SHO0326) of the serine-rich repeat glycoproteins SraP of S. aureus
and the accessory sec system, dedicated for the export of SraP.
SraP belongs to a highly conserved family of serine-rich surface
glycoproteins of Gram-positive bacteria. Expression of SraP has
been linked to adhesion to different types of cells, including
human platelets and is associated with infective endocarditis
(Siboo et al., 2005; Yang et al., 2014; Bensing et al., 2016).
The higher prevalence of the aSec system and sraP is likely
advantageous for the clinical S. haemolyticus isolates as they
are mainly isolated from blood. In S. epidermidis, genome
signatures linked to pathogenicity identified the aSec gene asp3
as one of four strong virulence predictors. In their full list of
pathogenicity-associated signature genes sraP was also identified
(Méric et al., 2018).

A Novel Capsular Polysaccharide Operon
The polysaccharide capsule (CP) in S. haemolyticus has been
shown to play a role in the protection against uptake and killing
by human neutrophils (Flahaut et al, 2008). In S. aureus it
was demonstrated to modulate adherence to endothelial surfaces
in vitro, and to promote bacterial colonization and persistence on
mucosal surfaces in animal models (Riordan and Lee, 2004).

In this study we found four different capsule operons of
which only the first type has been described in S. haemolyticus
JCSC1435 previously (Takeuchi et al., 2005). Two of the three
novel CP (capNOP) structures have homology to the S. aureus
cap 5/8 genes, and identification of capO in S. haemolyticus has
not previously been reported. The third type has no homology
to any previously described cap version. The new CP versions in
S. haemolyticus have a variable region, capH-K which is unique
to each of the four versions with little or no homology between
them. The GC content of this variable region is also significantly
lower than the surrounding cap genes, indicating the variable
region was acquired by HGT. Both CP genes and SCC are
located in the oriC environ, a region of high genomic flexibility,
allowing staphylococci to maintain or acquire genes needed for
the adaption to on-going environmental changes (Hiramatsu
etal., 2014). The new CP structures were mainly found in isolates

belonging to two clinical clades. The four different CP types
were shown to be clade specific, which has also been shown for
S. aureus. In S. aureus 13 putative capsular operons have been
reported, but only CP type 5 and 8 have been associated with
disease (Mohamed et al., 2019), thus the three novel CP types
now identified in S. haemolyticus need to be further investigated
for their role in virulence.

Taken together, our findings point toward HGT as a driving
force in S. haemolyticus evolution and in response to the selective
pressure of broad-spectrum antibiotics used in hospitals.

The S. haemolyticus Pan-Genome
Distribution Reflects the High Variation

of Commensal Isolates

The pan-genome analysis reflected a relatively stable core genome
which is comparable to what is observed in S. epidermidis,
S. aureus and Staphylococcus lugdunensis. In S. haemolyticus the
core genome is slightly smaller which could be explained by the
higher number of unique genes in the commensal isolates (Méric
etal,, 2015, 2018; Argemi et al.,, 2018). Similar to S. haemolyticus,
S. aureus and S. epidermidis also have an open pan-genome in
contrast to S. lugdunensis (Bosi et al., 2016; Argemi et al., 2018).
However, the pan-genome accumulation curves for S. epidermidis
and S. aureus are not as steep as we see for S. haemolyticus
(Conlan et al., 2012; Méric et al.,, 2015; Sharma et al., 2018).
The relatively large pan-genome of S. haemolyticus is, at least in
part, due to the variation seen in genes of the same function,
resulting in two or more clusters for one gene. The most
abundant categories in the core genome were genes involved in
housekeeping functions, like transcription and translation, and
different metabolism categories, a result similar to reports on
S. aureus and S. epidermidis (Bosi et al., 2016; Sharma et al., 2018).
The large repertoire of genes in the accessory genome confer
advantages in highly variable environmental conditions.

Strengths and Limitation With the Study

This study is the largest comparative study of clinical and
commensal S. haemolyticus isolates to date, and the clinical
isolates have wide spatial and temporal distribution. We have
used state of the art technology to analyze pathogenicity traits and
the genetic signatures of clinical and invasive isolates. The study
also has limitations. First, the majority of the commensal isolates
are from one geographic location, and more recently collected
than the invasive isolates. Still, the very diverse commensal
population indicates that commensal isolates may lack the
pathogenic traits of hospital-adapted clones. Second, the invasive
isolates are collected over a wide time-span and some of the
isolates originated from infections two decades ago. Still we
see a very clear phylogenetic clustering, and invasive isolates
from different geographical origin cluster together. We believe
this clearly indicates the emergence of disease-causing isolates
with a homogenous genetic signature. Third, it would have been
of interest to collect skin samples from hospitalized patients
without infection, in order to see whether colonization of more
pathogenic isolates emerges after hospitalization. We did not
have the opportunity to collect such samples in this study, but we
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will pursue this in the future. Finally, we do not know whether
some of the clonal groups are still circulating or might have
been replaced by new clones. This phenomenon was observed
in S. aureus where the pandemic clone ST239-MRSA-III that
circulated for several decades (Monecke et al., 2018) was replaced
with clones with increased fitness (Hsu et al., 2015). Still, we
believe that our current study has identified important features of
hospital adapted S. haemolyticus clones. Future sampling of both
commensal and invasive isolates is needed in order to monitor
the evolution of S. haemolyticus.

CONCLUSION

In this study we have gained a deeper understanding of the
mechanism of adaption of S. haemolyticus in the hospital
environment by phylogenetic and pan-genome analysis. We
have found a clear segregation of isolates of commensal
origin, and specific genetic signatures distinguishing the clinical
isolates from the commensal isolates. It is highly likely that
the widespread use of antimicrobial agents has promoted the
development of MDR clones of S. haemolyticus persisting
in the hospital environment, and that these isolates have
responded through acquisition of mobile genetic elements
or beneficial point mutations and rearrangements in surface
associated genes. Defining pathogen-associated signatures is an
important step in infection control. Continuous surveillance
and molecular typing are important in order to monitor
the spread and evolution of the S. haemolyticus hospital
clones in the future.
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Abstract

Background

Staphylococcus haemolyticus is a skin commensal that has gained increased attention as an emerging
nosocomial pathogen. Despite its clinical relevance, published information about S. haemolyticus
virulence factors is scarce compared to literature published on other staphylococcal species. In this
study, the adhesive and biofilm forming properties of ten clinical and ten commensal S. haemolyticus
strains were examined using standard adhesion and biofilm assays. One of the clinical strains for
bacterial surface shaving was used to identify expressed surface proteins. Protein abundance was
examined by a comparative analysis between bacterial protein expression after human keratinocyte
(HaCaT) colonization and growth in cell culture media supplemented with serum. Relative protein
quantification was performed by labeling peptides with tandem mass tags (TMT) prior to Mass

Spectrometry analysis.

Results

Adherence to fibronectin, collagen and plastic was low in all tested strains, but with significantly higher
adhesion to fibronectin (p = 0.041) and collagen (p = 0.001) in the commensal strains compared to the
clinical strains. There was a trend towards higher degree of biofilm formation in the clinical strains (p

=0.059).

By using the surface shaving approach, three hundred and twenty-five proteins were detected in total,
of which 65 proteins were classified as surface proteins. The comparative analyses showed that the
abundance of nineteen (5.8 %) proteins were significantly changed following HaCaT colonization. The
bacterial Toll/interleukin-1 like (TIRs) domain containing protein (p=0.04), the transglycosylase SceD
(»=0.01), and the bifunctional autolysin Atl (p=0.04) showed a 1.4, 1.6- and 1.5-fold increased
abundance respectively. The staphylococcal secretory antigen (SsaA) (p=0.04) was significantly

downregulated (-1.5 fold change) following HaCaT colonization.

Among the 65 surface proteins the elastin binding protein (Ebps), LPXAG and LPXSG domain
containing proteins and five LPXTG domain containing proteins were identified; three Sdr-like
proteins (Serine Aspartate repeat containing proteins), the extracellular matrix binding protein Embp,

a SasH-like protein and two hypothetical proteins.
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Conclusions
The identification of expressed proteins after host-microbe interaction offers a tool for the discovery

and design of novel targets for antimicrobial treatment.

Keywords: Staphylococcus haemolyticus;, surface proteinz, surface shavings, biofilms, adhesions,

virulences, keratinocytess, host-microbe interactions

1 Background

Staphylococcus haemolyticus is a coagulase-negative staphylococcus (CoNS) and a member of the skin
microbiome. It is an increasing cause of nosocomial infections associated with indwelling medical
devices, particularly affecting immunocompromised patients and premature babies [1-3]. A distinct
characteristic of clinical S. haemolyticus strains is the ability to acquire resistance to several classes of
antimicrobial agents [2]. The ability to colonize and form biofilms is regarded as the most important
virulence trait for CONS [4]. Adhesion is the first step to form biofilm on surfaces [5] and staphylococci
express several adhesive surface molecules that interact with eukaryotic host cell receptors, abiotic
surfaces or soluble macromolecules. The number of adhesive surface proteins varies among different
staphylococcal species. In Staphylococcus aureus, 24 different cell wall anchored proteins have been
identified, while CoNS express a smaller number [6]. Cell wall anchored (CWA) proteins are
covalently attached to the peptidoglycan layer. The most prevalent CWA proteins are the microbial
surface component recognizing adhesive matrix molecule (MSCRAMM) family. All CWA proteins
contain an LPXTG motif (Leu-Pro-X-Thr-Gly; where X can be any amino acid) that anchor the protein
to the cell wall [6]. The Sdr protein subfamily of MSCRAMMs contains a serine-aspartate repeat region
[1, 6] and a signal peptide with an YSIRK motif. In S. aureus the majority (13/21) surface proteins
harbors the YSIRK/GS signal sequence, allowing delivery of surface proteins to unique locations in

the cell wall [7]. Sdr-like genes have previously been described in S. haemolyticus [8].

Another family of the CWA proteins is the Serine Rich Repeats Proteins family. Like the Sdr proteins,
they have a serine repeat region, but with alanine, valine or threonine instead of aspartate [9]. Bacterial
surface proteins can act as new targets in treatment and prevention of infections in multiresistant

bacteria. One method to examine bacterial surface proteins is by surface shaving. Surface-shaving is a
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technique where peptides from bacterial surface proteins are cleaved off when protease treatment is
applied followed by a Liquid Chromatography tandem Mass Spectrometry (LC-MS/MS) analysis [10].
The Lipid-based Protein Immobilization (LPI™) technology enables surface shaving of intact bacterial
cells in a flow cell, and thus promotes detection of proteins expressed in the surface proteome over the
highly abundant cytosolic proteins. The flow cell channels, binds intact cells by a passive process. As
the surface is similar in each channel, the same number of cells are bound. Thus, combining the surface
shaving approach with protocols for relative quantification, such as tandem mass tags (TMT), makes

studies of low abundant virulence factors possible [11-17].

