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1. Abstract

With the beginning of the new millennium a new methicillin-resistant Staphylococcus
aureus (MRSA) clonal complex 398 (CC398) has emerged as a cause of infections in
humans with contact to livestock (livestock-associated MRSA, LA-MRSA). In Austria,
first infections caused by CC398 isolates were observed in 2004 when the National
Reference Laboratory for Staphylococci (NRLS) at the Austrian Agency for Health and
Food Safety (AGES) started typing MRSA isolates.

From 2004 till today the NRLS observed a steady increase of infections caused by
CC398 isolates from 0.2% in 2004 to 7.9% in 2015.

All LA-MRSA isolates from the NRLS harboured CC398 corresponding spa-types
(t011, t034, t108), whereby t011 was the most prevalent spa-type (87.6%). Due to the
limited discriminatory power of the subtyping methods multilocus sequence typing
(MLST) and sequencing of the variable X-region of staphylococcal protein A gene (spa-
typing), next generation sequencing (NGS) was applied for high resolution typing of
153 LA-MRSA isolates and an arbitrary collection of 47 hospital acquired (HA)-MRSA
isolates belonging to 12 classical MLSTs for comparison. A gene-by-gene approach
was used for comparison of genomes based on a predefined core genome (cgMLST)
comprising 1861 genes. NGS based typing allowed a differentiation between all
investigated LA-MRSA and HA-MRSA isolates. HA-MRSA isolates differed in at least
1717 alleles from LA-MRSA isolates. The maximal allelic difference was 1658 among
HA-MRSA isolates and 131 among LA-MRSA isolates. In general the genetic

difference between spa-types was higher than within isolates of a certain spa-type.

In conclusion cgMLST is highly suitable for high resolution typing of LA-MRSA isolates

with the same spa-type.



2. Introduction

2.1 Staphylococcus aureus

In 1882 Alexander Ogston first used the designation “staphylococcus” when he
described a micrococcus appearing in groups which cause postsurgical sepsis
(Ogston, 1882). Due to the golden colour of colonies the species was hamed aureus
(Howard and Kloos, 1987).

The genome size of S. aureus is about 2.8 Million bases including both, the core and
the accessory genome (Shittu et al., 2007). Bacterial species are defined by a set of
conserved core genes, conventionally identified as those genes present in all isolates,
and additionally by a number of accessory genes; thereby the composite superset of
all genes present in a strain is named pan-genome (Segerman, 2012; van Tonder et
al., 2014). In the accessory genome a large portion of none vitally important functions
exist, such as genes for antibiotic resistance, toxin production and virulence genes,
which can be transferred laterally to recreate new trait combinations (Segerman, 2012;
Shittu et al., 2007).

Staphylococci are Gram-positive bacteria, they form grape-like clusters, are non-motile
and behave facultative anaerobic (Harris et al., 2002). Within staphylococci, only S.
aureus and S. intermedius are coagulase positive and able to coagulate blood plasma
(Foster, 1996). Therefore pathogenic staphylococci can be distinguished from mostly
“apathogenic” opportunistic pathogens by their ability to produce coagulase (Harris et
al., 2002). The host’s prothrombin, together with coagulase (extracellular protein),
produce the staphylothrombin complex, whereby fibrinogen changes into fibrin (Foster,
1996).

Staphylococci are relatively resistant to heat (Kloos and Lambe, 1991) and tolerate
high salt concentrations (Wilkinson, 1997). S. aureus has a cell wall and a cytoplasmic
membrane which encloses the cytoplasm (Shockman and Barrett, 1983). The cell wall
basically consists of 50% peptidoglycan (Waldvogel, 1990) and is composed of a multi-
layered cell wall mesh (Wilkinson, 1997), 40% teichoic acids (Knox and Wicken, 1973),
surface proteins, exoproteins and autolysins (Thakker et al., 1998). S. aureus has the
competence to adapt to environmental changes such as in case of infection (Harris et

al., 2002). This adaptation includes the production of virulence regulators, such as agr



(accessory gene regulator), sar (staphylococcal accessory regulator) and sae (S.
aureus exoprotein) (Harris et al., 2002).

S. aureus is a natural resident of the skin flora. Based on disruption of the natural
invasion batrrier, the skin, the bacteria are able to enter the underlying tissue (Elek and
Stephen, 1956). It can also cause infections of skin, nose, urethra and gastrointestinal
tract in immunosuppressed patients (Shulman and Nahmias, 1972). Enterotoxins A-E,
toxic shock syndrome toxin and exofoliative toxins are extracellular toxins produced as
a defence mechanism (Projan and Novick, 1997).

In the 1940s, the treatment of S. aureus infections with penicillin began and
considerably improved the outcome. As a consequence first penicillin resistances
emerged already in the late 1940s (Eickhoff, 1972). The use of antibiotics led to
multiple drug resistance of S. aureus due to the uptake of resistance genes in mobile
genetic elements (MGE) (Morris et al., 1998). In 1961 methicillin was introduced as a
new antibiotic. Within a year first methicillin resistant S. aureus (MRSA) were reported
(Jevons, 1961). Resistant strains encode a distinct PBP, PBP2a, encoded by mecA
which has a low affinity to B-lactam antibiotics (Chamber, 1997) and PBP2a can still
execute its function in cell wall synthesis despite the presence of B-lactam-antibiotics
(Hiramatsu, 1995).

MRSA can be categorized corresponding to the origin of infection: hospital-,
community- or livestock-associated MRSA. Epidemiology and spread of S. aureus can
be studied by the use of sequence-based typing methods such as multilocus sequence
typing (MLST) (Enright et al., 2000) or spa-typing (Harmsen et al., 2003). The S.
aureus population pathogenic for humans consists of approximately ten dominant
lineages (Lindsay, 2010): Seven major S. aureus lineages belong to hospital-acquired
MRSA (CC5, CC12, CC15, CC22, CC25, CC45, CC51) (Feil et al., 2003) and three
belong to community-acquired MRSA (CC1, CC8, CC30). Lineage CC398 detected in
2004, which belongs to livestock-associated MRSA is no predominant lineage at the
moment but appears to be disseminating rapidly to many parts of the world (Lindsay,
2010).



2.2 Hospital-acquired MRSA

Until the 1980’'s MRSA was exclusively related to healthcare settings (HA-MRSA). The
distribution of MRSA in healthcare settings and the probability to acquire an infection
IS dependent on various factors such as the use of antibiotics, present disease
patterns, time duration of hospitalization, surgery, stay in intensive care units and the
level of infection control (hygiene) (Tacconelli et al., 2008).

As a consequence of appropriate, inordinate and unnecessary use of antibiotics
successful pathogenic S. aureus lineages evolved due to uptake of mobile genetic
elements encoding resistance and virulence factors (Muto et al. 2003). Worldwide the
majority of HA-MRSA infections is caused by clones of five major lineages (Robinson
and Enright, 2003).