Several studies on surface proteins and their relevance in host-pathogen interactions and virulence have
been performed after bacterial growth in standard laboratory medium [18-21]. In order to mimic a more
biological relevant host-microbe interaction, we developed a novel method to investigate expressed
surface proteins of a clinical S. haemolyticus isolate after colonization of human keratinocytes (HaCaT)
before bacterial surface shaving was performed (Figure 1). To our knowledge surface protein shaving

of bacteria subsequent to colonization of mammalian skin cells has never been described before.

In this study, we aimed to investigate the adhesive and biofilm forming abilities of ten commensal and
ten clinical strains. We have previously shown that there are specific genetic signatures associated with
clinical S. haemolyticus strains compared to commensal strains [22], thus we wanted to investigate if
any functional differences in adhesive properties between commensal and clinical isolates could be
observed. Furthermore, the expression of surface-associated proteins of one clinical S. haemolyticus
strain was investigated by mass spectrometry and proteomics. The LPI surface shaving approach and
relative quantification proteomics using TMT labels was employed to identify possible novel targets

for treatment, prevention and biofilm formation.

2 Results

We wanted to examine if commensal and clinical strains had different ability to interact and adhere to
selected host proteins. The adhesive ability of ten commensal and ten clinical strains to both uncoated
plastic and plastic coated with fibronectin and collagen was examined to determine if binding to
fibronectin or collagen would enhance binding to plastic, as we observed that binding to plastic in its

native form was generally low. Further the biofilm forming capacity was examined.
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2.1 Adhesion to plastic and host matrix proteins

Both clinical and commensal strains adhered to plastic but no significant difference was observed
between the two groups. Fibronectin and collagen binding were low for all strains, but still significantly
higher for the commensal strains compared to clinical strains, p=0.041 and p=0.001 respectively

(Figure 3A-C).

2.2 Semi-quantitative determination of biofilm formation

The biofilm-forming ability of the strains was determined using a semi-quantitative assay. All strains
formed biofilms and a trend towards higher biofilm formation was observed for the clinical strains
(»=0.059) where 5/10 clinical strains formed substantial amounts of biofilm in this assay (ODs70>3)

compared to 0/10 commensal strains (Figure 3D).

2.3 Adhesion to human keratinocytes

The strains were screened for their ability to adhere to human keratinocytes. In three clinical and one
commensal strain >60% of the inoculum adhered to the keratinocytes, while seven strains showed an
adhesion of ~10-20% of the inoculum, which was in the same range as the S. aureus (NCTC 8325-4)
control strain (Figure 3E). On average, the clinical strains adhered better to the keratinocytes compared
to the commensal strains, although the findings were not statistically significant (p = 0.4). One strain,
displaying high adhesion to HaCaT cells in addition to being a strong biofilm producer, was chosen

for further analyzes.

2.4 Bacterial surface protein shaving

Expressed surface proteins of a clinical S. hiaemolyticus isolate either colonizing HaCaT cells or grown

in cell culture medium supplemented with serum, was examined by surface shaving using a Lipid-
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based Protein Immobilization flow cell. Relative quantification of protein abundance was performed

by labelling proteins with tandem mass tags (protein markers) prior to LC-MS/MS.

2.4.1 Protein identification and subcellular localization of S. haemolyticus proteins detected by

surface shaving

Cell surface shaving of bacteria colonizing HaCaT cells or incubated in cell culture media
supplemented with serum resulted in identification of 436 proteins by LC-MS/MS analysis. Only
proteins with > #2 peptide-spectrum matches (PSMs) were included for further analysis, resulting in

325 proteins (Supplementary Table 3 and 4).

Subcellular localization analysis of the 325 proteins in silico and functional annotation predicted
249/325 (76.6%) cytoplasmic proteins, 65/325 (20.0%) surface proteins (i.e. proteins predicted to
originate from the cytoplasmic membrane, cell wall or extracellular origin), and 11/325 (3.4%) as

undefined proteins.

2.4.2 Clusters of Orthologous Groups

The 325 identified proteins were distributed in Clusters of Orthologous Groups (COG). A higher
percentage of proteins in COG groups J (translation, ribosomal structure and biogenesis), D (cell cycle
control, cell division and chromosomal partitioning), M (cell wall/membrane/envelope biogenesis), O
(post translational modification, protein turnover and chaperones), C (energy production and
conversion), F (nucleotide transport and metabolism) and G (Carbohydrate transport and Metabolism)
was found when we compared the COG distribution of the identified proteins to the COG distribution
of the total number of predicted proteins (2,539) encoded in the S. haemolyticus genome (Figure 4).

2.4.3 S. haemolyticus surface proteins

Characteristic motifs of surface proteins such as signal peptides and LPXTG motifs were identified by

bioinformatic tools. The covalently anchored cell wall proteins classified as MSCRAMMs are
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characterized by the C-terminal LPXTG sorting signal. In total 19 proteins were predicted to have
LPXTG motifs based on in silico analysis of the whole genome sequence of S. haemolyticus 53-38, of
these seven were annotated as adhesion proteins, four were hypothetical proteins and two were DUF

402 and 368.

Of the 325 proteins identified after surface shaving, 65 were annotated as surface proteins (Table 2).
Three of the LPXTG proteins identified as adhesins by the in silico analysis were expressed on the S.
haemolyticus surface. Five LPXTG, one LPXSG and one LPXAG domain containing surface proteins
were identified. Three Serin-Aspartate-Repeat (Sdr-like) proteins, the extracellular matrix binding
protein (Embp), one Mannosylglucosyl-3-phosphoglycerate phosphatase (SasH-like), and two
uncharacterized surface proteins were identified. Other well characterized proteins identified surface
proteins were the lytic transglycosylase immunodominant staphylococcal antigen A (IsaA), the

Immunodominant staphylococcal antigen B (IsaB) and the elastin binding protein (EbpS).

2.4.4 HaCaT colonisation causes changes in abundance of proteins

We wanted to explore if protein abundance differed when S. haemolyticus colonized HaCaT cells
compared to when grown in cell culture media supplemented with serum. The large majority of proteins
were found similarly abundant when comparing the two conditions, this included EbpS, IsaB and

cytoplasmic proteins (Supplementary Table 3).

Only nineteen of 325 proteins (5.8%) showed a significant change in abundance (>+ 1.2 fold change)
following HaCaT colonization (Table 3). The lytic transglycosylase Staphylococcus epidermidis D
protein (SceD) (p=0.01) and the autolysin Atl (p=0.04) showed significantly increased abundance with
a fold increase of 1.6 and 1.5 respectively when S. haemolyticus colonized keratinocytes. The
Toll/interleukin-1 like (TIRs) domain protein (p=0.04) also had an increase in abundance (1.4-fold)
after HaCaT co-incubation, while the Staphylococcal secretory antigen (SsaA) was significantly

(p=0.04) less abundant following keratinocyte colonization, showing a 1.5-fold reduced abundance.
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2.4.5 Moonlighting proteins identified by surface shaving

Several proteins that have previously been shown in other bacteria to have moonlighting functions -
proteins dually engaged intracellularly and with important adhesive functions extracellularly - were
found among the predicted cytoplasmic proteins. These are the moonlighting proteins glyceraldehyde-
3- phosphate dehydrogenase (GAPDH), [23-25], enolase [26], aldolase (ALDA) [25], triose phosphate
isomerase (TPI) [27], fructose-bisphosphate aldolase (FBA) [28], ornithine carbamoyl transferase
(ARGF) [29], pyruvate kinase (PYK) [30], Inosine 5'-monophosphate dehydrogenase (IMPDH) [31],
Clp [32], DNaK [33] and (Atl) [34].

3 Discussion

The ability to adhere to and colonize implanted biomaterials in addition to biofilm formation is

considered the main virulence factors of S. haemolyticus and other coagulase-negative staphylococci

[1-3]. Despite the clinical relevance of S. haemolyticus, published information about virulence factors
is scarce compared to literature published on other staphylococcal species. We recently published a
comparative analysis of clinical and commensal S. haemolyticus isolates [22]. We identified distinct
differences in the population structure, where the clinical isolates clustered together separately from
the commensal isolates. Clinical isolates were more antibiotic resistant and had different versions of
genes encoding surface proteins. [22]. In this study adhesive properties and biofilm formation was
compared between clinical and commensal isolates, while the expressed surface proteins were
characterized in one clinical isolate after keratinocyte colonization or incubation in cell culture medium

supplemented with serum.

3.1 Solid phase host matrix protein binding assay

We found that both fibronectin and collagen binding was low for all S. haemolyticus strains. However,
fibronectin and collagen binding were significantly higher for commensal compared to the clinical
strains. Fibronectin is a glycoprotein found in substantial amounts in blood and loose connective tissue
[35] while collagen is an abundant class of proteins in humans, offering structural support to connective

tissues and the extracellular matrix [36]. In S. aureus, fibronectin binding is described as a crucial step
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in host cell adhesion. Adhesion mainly involves binding by bacterial fibronectin binding proteins
(FNBPs) to fibronectin which forms a bridge between (a5)p:1 integrin on mammalian cells [37]. Low
fibronectin binding in S. haemolyticus was previously shown when compared to S. aureus [38], while
a varying capacity of fibronectin binding in clinical S. haemolyticus and other CONS was demonstrated
by Switalski et al. [39]. FnBPA and FnBPB involved in S. aureus fibronectin binding have not been
identified in CoNS so far, but fibronectin binding by the extracellular matrix binding protein (Embp)
has been shown in S. epidermidis. Expression of embp in S. epidermidis was shown to be induced by
supplementation of serum in the growth media [40]. Embp mediates adhesion to fibronectin and
biofilm accumulation in S. epidermidis [41], and is present in 90% of clinical S. epidermidis strains
[42]. Cell culture media supplemented with serum was also used in the adhesion assays in this study,
where low binding was observed for all strains tested. We identified Embp on the surface of S.
haemolyticus in the presence of serum. However, if Embp mediates fibronectin binding in S.
haemolyticus, this did not result in good fibronectin binding in the adhesion assay in this study. Our
findings reflect that the role of Embp in fibronectin binding of S. haemolyticus needs to be further

investigated.

Cooperative binding of collagen in the presence of vitronectin has previously been demonstrated for S.
haemolyticus [43]. Paulsson et al. used different bacterial growth media to induce optimal binding to
both collagen and vitronectin. Thus, the type of media used in our experiments might not have been
optimal for expression of proteins conferring collagen and fibronectin binding, which also could

explain the low binding capacity observed in our experiments.