The prudent use of antibiotics constitutes an important factor to prevent and decrease
MRSA colonization (Tacconelli et al., 2008).

2.3 Community-acquired MRSA

A significant change in the epidemiology of MRSA happened in the 1980s with the
emergence of a new clone causing infections in people in the community without
previous contact to healthcare facilities (Stegger et al., 2014). Community-acquired
(CA)-MRSA are characterized by their ability to infect healthy and often young
individuals, assuming that this clone has an increased virulence as well as the power
to spread easily (DeLeo et al., 2010; Uhlemann et al., 2014). Typical molecular
markers for CA-MRSA include SSCmec IVa (type of methicillin resistance locus) and
a gene coding for Panton-Valentin leucocidin (PVL) (Vandenesch et al., 2003). In
general CA-MRSA are less resistant to antibiotics than HA-MRSA. European clones
seem to be more resistant than U.S. and Oceanian isolates (Stegger et al., 2014,
Vandenesch et al., 2003). Usually CA-MRSA causes skin and soft tissue infections,
but also necrotizing pneumonia and sepsis have been reported (Uhlemann et al.,
2014). Since its occurrence CA-MRSA clones have spread worldwide. Geographically
different dominant lineages can be found (Stegger et al., 2014) such as CC80 in
Europe, CC1 and CC8 in the United States, CC59 in Asia and CC30 in the south west



Pacific (Lindsay, 2010). The genetic background of CA-MRSA does not correlate with
local HA-MRSA, suggesting that CA-MRSA did not originate from HA-MRSA in the
same continent. In contrast CA-MRSA showed similarities to HA-MRSA from other
continents, whereby an intercontinental transmission seems to be very probable
(Vandenesch et al., 2003). Meanwhile highly successful lineages already entered the
healthcare settings and therefore became an important reason for healthcare-

associated bacteremia (Uhlemann et al., 2014).

2.4 Livestock-associated MRSA

In the beginning of the new millennium a new category of MRSA was identified due to
its association to livestock (Voss et al., 2005). Single reports of MRSA in animals
occurred already in 1972 (Devriese et al., 1972). The colonization and infection of
humans with contact to livestock lead to the discovery of clonal complex 398 in the
Netherlands in 2004 (Cuny et al., 2009). This clone attracted attention because it was
non-typeable by Smal pulsed-field gel electrophoresis, the gold standard typing
method (Huijsdens et al., 2006). Livestock-associated (LA) MRSA include mostly
strains belonging to sequence type (ST) 398, harboring several corresponding spa-
types such as t011, t034, t108 and t1793 (Grisold et al., 2010). So far CC398 isolates
are prevalent in pigs but can be isolated from most domestic animals (Loncaric et al.,
2014). Since its emergence it has been reported in Europe, Asia and the United States.
The proportion of LA-MRSA isolates seems to correlate with the density of pig and calf
farming within a country (van Cleef et al., 2011).

LA-MRSA isolates seem to be less virulent, due to the lack of typical virulence
determinants (Price et al., 2012). However, they show an increasing gain of antibiotic
resistance profiles, especially tetracycline resistance, which can be explained by high
antibiotic use in animal husbandry (Larsen et al., 2015; Price et al., 2012).

An infection with LA-MRSA causes mostly skin and soft-tissue infections, but also
sepsis and even necrotizing pneumonia have been reported (Cuny et al., 2013).
LA-MRSA CC398 cause human colonisation and disease especially in people with
direct exposure to livestock (farmers, veterinarians). As a consequence human to
human transmissions between family members have been described (Larsen et al.,

2015). Dust from pig holdings and contaminated meat is a possible reservoir for LA-
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MRSA infections in unexposed people and the spread into the community and
healthcare settings (Larsen et al., 2015; Monaco et al., 2013).

As described by Price et al. (2012) LA-MRSA CC398 probably emerged from human
MSSA strains (methicillin sensitive S. aureus) and as a consequence of transmission
reached livestock, where methicillin and tetracycline resistance was acquired.

A short overview on the historical evolution of MRSA is presented in Figure 1.

— 1940: use of penicillin for S. aureus infections

— 1950: occurrence of first penicillin-resistant S. aureus strains

— 1960: use of methicillin as alternative antibiotic
— 1961: occurrence of first methicillin resistant S. aureus (MRSA)

» 1970: decrease of MRSA-problem due to introduction of alternative antibiotics
— 1975: worldwide increase of MRSA in hospitals: hospital-acquired (HA)-MRSA
— 1980: first endemic strains & occurrence of MRSA in the community: community

acquired (CA)-MRSA

— 2004: new MRSA clones linked to animals: livestock associated (LA)-MRSA

Figure 1. Time lapse of the evolution of methicillin resistant Staphylococcus aureus



2.5 Typing methods

2.5.1 Pulsed-field gel electrophoresis (PFGE)

In case of an outbreak pulsed-field gel electrophoresis has been the gold standard
method for molecular typing of several pathogens (Leopold et al., 2014). The method
developed in 1983 yielded highly discriminatory DNA fingerprints (Schwartz et al.,
1983). The relatedness between isolates was defined by a difference of less than four
fragments, which assigns isolates to the same strain; a difference of four to six
fragments assigns isolates to different strains but to the same genetic lineage (Enright
et al., 2000).

The major drawback of this technique are the costs in terms of hands on-time, need of
a special software for evaluation and the poor reproducibility of results between
laboratories. However, due to the high discriminatory power it is still a valuable typing
tool (Harmsen et al., 2003).

2.5.2 Spa-typing

Spa-typing characterizes the sequence differences of the polymorphic X region of
staphylococcal protein A gene (spa) (Cai et al., 2007) consisting of at least two to 27
repeat units of 21 to 27 base pairs in length. The spa-type is defined by the sequence,
the number and order of repeats, representing the final spa-type (Shopsin et al., 1999).
The surface immune globulin (Ig)-binding protein A acts as virulence factor enabling
S. aureus to escape the host’s immune response. To circumvent phagocytosis it binds
IgG molecules in the incorrect orientation to support the survival of S. aureus
(Votintseva et al., 2014). Spa-typing is one of the most advanced typing methods due
to its low expenditure of time, low costs, high discriminatory power and the ability to
share and accordingly compare results via an online database
(http://'www.spaserver.ridom.de) (Cai et al., 2007). In comparison to DNA fragment
based typing methods spa-typing has the advantage to produce reliable and correct
typing information (Harmsen et al., 2003). The database presently contains 15507 spa-

types (08.12.2015, www.spaserver.ridom.de).



2.5.3 Multilocus sequence typing

Multilocus sequence typing (MLST) distinguishes bacterial isolates due to their
differences in the sequences of seven housekeeping genes (Enright et al., 2000). The
obtained allelic profile of these genes determines the sequence type (ST) of an isolate.
Global MLST databases (http://www.mlst.net/databases/) were established for several
important pathogens and sequence data can be submitted for ST determination
(Maiden et al., 1998).

These databases allow a worldwide comparison of isolates and provide phylogenetic
and epidemiological information (Jolley and Maiden, 2014). Due to the fact that
housekeeping genes have a slow mutation rate it is possible to determine if isolates
originate from a common ancestor (Enright et al., 2000). MLST provides a high
reproducibility and portability and is therefore the method of choice for long-term
epidemiological investigations. For MRSA the method is not suitable for outbreak
investigation due to limited resolution between very closely related isolates (Jolley and
Maiden, 2014).

2.5.4 Next generation sequencing

Next generation sequencing is the method of highly parallel sequencing of short
fragments and has revolutionised our understanding of bacterial evolution (Price et al.,
2013). Direct analysis of clinical samples provides a high discriminatory power within
a short time (Koéser et al., 2012). Strains which have the same spa-, MLST-, PFGE-
type can appear genetically similar but by NGS it is possible to distinguish
epidemiologically unrelated strains (Leopold et al., 2014). Therefore NGS based typing
is the ultimate tool for outbreak investigations and allows to determine if genetically
similar isolates belong to an outbreak or not (Mellmann et al., 2011).

A species genome assembly, which is a highly complex computation, needs about
eight copies of a piece of a genome to produce good results. There are many
possibilities why errors can appear, such as low coverage, elimination of pieces which
are incorrectly identified as mistakes or repeats, or pieces which are inserted in wrong
places or in wrong orientation. Therefore, if a gene is missing after the assembly, this
absence is not a confirmation of an in fact missing gene (Baker, 2012).
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With future developments NGS will allow to predict resistances, identify virulence and
type isolates at the highest possible resolution (Price et al., 2013). The development
of fully automated software solutions makes it possible to use NGS in the daily routine
and to analyse, store and exchange large volumes of genomic data (Kohl et al., 2014;
Leopold et al., 2014; Ruppitsch et al., 2015).

In Figure 2 the NGS workflow is presented schematically for the Illumina platform
(lumina, Inc., San Diego, CA, USA). Briefly the workflow starts with DNA isolation,
which is followed by a library preparation and final analysis on a NGS platform. The
flow cell is a glass slide containing lanes coated with a lawn of surface bound adapter-
complimentary oligos, where cluster generation takes place. Cluster generation starts
with the binding of DNA molecules to the surface and a subsequent so called bridge
amplification. Thus, a cluster is characterized by a clone of the same DNA fragment.
Approximately 1500 clusters/mm?2 can be obtained resulting in up to 15 Gigabases per
run. Sequencing is performed in both directions (paired-end sequencing) obtaining up
to 25 million reads and read lengths of 2 x 300 bp (lllumina Pub. No. 770-2011-001 as
of 25 September 2015 and lllumina Pub. No. 770-2008-016 as of 30 January 2009).

DI |
Genomic DNA

1 Fragment (200-500 bp)

Generate Clusters

~
=
=
o
(%)
E3
(o}
=
@

Sequence First End

Regenerate Clusters and
Sequence Paired End

R

Figure 2. Procedure of paired-end sequencing. (lllumina
Pub. No. 770-2008-016 as of 30 January 2009)



2.5.4.1 Core genome MLST

The core genome MLST (cgMLST) is a gene-by-gene approach suitable for
comparison of bacterial isolates. This approach is in principle an extension of the
classical MLST scheme to hundreds or thousands of genes representing the previously
defined so-called core genome of a bacterial species. With cgMLST an efficient
analysis of whole genome data and the establishment of a steady increasing database
is possible (Jolley and Maiden, 2014).

2.5.4.2 Single nucleotide polymorphisms

For specific questions the resolution of cgMLST may be still insufficient and a method
which provides higher resolutions is required. Single nucleotide polymorphisms
(SNPs) can be used to show the genetic distance between closely related isolates at
the highest possible resolution. For identification of an outbreak SNP analysis can give
more accurate information than cgMLST about potential transmission events or
definition of an outbreak cluster. However, despite the high resolution of NGS the
interpretation of genetic distance data alone still has uncertainties caused by mutation
rates and population dynamics. Therefore epidemiological data are essential for
interpretation of NGS based typing data used for transmission and outbreak

investigation (Worby et al., 2014).

2.6 Aim and task description

The prevalent LA-MRSA clone CC398 shows a steady increase in European countries
with intensive livestock production since its emergence in 2003 in the Netherlands
(Larsen et al., 2015). This trend was also observable at the NRLS in Austria
(Allerberger et al., 2013). The aims of this study were to evaluate the suitability of NGS
to determine the diversity of the Austrian LA-MRSA population and its virulence and
resistance status. Typing performance of NGS was further evaluated by analysis of a
cluster of six spa-type t011 isolates involved in a nosocomial transmission from 2010
to 2011 (Schmid et al., 2012).

10



3. Material and Methods

3.1 Bacterial isolates

For this study a total of 153 LA-MRSA isolates and 47 HA-MRSA isolates were
arbitrarily selected. All LA-MRSA isolates were collected in Austria from 2004 to 2015.
Isolates were chosen due to their previously detected spa-types t011 (n=134), t034
(n=14) or t108 (n=5). Eighty-seven isolates of this collection were obtained from
different hospitals in Austria. Of the 153 LA-MRSA isolates, 14 isolates had animal
origin, 20 were isolated from food, 20 were environmental isolates, and 12 were from
inter-laboratory quality-control tests. For comparison 47 HA-MRSA were selected,

which were collected in Salzburg from 2012 to 2014.

3.2 Spa-typing

Spa-typing was performed as described (Harmsen et al., 2003). Briefly, the variable x
region of the spa gene was amplified with primers containing an M13 primer sequence
on the 5-end of the specific priming sequence spa-1113F (M13univ.):
5 TGTAAAACGACGGCCAGTTAAAGACGATCCTTCGGTGAG-3" and spa-1514R
(M13rev.): 5"CAGGAAACAGCTATGACCCAGCAGTAGTGCCGTTTGCTT-3".
Conditions were : 95°C 5.00 min [95°C 15 s, 55°C 30 s, 72°C 45 s]x45, 72°C 10.00
min.

DNA sequencing was performed as described (Platt et al., 2007) using standard M13
sequencing primers M13univ.. 5 TGTAAAACGACGGCCAGT-3", and M13rev.:
5" CAGGAAACAGCTATGACC-3 " under following conditions: 96°C 1.00 min [96°C 10
s, 50°C 5 s, 60°C 1.15 min]x15, [96°C 10 s, 50°C 5 s, 60°C 1.30 min]x5, [96°C 10 s,
50°C 5 s, 60°C 2.00 min]x5 using the BigDye Terminator v3.1 kit (applied biosystems
by Thermo Fisher Scientific, Waltham, MA, USA). The final analysis was done on a
Genetic Analyzer 3500DX (applied biosystems). Ridom StaphTypeTM Software

(Ridom GmbH, Minster, Germany) was used for determination of a spa-type.