3.2 Adherence to plastic and semi-quantitative determination of biofilm formation

When we examined the ability to form biofilm we found trends towards more biofilm formation in the
clinical strains compared to the commensal strains. However, all strains had the ability to form biofilm.
In S. epidermidis, similar biofilm forming abilities were observed for both clinical and commensal
strains, despite differences in population structure. Rather, different biofilm morphotypes and biofilm
encoding genes were found among distinct genetic lineages indicating that biofilm formation is an

important property of both commensal and clinical strains [44, 45].
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We did not find any correlation between adherence to plastic and the degree of biofilm formation. As
adherence is the first step in biofilm formation, one could expect an observed correlation between
adhesion to plastic and biofilm formation. The discrepancy in these results can be explained by the use
of different media when performing the two assays. It has previously been shown that the amount of
biofilm varies depending on the media [46], making comparisons of results from different methods
difficult.

3.3 Adhesion to human keratinocytes and bacterial surface protein shaving

We found a trend towards higher adhesion to keratinocytes for the clinical strains compared to the
commensal strains. We selected one clinical strain with good adhesive and biofilm forming properties,
and performed bacterial surface shaving after S. haemolyticus colonized with keratinocytes, in order to

identify surface proteins important for adhesion to mammalian cells.

To date, most surface protein expression analyses are performed on bacteria incubated in bacterial
growth medium [18-21]. As S. haemolyticus constitute a significant proportion of the skin microbiota
of humans [1, 47, 48], we decided to choose a more biological relevant condition to study protein
expression; incubation of S. haemolyticus with keratinocytes prior to bacterial surface shaving.
Abundance of proteins following keratinocyte colonization was compared to protein abundance

following growth in cell culture medium supplemented with bovine serum.

We identified 65 surface proteins in total, of which SceD and Atl were significantly more abundant
when S. haemolyticus was colonizing keratinocytes. Transglycosylases cleave the B-1,4 glycosidic
bond between N-acetylmuramic acid and N-acetylglucosamine residues of peptidoglycan,
accompanied with formation of 1,6-anhydromuramic acid residues [49]. In S. aureus the
transglycosylases SceD and IsaA are well described virulence factors involved in cell wall remodeling,
contributing to resistance to antimicrobial peptides, adhesion and pathogenicity, shown in a murine
septic arthritis model [50]. SceD has also been shown to have a pronounced upregulation upon nasal

colonization of humans and rats [50, 51].

Biofilm formation is an important virulence factor in S. haemolyticus, and in this study we showed a
trend towards stronger biofilm formation in clinical S. haemolyticus isolates. The bifunctional autolysin

Atl was significantly more abundant in S. haemolyticus colonizing HaCaT cells. Atl homologs are
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described in several staphylococcal species [1]. In S. epidermidis and S. aureus, Atl is important for
initial adhesion and biofilm formation [52], and has in S. epidermidis been demonstrated to mediate
adhesion to vitronectin [53]. In S. aureus IsaA is involved in biofilm formation and isa4 mutants form
significantly less biofilm [54]. In this study we identified IsaA when S. haemolyticus was grown in the
presence of serum. The S. haemolyticus biofilm is mainly composed of environmental DNA (¢eDNA)
and proteins [46]. As Atl also mediates adhesion indirectly by hydrolysis of the bacterial cell wall
causing the release of proteins and eDNA [1], it is likely that Atl and IsaA expression also in S.
haemolyticus have similar functions as observed in S. epidermidis and S. aureus in both adhesion and

biofilm formation.

Mannosylglucosyl-3-phosphoglycerate phosphatase was one of the identified surface proteins, and has
homologies to SasH in S. aureus. SasH has in S. aureus been shown to be positively correlated with
invasive disease isolates, and is found in serum from convalescent patient’s sera [55]. If the SasH-like

protein has a role in infection in S. haemolyticus, needs to be further elucidated.

In silico analysis of the genome sequence of the clinical S. haemolyticus isolate used for HaCaT
colonization identified 19 LPXTG containing genes. Seven of these genes were annotated as genes
encoding proteins involved in adhesion, while six had unknown function. These findings resemble
what is found in S. aureus, where 21 LPXTG genes were predicted in silico, of which eleven had
unknown function [56]. In this study, five LPXTG and two LPXSG, LPXAG containing proteins were
identified after surface shaving. We identified three Sdr-like proteins which were expressed both when
S. haemolyticus were co-incubated with HaCaT cells, and when grown in media containing serum. In
S. aureus, transcription of SdrD and SdrG is increased in the presence of blood and serum [57, 58]. As
both tested conditions contained media supplemented with serum, this could explain the expression of

the Sdr-like proteins under both conditions.

In S. epidermidis, three Sdr proteins have been identified; SdrF, SdrG (Fbe) and SdrH. SdrF has been
shown to mediate strong binding to keratins, keratinocytes and nasal epithelial cells [59]. In S. aureus,
SdrD has been shown to mediate adhesion to keratinocytes through binding to desmogleinl, expressed
in human epidermis [60]. The expression of Sdr-like proteins in S. haemolyticus after HaCaT
colonization and grown in the presence of serum suggests that it might exert similar functions in

keratinocyte binding, as found in S. epidermidis and S. aureus.

11
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HaCaT colonization resulted in the significant upregulation of a TIR protein. TIR domain containing
proteins have been shown in several pathogenic bacteria [61], but has not previously been described in
S. haemolyticus. TirS in S. aureus increases survival in the host by blocking the cascade reaction
leading to activation of the nuclear factor—xB (NF-kB), which regulates the expression of a pro-
inflammatory immune response [62]. Bacterial circumvention of the host immune defense is an

important mechanism in bacterial host colonization.

The secretory antigen SsaA was significantly less abundant when bacteria were co-incubated with
HaCaT cells. SsaA is a highly antigenic protein identified in sera from patients infected with S. aureus
[63], and was shown to be secreted during infective endocarditis infection in S. epidermidis [64]. In
the same study, anti SsaA Immunoglobulin G (IgG) antibody in serum from S. haemolyticus infections
was not found, however only one sample was tested. The finding of a reduced abundance of this protein
during HaCaT colonization, could indicate that it is expressed during infection and not colonization.
Further studies should be conducted with serum samples from S. haemolyticus infections in order to

examine the antigenic capacity of SsaA in S. haemolyticus.

3.3.1 Cytoplasmic proteins

Several of the proteins identified in this experiment were predicted as cytoplasmic proteins. Detection
of some cytoplasmic proteins are inevitable when performing surface shaving [10, 65]. The presence
of predicted cytoplasmic proteins after bacterial surface shaving can be due to cellular lysis,

moonlighting proteins or protein containing membrane-vesicles (MV) [10, 65].

We recently showed that S. haemolyticus produces MVs [66]. The S. haemolyticus MV cargo mainly
contained cytoplasmic proteins, amongst them several moonlighting proteins, which are proteins that
express more than one function when transported to a different cellular location [23]. Release of MVs
in incubation buffer after culturing and washing of cells might add to the identification of predicted
cytoplasmic proteins [10]. The moonlighting proteins GAPDH, enolase and triose phosphate isomerase
were identified in this study, and have demonstrated binding to plasminogen in S. aureus and S.
epidermidis [26, 31, 67]. Ornithine carbamoyltransferase has been shown to contribute to fibronectin
binding in S. epidermidis, when localized on the bacterial cell surface [29], thus these proteins might

also exert similar adhesive functions in S. haemolyticus.
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3.3.2 Strengths and limitations of the study

The main advantage of the developed method is the direct contact between bacteria and mammalian
cells before bacterial surface shaving, mimicking a more relevant host-microbe interaction compared
to other protein expression systems. S. haemolyticus surface shaving subsequent to colonization of
human keratinocytes has to our knowledge not been described before. By using the LPI™ approach
for bacterial surface shaving, whole cells are immobilized by a passive process (personal
communication Nanoxis Consulting AB) within a flow cell prior to digestion, allowing binding of
intact cells only. In this study we only used one clinical isolate. In order to find surface proteins that
are present only in clinical vs. commensal isolates, several isolates from different commensal and

clinical lineages need to be compared.

The separation of bacteria from the mammalian cells by FACS is time consuming, leading to a low
throughput of samples. The individual sorting of samples before being concentrated and subsequently
subjected to surface shaving in individual LPI flow cell channels, might have led to slight variations in
the concentration of cells or even slight differences in expression due to slight differences in handling
time. However, we kept all samples on ice and in PBS throughout the experiment in order to minimize

potential alteration of gene expression.

4 Conclusion

This is to our knowledge the first described study using surface shaving of expressed staphylococcal
proteins after direct contact with eukaryotic cells and in cell culture media supplemented with serum.
Gaining information about surface exposed proteins is important in order to better understand host-
pathogen interactions, biofilm formation and for the discovery and design of novel targets for
antimicrobial and anti-biofilm treatment. Thus, this method is transferable to other bacterial species
and mammalian cell types. The method has provided novel knowledge about the S. haemolyticus
surface proteins in a clinical isolate. We have identified surface proteins and immune evasive proteins
previously only functionally described in other staphylococcal species. We have also identified
hypothetical surface proteins, of which future analysis should be undertaken in order to describe
function. Further functional assays should be performed to determine the importance of the different

identified proteins in host microbe interactions and biofilm formation.
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5 Methods

5.1 Bacterial strains and mammalian cell lines

Ten clinical and ten commensal S. haemolyticus strains were included in the study (Table 1). The
clinical strains are a subset of a larger collection, isolated from blood, catheters and wounds [2]. The
commensal strains are a subset of a collection of strains from the skin of healthy adults [48]. HaCaT

cells were from a human keratinocyte cell line [68] (Cell Lines Service (CLS), Germany, no. 300493).

5.2 Solid phase host matrix protein binding assay

The ability of S. haemolyticus to adhere to collagen, fibronectin and plastic was determined using a
protocol based on Edwards ef al. [69]. Bacterial cultures were grown for 10 hours (Optical density
(OD)s00 0.7-1.0) in Dulbecco’s Modified Eagle’s Medium (DMEM) (Merck, Germany) with 10% heat
inactivated Fetal Bovine serum (FBS) (Thermo Fisher Scientific, MA, USA), pelleted and re-
suspended to a concentration of 10® colony forming units (CFU)/mL. Microtiterplates (96 well) pre-
coated with collagen (Thermo Fisher Scientific, MA, USA) or fibronectin, 1 ug/well (R&D Systems,
MN, USA) were blocked with 150 pul 3% Bovine Serum Albumin (BSA) (Merck, Germany) for 1 h at
room temperature and then washed 2x with Phosphate Buffered Saline (PBS) (Merck, Germany).
Inoculum was added to plastic (CAT.NO 163320, Thermo Fisher Scientific, MA, USA), collagen and
fibronectin plates and incubated for 1 h at 37 °C followed by 1x wash with PBS. The plates were fixed
at 55 °C for 1 h and stained with 0.25% crystal violet (Merck, Germany) for five minutes. Biomass of
adherent bacteria was determined by solubilization of crystal violet with 150 uL 70% EtOH.
Absorbance (Abs) was measured at 590 nm (Versamax, Molecular Devices, CA, USA). Values from

bacterial binding to wells coated with BSA only were subtracted.