11



3.3 Triplex PCR (mecA, femA, PVL)

Triplex PCR was performed as described (Stoger et al., 2007). All isolates were tested
for mecA (methicillin resistance), femA (specific for S. aureus and essential for the
expression of high-level methicillin resistance) and luk-PV (specific for Panton-
Valentine Leukocidin (PVL) toxin) using following primer pairs: mecA 147 fwd.:
5 GTGAAGATATACCAAGTGATT-3, mecA 147 rev.:
5 ATGCGCTATAGATTGAAAGGA-3", femA fwd.: 5’AACTGTTGGCCACTATGAGT-
3, femA rev.: 5"CCAGCATTACCTGTAATCTCG-3', LUK-PV fwd.:
5 ATCATTAGGTAAAATGTCTGGACATGATCCA-3’, LUK-PV rev.:
5" GCATCAAGTGTATTGGATAGCAAAAGC-3" under following conditions : 95°C 5min
[95°C 30 s, 55°C 45 s, 72°C 45 s]x45, 72°C 10 min.

3.4 Disk diffusion methodology

The agarose diffusion test was done with 34 arbitrarily selected LA-MRSA isolates
according to the method of EUCAST (Antimicrobial susceptibility testing, Version 5.0,
January 2015). Isolates were cultured on blood agar (bioMérieux, Inc., Hazelwood,
MO, USA, Ref: 43 049) overnight at 37°C. The inoculum was prepared by selecting
several morphologically similar colonies and adjusted to McFarland 0.5. For the agar
diffusion test Miuller Hinton agar plates (bioMérieux, Ref: 43309) were used with
different antibiotic discs (Table 1). The plates were incubated at 35 + 1 °C for 18 + 2
hours. After incubation the zone diameter [mm] was measured (R= resistant, S=
sensitive) (EUCAST Clinical Breakpoint Table v. 5.0, valid from 2015-01-01).

12



Table 1. Breakpoints in mm for disk diffusion test for Staphylococcus aureus

Antibiotic Disc concentration [ug] R< S2
Gentamicin 10 18 18
Erythromycin 15 18 21
Clindamycin 2 19 22
Trimethoprim/ Sulfamethoxazol 25 14 17
Ciprofloxacin 5 20 20
Tetracycline 30 19 22

(R=resistant; S= susceptible)

3.5 Next generation sequencing

3.5.1 DNA Isolation

All 200 isolates were cultured on Columbia blood agar plates (bioMérieux, Ref: 43 049)
overnight at 37°C. Extraction of genomic DNA (gDNA) was performed with commercial
DNA extraction kits QuickExtract™ DNA Extraction Solution 1.0 (Epicentre, Illumina,
Inc.) and MagAttract HMW DNA Kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. Twenty units lysostaphin (Sigma-Aldrich Corporation, St.
Louis, MO, USA) were added to each sample for better lysis of S. aureus isolates. To
test the reproducibility and influence of DNA quality, both DNA extraction methods

were carried out for one isolate (ID = case 6a & 6b).

3.5.2 Whole-genome sequencing

For DNA library preparation 1 ng of purified gDNA was used as recommended by the
manufacturer (lllumina, sample preparation guide). gDNA was quantified on a Qubit®
2.0 Fluorometer using the dsDNA BR Assay Kit (Invitrogen by Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions and diluted

to 0.2 ng/ul as recommended by the manufacturer (lllumina sample preparation guide).
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The Nextera XT DNA Library Preparation Kit (Illumina) was used for preparation of
ready-to-sequence libraries of bacterial genomes. The optimal number of isolates per
run was calculated with Sequencing Coverage Calculator
(www.illumina.com/CoverageCalculator) to obtain a desired coverage of at least 50-
fold. MiSeq Reagent Kit v3 containing the reagent cartridge and the flow cell was used
for sequencing on an lllumina Miseq. Pooled libraries were loaded on the reagent
cartridge. Sequencing was performed in both directions (paired-end sequencing) using
a read length of 2 x 300 bp.

3.5.2.1 Assembly and data analysis

For sequence analysis the obtained reads (FASTQ files) were quality trimmed and de
novo assembled using Velvet (http://www.ebi.ac.uk/~zerbino/velvet/). Reads were
trimmed at their 5" and 3' ends until an average base quality of 30 was reached in a
window of 20 bases, and the assembly was performed with Velvet version 1.1.04 using
optimized k-mer size and coverage cutoff values based on the average length of
contigs with >1,000 bp (Junemann et al., 2013). Assembled genomes were uploaded
into SeqSphere* (Ridom GmbH, Minster, Germany) and CLC Genomics Workbench
(CLC bio, Qiagen) for final analysis. With SeqSphere*, genomes were compared by a
gene-by-gene approach based on a predefined core genome (cgMLST). The defined
core genome using strain S. aureus (SA)COL (accession no. NC_002951.2) as
reference comprised 1862 core genome genes and 706 accessory genome genes
(Leopold et al., 2014). The obtained allelic profiles were used to visualize the
population structure and a cluster type was defined with a maximum of 15 allelic
differences (Alexander Mellmann, personal communication). Diversities of the
investigated bacterial collections were displayed as minimal spanning trees (MST)
using SeqSphere*. In addition analysis in SeqSphere* revealed the classical multilocus
sequence type (MLST), spa-type (protein A), the accessory genome and allowed the
comparison of isolates based on single nucleotide polymorphisms (SNPs). AlignIR
software (LI-COR, Lincoln, NE, USA) was used for sequence alignment comparisons.
New MLST alleles were converted into BAM files for submission to the classical S.
aureus MLST database using CLC Genomics Workbench. Arbitrary chosen antibiotic

resistance-, virulence- and toxin-genes of interest were particularly searched in the
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reference strain SACOL gene list (http://www.uniprot.org/). In addition, two task
templates were created for toxin genes and virulence genes (Supplemental file 2)
(Joensen et al., 2014), and antimicrobial resistance genes (Supplemental file 3)

(Zankari et al., 2012) (sequence data  were obtained from

http://www.genomicepidemiology.org/).

15



4. Results
4.1 Spa-typing

4.1.1 LA-MRSA

Sanger sequence based spa-typing of 153 LA-MRSA isolates identified spa-types t011
(n=134), 1034 (n=14) and t108 (n=5). All isolates were negative for luk-PV. For 134
isolates a positive result for mecA and femA could be obtained. Seven isolates were
positive for mecA and negative for femA and 12 isolates were negative for mecA and
femA.

4.1.2 HA-MRSA

Sanger sequence based spa-typing of 47 HA-MRSA isolates identified spa-types t002,
t003, t005, t008, t012, t015, t019, t026, t032, t044, t056, t084, t085, t091, t127, t162,
1216, 1272, t284, t318, t449, t583, t789, 11626, t2216, t13492. All isolates were positive
for mecA and femA. One spa-type t044 isolate and two spa-type t008 isolates were
positive for luk-PV.
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4.2 NGS data results

4.2.1 Population structure

4.2.1.1 cgMLST HA-MRSA and LA-MRSA

The obtained coverage for all MRSA isolates was from 24 to 116-fold. The percentage
of good cgMLST targets ranged from 91.0 to 99.6%.

Based on the defined cgMLST scheme a minimum spanning tree was calculated for
all HA-MRSA and LA-MRSA isolates and displayed in relation to the Austrian provinces
(Figure 3).

Based on the defined cluster threshold (CT) of 15 allelic differences 18 different
complexes were obtained. HA-MRSA isolates differed from LA-MRSA isolates by at
least 1472 alleles and maximal 1743 alleles (average distance 1573 alleles). The allelic
differences within LA-MRSA isolates ranged from a minimum distance of zero to a
maximum distance of 193 (average distance 54 alleles). HA-MRSA isolates showed a
minimum distance of zero and a maximum distance of 1748 alleles (average distance
1464 alleles).

One hundred-twelve LA-MRSA isolates could be assigned to 15 complexes, 41 were
singletons; 10 HA-MRSA isolates could be assigned to three complexes, 37 were
singletons (Supplemental file 1).
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4.2.1.2 cgMLST LA-MRSA

For a more specific analysis minimum spanning trees (MST) were calculated for all LA-
MRSA isolates and are shown based on the province of origin in Austria (Figure 4) and
on the sample material (i.e. animal, environmental, food, human) (Figure 5). Circles
represent isolates with characteristic allelic profiles based on the core genome genes.
Cluster analysis distinguished 15 different complexes with one major cluster (complex
1) comprising 40 isolates from Carinthia, Lower Austria and Styria. Forty-one isolates
could not be assigned to a complex due to more than 15 allelic differences (Figure 4).
On average LA-MRSA isolates differed by 54 alleles. Isolates belonging to spa-type
t011 differed from isolates of spa-type t034 by at least 60 alleles and from isolates of
spa-type t108 by at least 86 alleles. Isolates belonging to spa-type t034 showed from
spa-type t108 an allelic difference of 26. The allelic differences were up to 71 between
spa-type t011 isolates, up to 92 between spa-type t034 isolates and up to 36 between
spa-type t108 isolates.

LA-MRSA isolates from horses formed complex 3 (7 samples) and complex 11 (2
samples). These horse isolates differed by a least 35 (complex 3) and 27 (complex 11)
alleles from human LA-MRSA isolates. Three out of five LA-MRSA isolates from pigs
showed high similarity (2-5 allelic differences) to human LA-MRSA isolates (complex
1). Two pig isolates were singletons unassignable to human LA-MRSA isolates. Three
food LA-MRSA isolates (complex 2) from the province Styria were similar to several
patient samples from Styria (9-14 allelic differences). Eleven LA-MRSA isolates
derived from dust were closely related to human isolates of complexes 1, 2, 4, 6 and
7 with a maximum of 15 allelic differences (Figure 5).
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4.2.1.3 cgMLST HA-MRSA

Minimum spanning trees (MST) were calculated from cgMLST data for all HA-MRSA
isolates and were presented in correlation to the classical MLST clonal complex (CC)
or sequence type (ST), where an assignment to a CC was unavailable (Figure 6).
Classical MLST analysis defined five CCs and seven single STs. Based on the defined
cluster threshold (CT) of 15 allelic differences cgMLST cluster analysis determined
three different complexes (complex 4, 8 and 9 as determined in Figure 3) and 37
isolates unassignable to a complex. Complex 4, which was assigned to CC22,
comprised isolates with spa-type t005. Three additional isolates with spa-types t032,
t449 and t13492 were assigned to CC22 but not included in complex 4 due to more
than 15 allelic differences. Complex 8, which was assigned to ST15, comprised two
isolates with spa-type t085 and one isolate with spa-type t2216. One additional isolate
with spa-type t084 was assigned to ST15 but not included in complex 8 due to more
than 15 allelic differences. Complex 9, which was assigned to CC30, comprised two
isolates with spa-type t1626. Four additional isolates with spa-types t012, t019, t318
and t789 belonging to CC30 were not included in complex 9 due to at least 161 allelic
differences. Six isolates with spa-types t002 (n=3), t003 (n=2) and t067 all belonging
to CC5 differed in 26 to 249 alleles. Two isolates with spa-type t008 belonging to CC8
differed in 76 alleles. Three isolates with spa-types t015, t026 and t583 belonging to
CCA45 differed in 282 to 331 alleles. Three isolates with spa-types t162, t272 and t284
all ST121 differed in 230 to 422 alleles.
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4.2.1.4 Pan genome LA-MRSA

For a more specific analysis minimum spanning trees (MST) were calculated for all LA-
MRSA isolates based on the defined pan genome (core and accessory genome) and
are shown based on the province of origin in Austria (Figure 7) and on the sample
material (Figure 8).

Pan genome (pg) MLST increased the number of allelic differences within LA-MRSA
isolates. The minimum distance remained at zero alleles, the maximum distance
increased from 193 to 247 alleles, and the average distance increased from 54 to 77
alleles. The cluster type threshold was not changed for comparability with cgMLST
analysis of LA-MRSA isolates (Figure 4, Figure 5). Pan genome MLST cluster analysis
determined eight identical complexes as cgMLST (complex 3, 5, 8-10 and 11-13 in
Figure 4).
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4.2.1.5 Investigation of LA-MRSA transmission chains by NGS

A minimum spanning tree comprising 32 LA-MRSA isolates including a cluster of six
spa-type t011 isolates involved in a nosocomial transmission from 2010 to 2011 was
calculated based on cgMLST (Figure 9). Cluster analysis distinguished four different
complexes. The majority of isolates (23) belonged to complex 1. Complex 1-3
comprised isolates with spa-type t011, complex 4 comprised isolates with spa-type
t034. The spa-type t011 (case Il) and spa-type t034 (case 23) isolates differed in at
least 87 alleles. Further in complex 1 human-to-human transmission are likely for
patient case 17 and case 18, which are family members, and show an allelic difference
of six.