5.3 Semi-quantitative determination of biofilm formation

We performed semi-quantitative determination of biofilm production as described previously [46, 70].
Biofilm formation was induced in Tryptic Soy Broth (TSB) (BD, NJ, USA / Merck, Germany) with
1% glucose (Merck, Germany) in 96-well microtiter plates (Thermo Fisher Scientific, MA, USA). All

14



Staphylococcus haemolyticus surface proteins

strains were tested in eight wells with three parallel runs and controls were included on each plate.
After 24 h, wells were washed, fixed and stained with 0.1% crystal violet (Merck, Germany). Crystal
violet was dissolved from the biofilm with 70% ethanol for 10 min and Abss7o was determined
(Versamax, Molecular Devices, CA, USA). We removed the highest and lowest outlier for each parallel
and the remaining six values were averaged. Based on the distribution of the tested strains, strains with

average OD values over 1 were considered strong biofilm-producers.

5.4 Adhesion to human keratinocytes

S. haemolyticus adhesion to human keratinocytes (HaCaT) was determined. HaCaT (2x10° cells/ml)
were added to 24-well plates (Thermo Fisher Scientific, MA, USA) and allowed to attach for 16 h
(37°C, 5% CO2) in DMEM with 10% FBS. Bacterial cultures were grown at 37 °C to late exponential
phase (ODgoo 0.7-1.0) in DMEM with 10% FBS, and then washed twice in Dulbecco’s Phosphate
Buffered Saline (DPBS) (Merck, Germany). Approximately 2x10® CFU in DMEM with 10% FBS
were added to each well of a cell culture plate to achieve a multiplicity of infection dose (MOI) of 10:1.
The plates were centrifuged at 900xG (Eppendorf 5430R, Germany) for 10 min at 37 °C and incubated
for 30 min. at 37 °C in 5% CO» [71]. After incubation, the plates were thoroughly washed to remove
all unbound bacterial cells. To enumerate the number of adhered bacteria, 0.25 mg/mL Trypsin-EDTA
(Merck, Germany) and 0.1% mg/mL Triton X-100 (Merck, Germany) were added, and the suspension
was pipetted in order to fully lyse the HaCaT cells. CFU/mL was determined by plating on blood agar
plates (Thermo Fisher Scientific, MA, USA) and incubated at 37 °C overnight. Three biological

replicates were performed.

5.5 Bacterial surface protein shaving

5.5.1 Preparation of bacteria for cell surface shaving

To explore the expression of surface proteins in S. haemolyticus when colonizing HaCaT cells, one
clinical bacterial strain (53-38) with strong adhesive and biofilm-forming properties (Table 1) was co-
incubated with HaCaT cells. We wanted to further explore this isolate as adhesion and biofilm

formation is regarded as important virulence traits in the coagulase negative staphylococci. A bacterial
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control sample (same bacterial isolate) grown in cell culture media supplemented with serum but
without HaCaT cultivation was included. Three biological replicates were performed for all samples
and both conditions. The workflow of the bacterial surface shaving experiment is summarized in Figure

1 and Supplementary Table 1.

HaCaT cells were seeded in 6-well plates, and bacterial cultures were grown to late exponential phase
(ODsoo 0.6=0.1) in DMEM with 10% FBS, washed twice in DPBS and resuspended in DMEM with
10% FBS and further handled as previously described for the HaCaT adhesion assay. A MOI of 100:1
was used and bacteria were centrifuged with HaCaT cells for 10 min, and further incubated for 50 min.
After incubation, tissue culture plates were washed 4 times with DPBS to remove free-floating bacteria.
Mechanical detachment of eukaryotic and bacterial cells from the tissue culture plates was performed
with a cell scraper (VWR, PA, USA) followed by pipetting in DPBS. Cells were transferred to
polystyrene tubes with a cell strainer cap (Thermo Fisher Scientific, MA, USA). Twelve wells from
two tissue culture plates were used for each replicate. The samples were prepared for Fluorescence-
activated cell sorting (FACS), in order to separate bacteria from HaCaT cells, by labelling with the
Vancomycin BODIPY™ FL Conjugate (Thermo Fisher Scientific, MA, USA) (0.6 ng/mL), targeting

the Gram-positive bacterial cell wall [72].

The bacterial control samples that were not co-cultivated with HaCaT cells were grown to late
exponential phase in DMEM with 10% FBS (ODgoo 0.6+0.1) and resuspended in DPBS after
centrifugation and washing and further stored on ice. Samples were then prepared for FACS by
Vancomycin BODIPY ™ labelling, in order to treat the bacterial control samples in a similar manner

to the test samples.

5.5.2 Fluorescence-activated cell sorting system (FACS)

S. haemolyticus was sorted from HaCaT cells by using FACS Aria III (BD, NJ, USA) (Software BD
FACSDiva 8.0.1). Fluorescent beads (Polystyrene Particle, Flow Cytometry grade PPS-6K and Nano
Blank Polystyrene NFPPS-52-4K (Spherotech, IL, USA)) were used for calibration. Vancomycin
BODIPY™ was excited with a 488 nm blue laser. A FITC-detector was used to read the emitted green,
fluorescent light. Normal density filter 1.0 was used in front of the FSC detector. After FACS all

samples were stored on ice.
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5.5.3 Surface shaving - Sample processing and generation of peptides by LPI™ HexaL.ane flow

cell

In order to concentrate the bacterial samples after FACS (=230 mL), samples were centrifuged twice,
both steps at 10000xG for 30 min at 4 °C in swing bucket rotors (Beckman Coulter, CA, USA),
resulting in samples containing approximately 2.8 x 107 CFU/mL. The concentrated samples were
resuspended in ice cold PBS, kept on ice and immediately loaded into the LPI™ Hexal.ane Flow Cell
(Nanoxis Consulting AB, Sweden), as seen in Figure 2, step 1. To allow bacterial attachment, the flow
cell was incubated for 35 min at room temperature. The cells attach to the gold coated channels in the
Flow Cell by a passive process (personal communication Nanoxis Consulting AB). Unbound bacteria
were removed by washing the channels with 200 uL. PBS using a syringe pump (Harvard Apparatus,
MA, USA) at a flow rate of 50 ul/min. Enzymatic digestion of bacterial surface proteins was
performed by injecting 100 pL of trypsin (Promega, WI, USA) (40 pg/mL) into the LPI HexalLane
Flow Cell channels and further incubated for 20 min at room temperature. After digestion, peptides
were eluted in 200 pL PBS and the digestion was terminated by adding 4 pL formic acid (neat) (Merck,
Germany). The peptide samples were centrifuged for 10 min at 10000xG, in order to remove any cell
debris and the supernatants were subsequently dried using a SpeedVac (Eppendorf, Germany) and

stored at -20 °C.

5.5.4 Protein identification and relative quantitation

The proteomic analysis was performed at The Proteomics Core Facility at Sahlgrenska Academy,
Gothenburg University. Digested peptides were dissolved in 100 pL triethylammonium Bicarbonate
(TEAB) (350 mM, Thermo Fisher Scientific, MA, USA) and labelled using TMT 10-plex isobaric
mass tagging reagents (Thermo Fisher Scientific, MA, USA) according to the manufacturer’s
instructions. The TMT-set were fractionated into twelve fractions using Pierce High pH Reversed-
Phase Peptide Fractionation Kit (Thermo Fisher Scientific, MA, USA) according to the manufacturer’s
protocol, but with a modified gradient (Supplementary Table 2).

The fractions were analyzed on a QExactive HF mass spectrometer (MS) interfaced with Easy-
nLC1200 liquid chromatography system (LC-MS/MS) (Thermo Fisher Scientific, MA, USA). Peptides
were trapped on an Acclaim Pepmap 100 C18 trap column (100 um x 2 c¢m, particle size 5 um, Thermo
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Fisher Scientific, MA, USA) and separated on an in-house packed analytical column (75 um x 300
mm, particle size 3 pm, Reprosil-Pur C18, Dr. Maisch, Germany) using a gradient from 7% to 35% B
over 70 min followed by an increase to 100% B for 5 min at a flow of 300 nL/min. Solvent A was
0.2% formic acid and solvent B was 80% acetonitrile, 0.2% formic acid. The instrument operated in
data-dependent mode where the precursor ion mass spectra were acquired at a resolution of 60 000, the
10 most intense ions were isolated in a 0.8 Da isolation window and fragmented using collision energy
HCD settings at either 28 or 50. MS2 spectra were recorded at a resolution of 60 000, charge states 2

to 4 were selected for fragmentation and dynamic exclusion was set to 20 s with 10 ppm tolerance.

MS raw data files for the TMT set were merged for identification and relative quantification using
Proteome Discoverer version 1.4 (Thermo Fisher Scientific, MA, USA). S. haemolyticus 53-38 with
European Nucleotide Archive (ENA) accession number GCA _001226325.1 (Illumina sequence) and
ENA accession number PRJEB36042 (PacBio sequence) [2] were aligned using BWA-MEM [73] and
further used as reference proteome (2539 coding sequences). Structural and functional annotations
were performed using Prokka [74]. Mascot 2.5 (Matrix Science Ltd., UK) was used as a search engine
with precursor mass tolerance of 5 ppm and fragment mass tolerance of 200 mmu. Tryptic peptides
were accepted with one missed cleavage and variable modifications of methionine oxidation, cysteine
alkylation and fixed modifications of N-terminal TMT-label and lysine TMT-label were selected.
Fixed Value of 13 was used for identification and the quantified proteins were filtered at 1% False
Discovery Rate (FDR) resulting in a mascot score of at least 20. No missing values were present in the
data set at Threshold of 2000. Proteins were grouped by sharing the same sequences to minimize
redundancy. The resulting ratios were normalized in the Proteome Discoverer 1.4 and the sum of the
samples cultivated with HaCaT was used as denominator. Only unique peptides were used for

comparison between groups.

The mass spectrometry proteomics data has been deposited to the ProteomeXchange Consortium via

the PRIDE partner repository with the dataset identifiers PXD014450.
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5.6 Statistical analyses

For the results from biofilm-, solid phase host matrix protein and HaCaT adhesion assays the data were
analyzed using IBM SPSS software, version 25.0. The non-parametric Mann-Whitney U-test was used

to compare two groups, a p value < 0.05 was considered statistically significant.

As the technical variation for the identified proteins was assumed to be 20%, only proteins displaying
a higher degree of fold change (FC) than +1.2 were considered as biologically significant regarding
increased or reduced abundance of proteins. The most changed abundance of proteins had a threshold
of at least +1.5. Welch’s t-test was performed (3 parallels vs. 3 parallels) and only proteins passing

filter p < 0.05 were considered statistically significant.

5.7 Bioinformatic analyses

LPXTG motifs were predicted in silico from the whole genome sequence of S. haemolyticus 53-38
using a manual sequence search. Prediction of the subcellular localization of proteins was done using
PSORTD v.3.0 algorithms [75], CELLO v.2.5 [76] and LocateP v.2.0 [77]. Positive prediction of
subcellular localization was determined by a two out of three or greater concurrent results between the
databases. Surface proteins were defined as proteins predicted from cytoplasmic membrane, cell wall

or extracellular origin.

Functional annotation of proteins was done with the EggNOG v.5.0 database with HMMER and
Diamond mapping mode; i.e. functional description, seed orthologues, predicted name, KEGG KO and
categorization of proteins into Clusters of Orthologous Groups of proteins (COG) [78], PHMMER
v.3.3[79, 80] and protein BLAST [81].

Moonlighting proteins were identified by using the MoonProt database and by manual searches based

on published literature [82, §3].
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6 Abbreviations

Abs - Absorbance

ALDA - Aldolase

ARGF - Ornithine carbamoyl transferase

Atl - Autolysin

BSA - Bovine Serum Albumin

CFU - Colony Forming Units

CLS - Cell Lines Service

COG - Clusters of Orthologous Groups

CoNS - Coagulase Negative Staphylococci
CWA - Cell Wall Anchored

DMEM - Dulbecco’s Modified Eagle’s Medium
DPBS - Dulbecco’s Phosphate Buffered Saline

DUF - Domain of Unknown Function

Ebps - Elastin binding protein

eDNA - Extracellular DNA

Embp - Extracellular matrix binding protein
ENA - European Nucleotide Archive

FACS - Fluorescence-activated cell sorting

FC - Fold Change

FBA - Fructose-Bisphosphate Aldolase

FBS - Fetal Bovine Serum

FDR - False Discovery Rate

FNBPs - Bacterial Fibronectin binding proteins
GAPDH - Glyceraldehyde-3- phosphate dehydrogenase
HaCaT - Human Keratinocytes

IgG - Immunoglobulin G
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IMPDH - Inosine 5’-monophosphate dehydrogenase
IsaA - Immunodominant staphylococcal antigen A
IsaB - Immunodominant staphylococcal antigen B

LC-MS/MS - Liquid Chromatography tandem Mass Spectrometry

LPI - Lipid-based Protein Immobilization

LPXTG - Leu-Pro-X-Thr-Gly; where X can be any amino acid

MOI - Multiplicity Of Infection

MS - Mass Spectrometry

MSCRAMM - Microbial Surface Component Recognizing Adhesive Matrix Molecule

MYV - Membrane Vesicle

NF-xB - Nuclear Factor—kB

OD - Optical Density

PBS - Phosphate Buffered Saline

PRIDE - PRoteomics IDEntifications database

PSM - Peptide Spectrum match

PYK - PYruvate Kinase

SasH - Mannosylglucosyl-3-phosphoglycerate phosphatase
SceD - Lytic transglycosylase Staphylococcus epidermidis D protein
Sdr - Serine Aspartate repeat containing protein

SsaA - Staphylococcal secretory antigen

TEAB - Triethylammonium Bicarbonate
TIR - Toll/interleukin-1 receptor

TMT - Tandem Mass Tags

TPI - Triose Phosphate Isomerase

TSB - Tryptic Soy Broth
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9 Figure Legends
Figure 1- Bacterial surface protein shaving, graphical abstract.

Figure 1 - Comparison of S. haemolyticus surface protein expression after HaCaT colonization (top)
and the control group (bottom). Bacterial surface proteins (multicolored) are degraded by the

protease Trypsin (scissors).

Figure 2 - The use of LPI™ methodology together with TMT labelling when performing surface

shaving.

Figure 2 - Three lanes were filled with bacterial cells after exposure to HaCaT cells (A) and three
lanes were filled with bacterial cells only exposed to media (B). After surface shaving, the eluted

peptides were tagged with TMT labels, pooled and subsequently analyzed by L C-MS/MS.

Figure 3 - Adhesion and biofilm assays of S. haemolyticus.

Figure 3 - Columns with black bars are clinical isolates and white bars are commensal isolates.
Sample no. 6 was chosen for bacterial surface shaving (marked with asterisk). A-C) Solid phase host
matrix binding assay; A) Adhesion to fibronectin; B) Adhesion to plastic; C) Adhesion to collagen;

D) Semi-quantitative determination of biofilm formation; E) Adhesion to human keratinocytes.

Figure 4 — Clusters of Orthologous Groups of proteins (COG).

Figure 4 - Comparison of Clusters of Orthologous Groups of proteins (COG) between the total
proteins of the strain (#2539) and proteins found after HaCaT.

Supplementary Table 1 - Workflow for bacterial protein surface shaving samples. X = performed, -

= not performed

33



Staphylococcus haemolyticus surface proteins

Supplementary Table 2 - Manufacturer’s and modified gradient using the Pierce High pH Reversed-
Phase Peptide Fractionation Kit.

Supplementary Table 3 - The cell surface shaving and LC-MS/MS analysis results identified 325

proteins with 2 #2 peptide-spectrum matches (PSMs).

Supplementary Table 4- FASTA sequences of the proteins from the cell surface shaving and LC-
MS/MS analysis.
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Table 1 - S. haemolyticus strains included in the study.

Sample Country Isolated from Year of isolation ENA ID* Lab. ID
1 Norway Blood 1995 ERS066267 25-12
2 Norway Blood 2004 ERS066284 51-11
3 Norway Blood 2002 ERS066281 51-08
4 Switzerland Blood 2001 ERS066398 53-18
5 Germany Blood 2008 ERS066335 53-73
6** Switzerland Wound 2004 ERS066380 53-38
7 Norway Blood 2004 ERS066295 51-29
8 Switzerland Blood 2004 ERS066370 53-35
9 Switzerland Unknown 2006 ERS066381 53-49
10 Switzerland Blood 2005 ERS066386 53-48
11 Norway Nasal Swab 2010 ERS066315 54-64
12 Norway Armpit 2013 ERS3370776 57-01
13 Norway Groin 2013 ERS3370780 57-12
14 Norway Armpit 2014 ERS3370802 57-66
15 Norway Groin 2014 ERS3370809 58-28
16 Norway Hamstring 2013 ERS3370784 57-22
17 Norway Groin 2014 ERS3370790 57-33
18 Norway Groin 2014 ERS3370800 57-61
19 Norway Groin 2014 ERS3370806 58-08
20 Norway Unknown 2013 ERS3370815 58-62
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Table 2 - Ten clinical and ten commensal S. haemolyticus strains were included in the study.

Samples 1-10 are clinical strains and 11-20 are commensal strains. *ENA = European Nucleotide

Archive. ** Strain no. 6 was chosen for bacterial surface protein shaving

Table 2 — Predicted surface proteins after bacterial surface protein shaving of S. haemolyticus.

Fold
change p-value
HaCaT HaCaT LPxTG Preferred
# # Unique | vs Vs Cell-wall name,
Accession PSM | Peptides Control Control anchored EggNOG Annotation summary
ACAKHAOO_00208 8 7 1,75 0.046 - ymaC DUF867 type protein
ACAKHAOO_02015 7 2 1,60 0.014 - sceD Putative transglycosylase SceD
Serine-aspartate repeat-containing protein I / YSIRK-type
ACAKHAOO_00540 433 60 1,56 0.123 LPDTG pelX signal peptide-containing protein
ACAKHAOO 01033 54 25 1,46 0.039 - atl Bifunctional autolysin
ACAKHAOO_ 00522 6 3 1,35 0.054 LPNAG sasH Mannosylglucosyl-3-phosphoglycerate phosphatase
Serine-aspartate repeat-containing protein I/ C protein alpha-
ACAKHAOO_00546 188 38 1,34 0.200 LPDTG - antigen
Serine-aspartate repeat-containing protein D / YSIRK-type
ACAKHAOO_00080 6 5 1,24 0.143 LPKSG - signal peptide-containing protein
ACAKHAOO_02469 10 3 1,24 0.380 - isaA Putative transglycosylase IsaA
ACAKHAOO_00631 5 2 1,18 0.213 - - Hypothetical protein
ACAKHAOO_02587 2 2 1,06 0.815 - isaB Immunodominant staphylococcal antigen B
ACAKHAOO_00744 2 2 1,01 0.916 - dtpT Di-tripepride ABC transporter
ABC transporter substrate-binding protein / Glycine
ACAKHAOO_02598 8 5 -1,01 0.997 - proX betaine/carnitine transport binding protein GbuC
ACAKHAOO_02593 81 28 -1,01 0.936 LPNTG - Cell wall anchor protein / hypothetical protein
ACAKHAOO 01810 3 3 -1,02 0.960 - yhaN Putative protein YhaN
ACAKHAOO_ 01224 2 2 -1,04 0.907 - rseP Putative zinc metalloprotease
Polyisoprenyl-teichoic acid--peptidoglycan teichoic acid
ACAKHAOO 02549 5 3 -1,05 0.766 - brpA transferase TagU / transcriptional regulator
ACAKHAOO 01770 2 2 -1,06 0.763 - IytD Bifunctional autolysin
Extracellular matrix-binding protein ebh / YSIRK-type signal
ACAKHAOO 01453 7 3 -1,07 0.734 - lapA peptide-containing protein
ACAKHAOO 01492 13 5 -1,07 0915 - ebpS Elastin-binding protein EbpS
ACAKHAOO 01541 2 2 -1,09 0.689 - yqhL Putative protein YibN / sulfurtransferase
ACAKHAOO 00323 5 4 -1,09 0.573 - ykuT Small-conductance mechanosensitive channel
ACAKHAOO 01042 4 2 -1,10 0.582 - CcyoA Putative quinol oxidase subunit 2
ACAKHAOO 02168 8 5 -1,10 0.528 - CusA Swarming motility protein SwrC
ACAKHAOO 01077 3 3 -1,10 0.596 - recN Cell-wall vinding protein / hypothetical protein
ACAKHAOO 01640 2 2 -1,11 0.230 - secF Protein translocase subunit SecDF
ACAKHAOO 01808 9 5 -1,12 0.545 - prsA Foldase protein PrsA
ACAKHAOO 00719 2 1 -1,14 0.487 - corCl UPF0053 protein / HlyC/CorC family transporter
ACAKHAOO 02236 3 1 -1,14 0.633 - lyrA Lysostaphin resistance protein A
ACAKHAOO 01582 14 7 -1,16 0.360 - yqfA UPF0365 protein / hypothetical protein
ACAKHAOO 01462 6 6 -1,17 0.399 - ponA Penicillin-binding protein
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ACAKHAOO 01561 3 3 -1,17 0.634 - sodA Superoxide dismutase [Mn/Fe]
ACAKHAOO_01806 5 3 -1,18 0.235 - yhaH Hypothetical protein
ACAKHAOO_00464 28 12 -1,19 0.327 - ftsH ATP-dependent zinc metalloprotease FtsH
ACAKHAOO 01734 49 8 -1,19 0.394 - ytxG DUF948 domain-containing protein
ACAKHAOO_02191 7 -1,20 0.452 - fhuD Ferrichrome ABC transporter substrate-binding protein
ACAKHAOO_01088 5 1 -1,20 0.591 - - DUF4064 hypothetical protein
ACAKHAOO_01722 15 8 -1,21 0.377 - htrA Serine protease Do-like HtrA/HtrB
ACAKHAOO_02068 2 2 -1,21 0.607 - - Hypothetical protein
ACAKHAOO_01403 2 1 -1,21 0.660 - pstB Phosphate import ATP-binding protein PstB 3
ACAKHAOO_00958 5 4 -1,22 0.357 - spsB Signal peptidase IB
ACAKHAOO_00494 2 2 -1,23 0.243 - yacL Putative PIN and TRAM-domain containing protein YacL
ACAKHAOO_02026 2 1 -1,23 0.314 - atpF ATP synthase subunit b
ACAKHAOO_01924 10 3 -1,24 0.066 - - Hypothetical protein
ACAKHAOO_01062 3 1 -1,25 0.454 - - Hypothetical protein