Retrospective analysis (Lepuschitz et al., 2016) of the first documented nosocomial
transmission of spa-type t011 isolates in Austria (Figure 10) revealed that case II-
isolate differed in at least 73 alleles from case V- and case Vl-isolate excluding cluster
case Il from this outbreak. Transmission from case Il to case IV was confirmed by the
NGS findings and from case lll to case V newly identified, as it was not indicated by
epidemiological findings. The case lll-, IV- and V-isolates differed from each other in
three alleles. Case V-isolate differed from the case VI-isolate (nurse-case) in 12 alleles,
which falsify former assumption of a case V to case VI transmission. Case Vl-isolate
and case Vll-isolate had identical allele profiles indicating strongly the transmission
between these two cases. The closest related case VI isolate is from case 2 from
another hospital within the same city. Since there was no obvious epidemiological link,
no further investigations to former transmissions were done. Analysis of nosocomial

transmission of spa-type t011 isolates is shown in Table 2.
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Table 2. Analysis of nosocomial transmission of seven spa-type t011 isolates

Case (F/M; Date of MRSA Site of Department c NGS defined Investigation of
. : ontact pattern .
pat/nurse) detection detection of stay contact pattern pig farm
Il (M pat) 10.8.10 nasopharynx TSZ?éaecr;C Contact to pig farm excluded refused
chronic skin
Il (M pat) 15.11.10 lesion Neurology Contact to pig farm  Contact to pig farm  positive for t011
nasopharynx
IV (M pat) 16.11.10 nasopharynx Neurology Contact to case Il Contact to case Ill n.a
chronic skin Thoracic Contact to case Il
V (M pat) 27.12.10 lesion . Contact to case Ill n.a
surgery (via ward)
nasopharynx
Thoracic Contact (direct) to Contact to case VIl
VI (M nurse) 04.01.11 nasopharynx surgery case V Contact to case 27? na
VIl (F pat) 05.01.11 nasopharynx Thoracic Contact to case |l Contact to case VI n.a
surgery (via ward)
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Further investigations for a subset of isolates, including the cluster from 2010-2011
(case 1I-VIl) and case 2, two different preparations of one isolate (case 6a and 6b) and
two similar isolates (case 8 and 9), which had no identified epidemiological link, were
done. Minimum spanning trees (Figure 11) were calculated based on the cgMLST,
based on the pgMLST, and based on SNP analysis. Cluster 2010-2011 isolates
including case 2 isolate revealed identical results for cgMLST and pgMLST analysis.
Except case Ill which differed in one allele from case V by cgMLST and in two alleles
by pgMLST. The allelic difference from case Il to case lll increased from 72 cgMLST
alleles to 91 pgMLST alleles and to 180 SNPs and showed an increased separation
from this outbreak cluster.

Two preparations of isolate 6 (case 6a and case 6b) as well as case 8 and case 9
isolates differed by one allele in their core genome, by two alleles in the pgMLST, and
by 27 SNPs respectively 17 SNPs due to recombination events (Figure 12 and Figure
13). Case 6a and case 6b isolates differed by 16 SNPs in SACOL0653 (accessory
genome) and by 11 SNPs in SACOL1362 (core genome). Case 8 and case 9 isolates
differed by 16 SNPs in SACOL0653 (accessory genome) and 1 SNP in SACOL0806

(core genome).
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Sequence differences are marked by asterisks.
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4.2.2 Spa-type, PVL, femA, MLST

Spa-type, PVL, femA and MLST were extracted from NGS data (Supplemental file 1).

4.2.2.1 LA-MRSA

Identification of the spa-type by NGS and analysis in SeqSphere* confirmed the
previous Sanger sequencing results (t011 (n=134), t034 (14), t108 (5)). All isolates
were negative for PVL. 148 LA-MRSA isolates harboured femA (SACOL1410) and

femB (SACOL1411), two isolates were negative for femA and femB, two were negative

for femB, and a single isolate was negative for femA. The most prevalent multilocus
sequence type (MLST) was ST398 (94.8%, 145/153). One isolate (t011) belonged to
ST1744. Seven isolates had new sequence types (ST3226 (n=1), ST3227 (n=2)), three

STs of four isolates are still waiting for curation (Table 3).

Table 3. New detected sequence types in seven LA-MRSA isolates

spa-type arcC arok glpF gmk pta tpi yqil ST
t011, t034, t108 3 35 19 2 20 26 39 398
t011 195 35 19 2 20 26 39 1744
t011 3 35 19 2 20 352* 39 3226 (n=1)
t011 3 463* 19 2 20 26 39 3227 (n=2)
t011 X* 35 19 2 20 26 39 STX1 (n=2)
t011 X* 35 19 2 20 26 39 STX2 (n=1)
t011 3 35 19 2 20 26 X* STX3 (n=1)

For each allele a particular allele number was analysed and the resulting allelic profile produced the

specific sequence type (ST). New allele numbers are marked with an asterisk. (n= number of isolates)
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4.2.2.2 HA-MRSA

Forty-seven HA-MRSA isolates were selected and analysed by NGS. Identification of
the spa-type confirmed the previous Sanger sequencing results and sixteen different
MLSTs were found (Table 4). One spa-type t044 isolate and two spa-type t008 isolates
were positive for PVL. The detection of femA (SACOL1410) and femB (SACOL1411)
was positive for 45 isolates. One isolate was negative for femA (t005) and one for femB
(t005).

Table 4. Analysis of spa-type and MLST for 47 HA-MRSA isolates

MLST spa-type No. of isolates
ST1 t127 1
ST5 t002 (n=5), t008 6
ST7 t091 3
ST8 t008 2
ST15 1084, t085 (n=2), 12216 4
ST22 t005 (n=8), t032, t449, 113492 11
ST30 1012, t019, t318 (n=2), t789, t1626 (n=2) 7
ST45 t015, t583 2
ST59 1216 1
ST80 t044 1
ST101 t056 1
ST121 1162, t272 (n=2), 1284 4
ST146 t002 1
ST225 t003 1
ST508 1026 1
ST3328 t003 1

(n= number of isolates)
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4.2.3 Antibiotic resistance genes

4.2.3.1 LA-MRSA

Several genes encoding resistance to antimicrobial agents were identified (Table 5).
Out of 153 isolates 144 carried Penicillin binding Proteins (PBP) 1-4, one isolate (t011)
had no PBP1, four isolates (t011 (n=2)), t034 (n=2)) had no PBP2, two isolates (t011)
had no PBP3 and two isolates (t011) had no PBP4.

Identification of the mecA region (SACOL0033) revealed a positive result for 149
isolates. Four isolates (t011 (n=2), t034 (n=2)) were mecA negativ. All except two
isolates (t011) carried tetracycline resistance (SACOL0122).

Analysis via self-made resistance task templates showed that two isolates (t034) had
penicillin resistance encoded by blaZ and two isolates (t011) had new alleles for -
lactamases. Erythromycin resistance genes encoded by ermA were found in two
isolates (t011, t034), ermB in thirteen isolates (t011), ermC in twenty-two isolates (t011
(n=21), t034 (n=1)) and for seven isolates (t011 (n=2), t034 (n=5)) new allele types
were found.