Metal ABC transporter substrate-binding protein /
ACAKHAOO_ 00182 40 16 -1,28 0.265 - SitA Manganese-binding lipoprotein MntA
ACAKHAOO_ 01347 8 5 -1,29 0.151 - - Hypothetical protein
ACAKHAOO_00718 4 3 -1,31 0.223 - fruA PTS system fructose-specific EIABC component
ACAKHAOO_00753 25 10 -1,32 0.226 - fatB Putative ABC transporter solute-binding protein YclQ
ACAKHAOO_01747 12 6 -1,34 0.096 - - Hypothetical protein
ACAKHAOO_00561 8 7 -1,34 0.209 - murF Capsule biosynthesis protein CapA
ACAKHAOO_02597 8 7 -1,35 0.204 - ydf] Membrane protein YdfJ
ACAKHAOO_01736 2 2 -1,38 0.169 - sftA DNA translocase FtsK/SftA
ACAKHAOO_02099 2 2 -1,38 0.121 - fecB Iron citrate ABC transporter substrate-binding protein Y{fmC
ACAKHAOO_00362 6 5 -1,39 0.108 - penP Beta-lactamase

Oligopeptide ABC transporter / Dipeptide-binding protein
ACAKHAOO_00976 9 5 -1,40 0.051 - OppA DppE
ACAKHAOO 00003 25 7 -1,41 0.500 LPMTG Hypothetical protein
ACAKHAOO 01406 17 7 -1,42 0.107 - pstS Phosphate-binding protein PstS
ACAKHAOO 02108 18 7 -1,43 0.261 - - Hypothetical protein

ABC transporter / nickel transport system / Oligopeptide
ACAKHAOO 00974 3 3 -1,47 0.139 - oppD transport ATP-binding protein OppD
ACAKHAOO 00701 11 4 -1,47 0.338 - - Hypothetical protein
ACAKHAOO 00229 25 14 -1,49 0.130 - pbpC Beta-lactam-inducible penicillin-binding protein
ACAKHAOO 01885 2 1 -1,53 0.146 - yihY UPF0761 protein

Staphylococcal secretory antigen SsaA / CHAP domain-
ACAKHAOO_02197 5 2 -1,54 0.038 - ssaA containing protein

Extracellular matrix-binding protein ebh / Signal peptide
ACAKHAOO_01752 3 2 -1,67 0.102 LPNTG - protein, Y SIRK family / DUF1542
ACAKHAOO_00904 9 4 -1,74 0.026 - metQ Methionine-binding lipoprotein MetQ
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Table 3 — Proteins with statistically significant altered abundance after surface shaving of S.

haemolyticus incubated with human keratinocytes.

Fold

change p-value Summarized

HaCaT HaCaT prediction of | Preferred

# # Unique | vs \) subcellular name,
Accession PSM | Peptides | Control Control localization EggNOG Annotation summary
ACAKHAOO 01782 3 2 1,90 0.015 Cytoplasmic metK S-adenosylmethionine synthase
ACAKHAOO_ 00208 8 7 1,75 0.046 Surface ymaC DUF867 type protein
ACAKHAOO 02015 7 2 1,60 0.014 Surface sceD Putative transglycosylase SceD
ACAKHAOO 02031 2 2 1,57 0.016 Cytoplasmic upp Uracil phosphoribosyltransferase
ACAKHAOO 00454 6 3 1,55 0.027 Cytoplasmic ctc 50S ribosomal protein L25
ACAKHAOO 01033 54 25 1,46 0.039 Surface atl Bifunctional autolysin
ACAKHAOO 00250 4 3 1,40 0.044 Cytoplasmic - TIR domain-containing protein
ACAKHAOO 00947 2 1 1,39 0.032 Cytoplasmic ppiB Putative peptidyl-prolyl cis-trans isomerase
ACAKHAOO 02231 2 2 1,35 0.031 Cytoplasmic - Putative oxidoreductase YghA
ACAKHAOO 01626 2 1 1,33 0.012 Cytoplasmic mnmA tRNA-specific 2-thiouridylase MnmA
ACAKHAOO 01821 4 3 1,31 0.001 Cytoplasmic nagB Glucosamine-6-phosphate deaminase
ACAKHAOO 00516 112 20 1,22 0.017 Cytoplasmic tuf Elongation factor Tu
ACAKHAOO_00797 45 14 -1,31 0.048 Cytoplasmic pgk Phosphoglycerate kinase
ACAKHAOO_01712 7 5 -1,44 0.026 Cytoplasmic ezrA Septation ring formation regulator EzrA
ACAKHAOO_01065 2 1 -1,51 0.004 Cytoplasmic - DUF697 domain-containing protein
Staphylococcal secretory antigen SsaA / CHAP domain-

ACAKHAOO_02197 5 2 -1,54 0.038 Surface ssaA containing protein
ACAKHAOO_01875 14 5 -1,65 0.034 Cytoplasmic yhbO Uncharacterized protein SH1084
ACAKHAOO_00904 9 4 -1,74 0.026 Surface metQ Methionine-binding lipoprotein MetQ
ACAKHAOO_01422 2 2 -1,78 0.000 Cytoplasmic yaaN TelA-like protein
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Figure 1

Figure 2

lanes 1-3 lanes 4-6

Step 1.Immobilize bacteria Step 2.Digest surface-exposed proteins
on flow cell surfaces into peptides using trypsin

4 4 g _Z
q g ; i/ i i/ Step 3.Elute peptides

Step 4.Add TMT labels to each individual sample

Step 5.Combine samples into one TMT sample

Step 6.Run LC-MS/MS
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Supplementary Material

Supplementary table 1 - Overview of workflow for bacterial protein surface shaving samples. X =

performed, - = not performed

Workflow in chronological order HaCaT Control
colonization  group

Primary TSB culture X X
Subculture in DMEM with 10% FBS X X
Wash twice with DPBS X X
Resuspended in DMEM with 10% FBS X -
Incubate S. haemolyticus with HaCaT cells in tissue culture plates X -
Wash four times with DPBS X -
Resuspended in DPBS X X
FACS X X
Ultra centrifugation after FACS X X
LPI™ Flow Cell X X




Supplementary Material

Supplementary table 2 — Manufacturer’s and modified gradient using the Pierce High pH Reversed-
Phase Peptide Fractionation Kit.

Protocol according to manufacturer

Elution enough for 1 sample =300 pl

Fraction No. | Acetonitrile (%) Acetonitrile (uL) aff)thylamine (0.1%)
1 10.0% 100 900
2 12.5% 125 875
3 15.0% 150 850
4 17.5% 175 825
5 20.0% 200 200
6 22.5% 225 775
7 25.0% 250 750
8 50.0% 500 500




Modified protocol

TMT gradient enough for 3 samples = 1000 pl, wash 3%

Supplementary Material

Fraction No. Acetonitrile (%) Acetonitrile (L) Triethylamine (0.1%) (uL)
1 7.0% 70 930

2 9.0% 90 910

3 10.0% 100 900

4 11.0% 110 890

5 12.0% 120 880

6 14.0% 140 860

7 16.0% 160 840

8 18.0% 180 820

9 20.0% 200 800

10 22.0% 220 780

11 25.0% 250 750

12 50.0% 500 500
13=extra 75.0% 750 250




Ratio Calculation:

==>Minimum Quan Value Detected =599.1
==>Minimum Quan Value Used =599.1

Experimental Bias:

Normalize On Protein Median
-Minimum Protein Count: =20

==>Resulting Normalization Values:
126/(126+127_C+128_C):0.235
127_C/(126+127_C+128_C): 0.390
127_N/(126+127_C+128_C): 0.250
128 _C/(126+127_C+128_C):0.361
128 _N/(126+127_C+128_C): 0.241
129 N/(126+127_C+128_C): 0.490

Ratio Reporting:

126/(126+127_C+128_C)

127_C/(126+127_C+128_C)
127 _N/(126+127_C+128_C)
128 C/(126+127_C+128_C)
128 _N/(126+127_C+128_C)
129 N/(126+127_C+128_C)

SET1 1
sample 1783
label 126
volume 41/124
01:01

Sample ID|Notes

Exposure

1 HaCaT
1783 |human + FACS
cells
Exposure
2 HaCaT
1784 |human + FACS
cells
Exposure
3 HaCaT
1785|human + FACS
cells

1786 | Control FACS

1787 | Control FACS

1788 |Control FACS

41/124
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Abstract

When analysing a large cohort of Staphylococcus haemolyticus, five isolates obtained from
different sources (four from skin and one from blood culture) with aberrant phenotypic and
genotypic traits were identified. The five isolates were initially speciated as S. haemolyticus
based on 16S rRNA gene sequence and MALDI-TOF MS. All five isolates were phenotypically
similar to and had nearly identical 16S rRNA gene sequences compared to S. haemolyticus.
However, compared to S. haemolyticus, these five isolates demonstrate i) considerable
phylogenetic distance with an average nucleotide identity < 95 % and inferred DNA-DNA
hybridization < 70 %, ii) 1,185 specific genes not found in S. haemolyticus. iii) a pigmented
phenotype and iv) urease production. Based on the phenotypic and genotypic results, we
conclude that these isolates represent a novel species, for which the name Staphylococcus
borealis sp. nov. is proposed. The whole genome sequence of type strain 51-48t (= CCUG
73747t = CECT 300117) is deposited to the European nucleotide archive under accession
number GCA 001224225.1 and PRJEB36042.



Introduction

Members of the genus Staphylococcus, currently consisting of 54 species and 22 subspeciesi
with validly published names are most often found on the skin and mucus membranes of
mammals and birds (G6tz et al., 2006). Staphylococci, and in particular the coagulase-positive
Staphylococcus aureus, are a major cause of clinical disease in both humans and animals. The
coagulase-negative staphylococci (CoNS) colonise different niches of the human skin
(Cavanagh et al., 2016) and are part of the commensal host microbiota. However, over the last
decades some CoNS-species such as Staphylococcus epidermidis, Staphylococcus hominis and
Staphylococcus haemolyticus have emerged as important opportunistic pathogens causing
primarily disease in patients with foreign body implants or impaired immunity (Becker et al.,
2014).

As part of a previous study analysing a large cohort of S. haemolyticus (Pain et al., 2019), we
detected five bacterial isolates with aberrant phenotypic and genotypic traits. All five isolates
originated from the same geographic location, Tromse, in North Norway, Norway. Four strains
were isolated from skin swabs from the groin and armpit of healthy volunteers (Cavanagh et
al., 2016), and one strain was isolated from blood culture in 1997 at the University Hospital of
North Norway, Norway (Cavanagh et al., 2014, 2016). The five isolates were all initially
identified as S. haemolyticus based on 16S rRNA gene sequencing and/or matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) using a Microflex
LT instrument (Bruker Daltonics, Bremen, Germany), Flex Control software and the MALDI

Biotyper 3.1 software (Bruker Daltonics, Bremen, Germany).

The five isolates were further characterized, and based on established phenotypic and genotypic
methods for species identification (Chun et al., 2018; Freney et al., 2009), we propose that they

belong to a new staphylococcal species hereafter designated Staphylococcus borealis.

! Based on Staphylococcus species from www.bacterio.net. The following species and subspecies were removed
as they have been either moved or combined with other species: S. caselyticus (to Macrococcus caseolyticus) S.
Jettensis (to S. petrasii subsp. jettensis), S. pulveri (combined with S. vitulinus), S. hyicus subsp. chromogenes (to
S. chromogenes), S. hyicus subsp. hyicus (to S. hyicus) and all subspecies of S. sciuri combined into S. sciuri
(with no subspecies). The newly validated species S. caeli, S. debuckii, and S. pseudoxylosus not yet listed on
bacterionet was also included in the total number.



Whole genome sequencing (WGS) and phylogenetic analysis

DNA from the five novel strains were extracted using the Wizard® Genomic DNA kit
(Promega, Durham, USA) and the MasterPure™ Gram Positive DNA Purification Kit
(Lucigen, Middleton, USA) for isolating DNA for Pac Bio sequencing of the type strain. WGS
was performed using Illumina MiSeq and Genome Analyzer Il sequencing, as described
previously (Cavanagh et al., 2014; Pain et al., 2019), and strain 51-48t was additionally
sequenced with PacBio. Assembly was done using Shovill for the Illumina sequences
(https://github.com/tseemann/shovill). For the Pacbio sequence, circular consensus sequences
generated from demultiplexed sequencing reads were assembled with Canu v1.8 (Koren et al.,
2017), and circularized using Circlator (Hunt et al., 2015). The assembly was polished with
Pilon (Walker et al.,, 2014), using Illumina sequences (GCA 001224225.1) generated
previously by Cavanagh et al. (Cavanagh et al., 2014). Alignments of Illumina sequences and
the PacBio assembly were done using BWA-MEM (Li, 2013). The resultant draft genomes
were deposited in GenBank under the accession number (GCA 001224225, PRJEB36042,
XX). The genome size range was is 2,621,226 — 2,760,219 bp, with 2,486-2,556 CDSs. The
G+C content of the novel species ranged from 33.57 % to 33.72 % (Table 1), which is in the
range of 33-40% expected for species of the genus Staphylococcus (Gotz et al., 2006). The G+C
content is 0.69-0.84% higher than for the S. haemolyticus type strain CCUG 7323T.

The 16S rRNA gene sequences of the five isolates were analysed using the EzBioCloud online
tool 16S-based ID (Yoon et al., 2017). These results showed that the highest similarities were
found with S. haemolyticus MTCC 33831 (99.86% for isolates 51-48t, 57-14 and 57-74;
99.93% for 58-22 and 58-52) and Staphylococcus petrasii subsp. jettensis (99.51% for isolates
51-48t, 57-14 and 57-74; 99.44% for 58-22 and 58-52) (Table 2). In total 16 staphylococcal
species and subspecies showed 16S rRNA gene identity > 98.7%. Considering the previously
described cut-off value for species identification based on 16S rRNA gene sequence (98.7%)
the five isolates were not designed to any of the previously described staphylococcal species
(Stackebrandt and Ebers, 2006). Figure 1 shows the reconstructed phylogenetic trees generated
from alignment of the 16S rRNA gene sequence of the staphylococci type strains.

Genome-based phylogeny plays a central role in future taxonomy and phylogenetics of bacteria,
and provides higher resolution than 16S rRNA gene phylogeny (Na et al., 2018). WGS
comparisons were performed according to the recommended minimal standards for description

of new staphylococcal species (Freney et al., 2009). We used the up-to-date bacterial core gene



set (UBCG)(Na et al., 2018), which produces an alignment based on 92 single-copy core genes
extracted from whole genome sequences (WGS) of staphylococcal type strains available in
GenBank (01.01.2010) (Table 3).The results from the phylogenomic tree confirmed that the
five novel isolates are most closely related to S. haemolyticus, S. petrasii, Staphylococcus
devriesei and Staphylococcus hominis. This further supports that the five S. borealis isolates

belonging to a novel CONS-species forming their own well-supported branch (Figure 2).

We used overall genome related index (OGRI) methods (Chun et al., 2018) to calculate average
nucleotide identity (ANI) and tetra using the online service JSpecies WS (Richter et al., 2015),
The in silico DNA-DNA hybridization (IDDH) was calculated using the genome-to-genome
distance calculator (GGDC) version 2.1 (Meier-Kolthoff et al., 2013). The GGDC results were
based on the recommended formula 2 (sum of all identities found in high-scoring segment pairs
(HSPs), divided by the overall HSP length), which is independent of genome size. A threshold
value of 70 % DNA-DNA hybridization has long been established for defining bacterial species
(Wayne et al., 1987). The results from all the ORGI methods confirm that the five S. borealis
isolates belong to a novel species, which is related to, but distinctly different from S.
haemolyticus. The OGRI values between the closest related staphylococcal type strains and the

S. borealis strains is summarised in Table 2, 4 and 5.

Based on the WGS data we constructed core-genome SNP-based maximum likelihood (ML)
trees of 169 S. haemolyticus isolates and the five S. borealis isolates, using KSNP3 package
(Gardner et al., 2015). The ML tree, visualised with iTol, clearly demonstrates that the five S.

borealis isolates form a distinct cluster separated from S. haemolyticus (Figure 3).

We also performed multilocus sequence typing (MLST) with the S. haemolyticus specific
MLST-scheme (Cavanagh et al., 2012). We observed variations for each of the seven alleles
between 23 and 79 SNPs, including gaps and insertions, further supporting the identification of

a new species.

A pan-genome analysis was performed using 169 S. haemolyticus genome sequences (Pain et
al., 2019) and the five proposed S. borealis isolates using Roary version 3.11.2 with default
settings (Page et al., 2015). We identified 1,185 genes solely detected in the S. borealis isolates,

from which 944 genes were identified in all five S. borealis isolates.



We identified antibiotic resistance genes (ARGs) using the Comprehensive Antibiotic
Resistance Database (CARD)(http://arpcard.mcmaster.ca). All five isolates contained the
vgaALC gene (98.53 % identity), a streptogramin A resistance variant first identified in S.
haemolyticus (Novotna and Janata, 2006). Strains 51-48t (= CCUG 73747t = CECT 3001171)
and 58-52 (= CCUG 73751) had the ermC gene while 58-52 (= CCUG 73751) also carried fusC
which correlated with the observed phenotypic resistance profiles. No other antibiotic

resistance genes were identified in the five S. borealis isolates by CARD.

Phenotypic tests and metabolic profiling

All five S. borealis isolates were Gram-stain positive cocci growing in clusters. They were non-
motile on motility agar. All were oxidase negative, DNAse negative, coagulase negative,
clumping factor negative, catalase positive and facultative anaerobic, determined by using the
Brewer thioglycollate medium.

Scanning electron microscopy analyses were performed using a Zeiss Zigma scanning
electronmicroscope (SEM) (Zeiss, Oberkochen, Germany). Whole cells were fixed with 2,5%
glutaraldehyde and 4% formaldehyde in PHEM-buffer, before sedimentation onto poly-L-lysin
coated coverslips. Samples were further processed according to the protocol of Cocchiaro using
the Pelco Biowave (Ted Pella, Redding, USA)(Cocchiaro et al., 2008). Following dehydration
samples were dried in a Leica EM CPD300 (Leica, Wetzlar, Germany) and mounted on SEM-
stubs, gold/palladium was applied with a Polaron Range Sputter Coater (Newhaven, UK).

We tested temperature (4, 15, 30, 37, 42 and 45 °C), NacCl tolerance (0, 0.5, 1.5, 3, 5, 7.5, 10
and 15%) according to the protocol by Freney et al. (Freney et al., 2009), using P agar plates
(Gotz et al, 2006). The haemolysis assay was performed on blood agar plates
(Oxoid,Basingstoke, UK). S. haemolyticus CCUG 73231 was included as a reference strain in
all tests. All five S. borealis isolates were able to grow at 30 to 42 °C, and showed tolerance to
NaCl up to 15%. All five S. borealis isolates displayed yellow pigmentation on P-agar plates
(Figure 4). After 24 h of aerobic incubation on horse blood agar at 37°C, the S. borealis isolates
formed smooth, circular, raised or slightly convex colonies reaching 3-5 mm in diameter. A
clear B-haemolysis (2 mm) was observed in the S. borealis isolates and S. haemolyticus CCUG

73231 (1.5 mm) on horse blood agar plates.