Aminoglycoside resistance genes were present in 51 isolates. Thirty-two isolates (1011
(n=27), t034 (n=4), t108 (n=1)) carried streptomycin resistance, six (t034)
spectinomycin resistance, four (t011) gentamycin and kanamycin resistance, two
(t034) streptothricin resistance and eight (t011 (n=5), t108 (n=3)) had new allele types.
Trimethoprim resistance was detected in 33 isolates (t011 (n=21), t034 (n=11), t108
(n=1)). For 106 isolates (t011 (n=21), t034 (n=13), t108 (n=5)) new alleles were found
for quinolone resistance. All 153 isolates had no genes encoding fosfomycin, fusidic
acid, nitromidazole, oxazolidinone, phenicol, rifampicin, sulphonamide and

vancomycin.

35



Table 5. Genotypic resistance profiles of 153 LA-MRSA isolates

Antibiotics t011 (n) t034 () t108 (n)
aminoglycoside, macrolide, quinolone, tetracycline, trimethoprim, methicillin 4 5 -
aminoglycoside, macrolide, quinolone, tetracycline, trimethoprim, penicillin - 1 -
aminoglycoside, macrolide, quinolone, tetracycline, penicillin - 1 -
aminoglycoside, quinolone, tetracycline, trimethoprim, methicillin 9 6 1
aminoglycoside, macrolide, quinolone, tetracycline, methicillin 14 - -
macrolide, quinolone, tetracycline, trimethoprim, methicillin 3 - -
macrolide, quinolone, tetracycline, methicillin 17 1 -
aminoglycoside, quinolone, tetracycline, methicillin 7 - 4
quinolone, tetracycline, trimethoprim, methicillin 3 1 -
quinolone, tetracycline, methicillin 28 - -
tetracycline, trimethoprim, methicillin 1 - -
tetracycline, methicillin 45 - -
methicillin 2 - -

(n=number of isolates)

4.2.3.2 Phenotypic and genotypic resistance test results

Analysis of the disk diffusion test was carried out for 34 arbitrarily chosen isolates (t011
(n=31), t034 (n=2), t108 (n=1)) for comparison with NGS performance. All of this
isolates except one (t034) were positive for methicillin. Nineteen (t011 (n=18), t108
(n=1)) were resistant against tetracycline and twelve (t011 (n=10), t034 (n=2)) were
resistant against erythromycin, clindamycin and tetracycline. Two isolates (t011) were
resistant against gentamicin and tetracycline, one isolate (t011) against erythromycin
and tetracycline. All isolates were sensitive for trimethoprim/ sulfamethoxazol.

Comparison of the disk diffusion test with the NGS typing using nine antibiotics (Table
6) revealed matching results for six isolates (No. 2-4, 6, 23, 28) for methicillin,
macrolides (M), aminoglycosides (A), trimethoprim (T), quinolones (Q), tetracycline

36



(Tet), clindamycin (C), penicillin (P), and linconsamide (L). The remaining 28 isolates
showed different resistance results against one to six antibiotics. Fourteen of these 28
isolates showed matching resistance results against two antibiotics and the remaining
14 isolates had matching resistance results against one antibiotic (Table 6).

Thirty-three isolates were phenotypically resistant against methicillin and carried
mecA. One methicillin sensitive isolate (t034) was mecA negative but carried a
penicillin resistance gene (blaZ). Tetracycline resistance was found for all isolates

using both typing methods.
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Table 6. Comparison of antibiotic resistance typing methods

Phenotypic and genotypic Other phenotypic Other genotypic

No. sample-ID spa-type resistance . .
resistance resistance

methicillin tetracycline

1 hal726 t011 +/+ +/+ M, L M, Q

2 WG1 t011 +/+ +/+ n.d. n.d.

3 WG2 t011 +/+ +/+ n.d. n.d.

4 WG3 t011 ++ ++ n.d. n.d.

5 201305538 t011 +/+ +/+ n.d. Q

6 802618 t011 +/+ +/+ n.d. n.d.

7 ab3552 t011 +/+ +/+ M, L A'M, Q

8 at3345 t011 +/+ +/+ M, L A'M Q

9 201312475 t011 +/+ +/+ A A'M Q

10 150091 t011 +/+ +/+ n.d. QT

11 150040 t011 +/+ +/+ n.d. Q

12 150017 t011 +/+ +/+ n.d. Q

13 150063 t011 +/+ +/+ M, L M, Q

14 150035 t011 +/+ +/+ M, L A'M Q

15 150112 t011 +/+ +/+ M, L A'M Q

16 150113 t011 +/+ +/+ M, L A'M, Q

17 150138 t011 +/+ +/+ M, L M, Q

18 150111 t011 +/+ +/+ M, L AMQ,T

19 150127 t011 +/+ +/+ n.d. A Q

20 150132 t011 +/+ +/+ M, L A'M Q

21 150144 t011 +/+ +/+ n.d. Q

22 150157 t011 +/+ ++ n.d. Q

23 61213 t011 +/+ +/+ n.d. n.d.

24 ST50030 t011 +/+ +/+ n.d. Q

25 54843 t011 +/+ +/+ n.d. A Q

26 MRSA 13 t011 +/+ +/+ n.d. Q

27 ST50086 t011 +/+ +/+ M M, Q

28 31835 t011 +/+ +/+ n.d. n.d.

29 ST50042 t011 +/+ +/+ A AQ,T

30 ST50039 t011 +/+ +/+ n.d. AQ,T

31 84/08 t011 +/+ +/+ n.d. AQT

32 ST50034 t034 -/(blaz) +/+ M, L A MQ,P

33 MRSA 178 t034 +/+ +/+ M, L AQT

34 EQAS 7.8 t108 +/+ +/+ n.d. A Q

(n.d= not detected; M= macrolides; A= aminoglycosides; T= trimethoprim; Q= quinolones; Tet=
tetracycline; C= clindamycin; P= penicillin; L= linconsamide)
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4.2.3.3 HA-MRSA

Several genes encoding resistance to antimicrobial agents were identified. Penicillin
binding proteins PBP1-PBP4 were positive in 46 out of 47 isolates.

The mecA region of the reference strain S. aureus COL revealed a positive result for
20 isolates (42,6%), eight isolates with new allele types and twelve with blaz. All
isolates carried a tetracycline resistance.

Out of 47 isolates all except one (t127) carried a gene encoding for quinolone
resistance. Five isolates (t003 (n=2), t008, t012, t13492) were resistant against
aminoglycoside and macrolide, three isolates (t002) were resistant against
trimethoprim, two (t272) against aminoglycoside, macrolide and trimethoprim, two
(t008, t127) against macrolide and one (t044) against fusidic acid.