Metabolic profiling of all S. borealis strains and S. haemolyticus CCUG 7323 reference strain
was performed. The CCUG STX phenotypic worksheet was followed using the API bacterial
identification systems APIleStaph, APIe 32 Staph and APIe Coryne test (bioMérieux, Marcy-



I'Etoile, France)(www.ccug.se/identification/worksheets), following the instructions of the

manufacturer. The metabolic profiles are summarized in Table 6. Biochemically, the five S.
borealis isolates differed in four tests when compared with the S. haemolyticus CCUG 73231
reference strain. Briefly, the S. borealis strains were positive for fermentation of fructose and
mannitol, as well as urease positive. Only the strain CCUG 73751 was positive for utilization

of mannose.

Cell fatty acid-fatty acid methyl ester (CFA-FAME) analysis was done for the S. borealis
strains. The strains were cultivated on Columbia Blood Agar Base plus 5% defibrinated horse
blood (prepared by the Substrate Unit, Department of Clinical Microbiological, Sahlgrenska
University Hospital), at 37°C, aerobically, for 24 h. The CFA-FAME profile was determined,
using an HP 5890 gas chromatograph (Hewlett-Packard, Palo Alto, CA, USA) and a
standardized protocol similar to the MIDI Sherlock MIS system (Sasser, 1990) as described
previously (Zamora et al., 2012). CFA-FAME analysis of the five S. borealis strains determined
the major CFAs to be the saturated fatty acids, C15:0 ISO (11%), C15:0 ANTEISO (63%) and
C17:0 ANTEISO (13%), while other CFAs observed included C17:0 ISO (5%) and C18:0
(2,5%) (Table 7).

Antimicrobial resistance testing was performed using the disc diffusion method according the
EUCAST guidelines (The European Committee on Antimicrobial Suceptibility Testing.
Breakpoint tables for interpretation of MICs and zone diameters, version 9.0, 2019). Briefly, a
0,5 McFarland bacterial suspension was inoculated on Mueller Hinton agar plates(Oxoid,
Basingstoke; UK). The plates were incubated at 37 °C for 16-18 hours, and zones of inhibition
were measured. All strains were susceptible to antimicrobial agents cefoxitin (30 ug),
ciprofloxacin (5 ug), clindamycin (2 ug), gentamycin (10 ug), novobiocin (XX) linezolid (10
ug), rifampicin, tetracycline (30 ug), trimethoprim-sulfamethoxazole (1.25-23.75) and
vancomycin (0.015-256ug). 51-48t (= CCUG 73747t = CECT 300117) and 58-52 (= CCUG
73751) were resistant to erythromycin while 58-52 (= CCUG 73751) was also resistant to

fucidic acid.

In conclusion, although the five S. borealis isolates share near identical 16S rRNA gene
sequences to S. haemolyticus NCTC 11042t, and are phylogenetically closest related to S.
haemolyticus, there are strong phenotypic and genomic justifications for assigning the novel
isolates to a novel species of the genus Staphylococcus, for which the name Staphylococcus

borealis sp. nov is proposed.



These justifications are:

1) Phylogenetic distance, ANI < 95% and inferred DDH < 70 %.
2) Pigmented phenotype
3) Production of urease

4) Pangenome comparison

Description of Staphylococcus borealis sp. nov.

S. borealis (bo.re.a'lis. L. masc. adj. borealis related to the North, boreal)

Colonies are 3-5 mm in diameter, round, smooth and have a yellow tint. The difference in
pigmentation between typical S. haemolyticus and S. borealis is particularly evident on different
supplemented p-agars (non-supplemented, full fat milk and horse blood) after 48 h at 37°C.
Cells are Gram-stain positive, coccoid, 650 nm to 1.23 um in diameter and form clusters.
Facultative anaerobic. Cells are coagulase negative and catalase positive. Biochemically
negative for fructose, mannitol and positive for production of urease. The major fatty acids are
C15:0ISO, C15:0 ANTEISO and C17:0 ANTEISO, while C17:0 ISO and C18:0 are present in

lower amount.

The type strain, 51-481 (= CCUG 737371 = CECT 30011Tt), was isolated from blood culture in

Tromse, Norway in 1997.



Figure legends

Figure 1. Phylogenetic relationship of Staphylococcal type strains based on 16S rRNA
phylogenetic tree. The phylogenetic tree was generated from MUSCLE alignment of the 16S
rRNA sequences of Staphylococcal type strains and the type strain of Macrococcus
caseolyticus. The maximum likelihood method was used and bootstrapping based on 500
replicated was performed using the RAXML software (Stamatakis, 2014). rRNA sequences
were obtained from ezbiocloud(Yoon et al., 2017) (Type strain ID listed in tree, accession listed

in table 1).

Figure 2. Phylogenetic relationship of Staphylococcal type strains based on core genes. A
maximum-likelihood phylogenetic tree was produced based on the alignment of 92 single-copy

core genes, utilized by UBCG. Macrococcus caseolyticus was used for rooting the tree.

Figure 3. SNP-based phylogenetic tree of 169 S. haemolyticus isolates and the five newly
proposed S. borealis isolates, using the KSNP3 program.

Figure 4. Yellow pigmentation shown on P agar of the five S. borealis isolates in comparison

to S. haemolyticus CCUG 7323r.
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Table 3: Overview of the accession numbers of staphylococcal type strains used in the genomic

analysis

Species Subpecies Type strain used WGS accession 16S accession

S. agnetis DSM 23656 HM484980

S. argensis DSM 29875 PPPX01000013

S. argenteus MSHR1132 FR821777

S. arlettae NCTC 12413 AB009933

S. aureus aureus NCTC 8325 AMYL01000007
anaerobius DSM 20714 D8&3355

S. auricularis DSM 20609 137598

S. caeli 82B MH431939

S.capitis capitis NCTC 11045 L37599
urealyticus DSM 6717 AB233325

S. caprae NCTC 12196 AB009935

S. carnosus carnosus - UHCT01000001
utilis - AB233329

S. chromogenes NCTC 10530 D83360

S. cohnii cohnii NCTC 11041 D83361
urealyticus DSM 6718 AB009936

S. condimenti DSM 11674 CP0O15114

S. cornubiensis NW1 -

S. debuckii - MK121623

S. delphini NCTC 12225 AB009938

S. devriesei CCUG 58238 UHCZ01000002

S. edaphicus CMM 8730 KY315825

S. epidermidis ATCC 14990 UHDF01000003

S. equorum equorum NCTC 12414 AB009939
linens DSM 15097 AF527483

S. felis ATCC 49168 D83364

S. fleuretti NCTC 13829?? UHDLO01000001

S. gallinarum DSM 20610 D83366

S. haemolyticus NCTC 11042 LILF01000056

S. hominis hominis NCTC 11320 X66101
novobiosepticus ~ CCUG 42399 AB233326

S. hyicus ATCC 11249 CP008747

S. intermedius NCTC 11048 CAIB01000045

S. kloosi ATCC 43959 AB009940

S. lentus NCTC 12102 D83370

S. lugdunensis NCTC 12217 AB009941

S. lutrae ATCC 700373 CP020773

S. massiliensis CCUG 55927 EU707796

S. microti DSM 22147 UHDTO01000001

S. muscae ATCC 49910 FR733703

S. nepalensis DSM 15150 UHDS01000001

S. pasteuri - AF041361

S. petrasii petrasii CCM 8418 JX139845
croceilyticus CCM 8421 AY953148
Jettensis CCM 8494 JN092118
pragensis CCM 8529 KM873669

S. pettenkoferi CCUG 51270 AF322002

S. piscifermentans NCTC 13836 AB009943

S. pseudintermedius CCUG 49543 AJ780976

S. pseudoxylosus MH643903

S. rostri DSM 21968 FM242137

S. saccharolyticus NCTC 11807 L37602

S. saprophyticus saprophyticus ATCC 15306 AP008934
bovis CCUG 38042 AB233327

S. schleiferi schleiferi - AB009945
coagulans - AB233334

S. schweitzeri DSM 28300 CCEL01000025

S. sciuri NCTC 12103 AJ421446

S. simiae CCUG 51256 LT906460

S. simulans NCTC 11046 D83373

S. stepanovicii DSM 26319 LT906462

S. succinus succinus DSM 14617 AF004220
casei DSM 15096 AJ320272

S. vitulinus DSM 15615 AB009946

S. warneri NCTC 11044 L37603

S. xylous ATCC 29971 MRZO01000018
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Table 6. Biochemical tests, based on API 32 STAP, API STAPH and API CORYNE.

Culture Collection University of Gothenburg (CCUG) | 73747t | 73748 | 73749 | 73750 | 73751 | 7323r
Local strain identification number 51-48 57-14 57-74 58-22 58-52 63-42
Glucose GLU + + + + + +
Fructose FRU + + + + + -
Arabinose ARA - - - - - -
Ribose RIB + + + + + +
Mannose MNE - - - - + -
Xylose XYL - - - - - -
Sucrose SAC + + + + T T
Lactose LAC - - - - - -
Turanose TUR - + + - - -
Cellobiose CEL - - - - - -
Maltose MAL

Trehalose TRE

Melibiose MEL - - - - - -
Raffinose RAF - - - - - -
Glycogen GLYG - - - - - -
N-acetyl-glucosamine NAG + - + + - +
MethyL-o-D-glucopiranoside MDG - + + -
Mannitol MAN + + + -
Xylitol XLT - - - - - -
Nitrate NIT + + + + + +
Acetoin Production VP - - + - + +
Novobiocin NOVO - - - - _ R
Gelatine GEL - - - - - -
Esculin ESC + - + - + -
Catalase CAT + + + +
Urease URE + + + -
N-acetyl-p-Glucosaminidase BNAG - - - - - -
a-glucosidase oGLU - - - - - -
B-galactosidase BGAL - - - - - -
p-glucuronidase BGUR + - - + - +
Alkaline phosphatase PAL + - - + - +
Pyrazinamidase PYZ + + + + + +
Arginine arylamidase ArgA - - - - - -
Pyrrolidonyl arylamidase PyrA + + + + + +
Ornithine decarboxilase ODC - - - - - -
Arginine dihydrolase ADH + + + + + +
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Figure 1

Tree scale: 0.01
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Figure 2
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