4.2.4 Virulence genes

4.2.4.1 LA-MRSA

Particular alleles influencing the virulence of S. aureus were identified, thereby genes
encoding gamma-hemolysin (hlgA, higB, hlgC) were found in 143 isolates (93.5%). All
isolates had hlgB (SACOL2422), 151 isolates had hilgA (SACOL2419) and 145 had
higC (SACOL2421).

Leukotoxins lukD (SACOL1880) and IuKE (SACOL1881) were absent in all isolates.
With the exception of two t011 isolates and one t034 isolate all isolates harboured agrA
(SACOL2026). Eleven isolates had no agrB (SACOL2023) (t011 (n=10), t108 (n=1)),
48 isolates had no agrC (SACOL2025) (t011 (n=43), t034 (n=5)), two had no agrD
(SACOL2024) (t011), one isolate (t011) was negative for all agr groups, twelve (t011)
were negative for argB, argC, argD, two (t011) were negative for agrB and agrD, three
(t011) were negative for agrB and agrC and one isolate (t011) was negative for agrC
and agrD.

One-hundred and forty isolates carried a putative eta (exofoliative toxin A,
SACOL1184).

One-hundred and forty-four isolates had a putative sea locus (SACOL1657). Typing
with the self-made task template showed that one isolate (t011) carried atl.
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4.2.4.2 HA-MRSA

All isolates carried higB, all but two isolates (t085, t13492) carried higA, and all but one
isolate (t1626) carried higC.

Identification of leukotoxins lukD (SACOL1880) and IukE (SACOL1881) revealed
twenty-three isolates which were positive for lukD and IukE, and two isolates which
were positive for lukD.

Forty-seven isolates carried eta (SACOL1184), 35 isolates carried eta and atl
(SACOL1062).

Genes encoding for enterotoxin sea could be found in 31 isolates. Three isolates
carried seb, one carried sek, one isolate carried seb and sei, and one isolate carried

sei and sek.
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5. Discussion

Since its emergence in 2003 and the first occurrence 2004 in Austria a steady increase
of LA-MRSA CC398 has been observed at the NRLS (Springer et al., 2009). In this
study a total of 153 LA-MRSA isolates comprising different spa-types (t011 (n=134),
t034 (n=14), t108 (n=5)) were examined to determine differences between these
isolates by next generation sequencing.

The costs and the expenditure of time for NGS have fallen in the last years and a huge
amount of data and information can be obtained. NGS enables the better

understanding of molecular epidemiology and evolution of isolates.

As described for other countries the majority of the investigated LA-MRSA CC398
collection belonged to ST398 (Bosch et al., 2013; Chroboczek et al., 2013; Dahms et
al., 2014; McCarthy et al., 2012; Monaco et al., 2013; van Wamel et al., 2010). Among
our collection with nearly 90% spa-type t011 was the most prevalent subtype. Seven
isolates with spa-type t011 had new sequence types — all CC398 - and were submitted
to the S. aureus MLST database (http://saureus.mist.net/).

In contrast to spa-typing and MLST, which are inappropriate to assess the transmission
of LA-MRSA isolates (Bosch et al., 2013; Price et al., 2012), NGS based typing using
a gene-by-gene approach (Leopold et al., 2014; Maiden et al., 2013) allowed the
differentiation of all LA-MRSA t011 isolates as well as a clear separation between
isolates of related spa-types t034 and t108. To improve the resolution for closely
related isolates analysis can be extended from the core to the pan genome. A
disadvantage of pan genome based typing is that the essential definition of a cluster
threshold remains difficult or is impossible, due to the variability of the accessory
genome.

In addition, NGS successfully verified spa-typing results as determined by Sanger
sequencing although repeat regions are challenging for current 3 generation
sequencing technologies due to short read lengths. This drawback has been solved
by the development and introduction of 4" generation sequencing technologies
generating longer read lengths. Thus, the high resolution of NGS based cgMLST
allows now the precise differentiation of isolates even within the same spa-type. In my

study all isolates but 19 sharing the identical allelic profile were differentiable by
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cgMLST analysis. Due to the defined CT 112 isolates could be assigned to 15 different
complexes and 41 isolates were singletons not assignable to any complex.

Five complexes harboured exclusively isolates from humans, two complexes
harboured exclusively isolates from animals, one complex harboured exclusively
environmental samples. Three complexes harboured human and environmental
isolates and the two major complexes contained isolates from animals, environment,
food and human suggesting that these are widely distributed types. On average inter-
laboratory test samples from other countries differed significantly from Austrian
isolates. Distinct complexes were obtained from horse samples from Tyrol and patient
samples from Carinthia. In contrast patient isolates from Burgenland, Lower- Austria,
Upper-Austria and Vienna were not assignable to specific complexes.

Samples from Styria, which represented the majority of samples in this study,
originated from different isolation sources (animal, environment, food, human). The
similarity of isolates from different sources indicate human to human, animal to human,
food to human and dust to human transmissions. High similarity between food and
environmental samples indicate the source of contamination. Dust from pig farms is
also a source for colonisation of unexposed patients (Monaco et al., 2013).
Unfortunately little epidemiological data were available to confirm a possible linkage of
similar samples demonstrating that despite the high resolution of NGS epidemiological
data are still essential.

Nevertheless, the superiority of NGS based typing could be demonstrated by re-
analysis of an LA-MRSA cluster in a hospital from 2010-2011 originally investigated by
spa-typing and epidemiological data analysis (Schmid et al., 2012). The re-
investigation of epidemiological and spa-typing results by NGS revealed new
knowledge about transmission pathways. First, NGS revealed that the patient
previously identified as the origin of this outbreak is unrelated to all other patients of
this cluster. Second, this former cluster definition was false because NGS identified
two separate clusters and therefore at least two distinct transmission routes of LA-
MRSA into this hospital. Third, NGS identified an additional patient with a nearly
identical cgMLST profile. This patient was epidemiologically excluded from the former
cluster investigation because of his stay in another hospital. However, due to the high
similarity of these two isolates a contact of these two patients must be considered. But,
as described above, without epidemiological data this assumption can’t be confirmed.
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Although in principle the differences are justified due to the core genome in which circa
75% of genes are present in all strains, the accessory genome is more variable and
may provide more information about its relative diversity (Shittu et al., 2007).

Therefore, the cluster was analysed by inclusion of the accessory genome i.e.
pgMLST. The way of transmission could be confirmed through the existence of still

high related samples.

Finally, this cluster was investigated by SNP calling to obtain the highest possible
resolution. SNP analysis is the best way to reproduce genetic distances between two
samples to determine if isolates belong to the same outbreak, cluster or if they are
responsible for transmission events (Worby et al., 2014). The expected SNP rate for
MRSA is one nucleotide change per 6 weeks, whereby this assumption depends on
the evolution of the particular pathogen (Leopold et al., 2014). SNP analysis for the
pan genome allowed a clear separation of cluster isolates. But defining a threshold for
complex investigations is difficult, due to the lack of standardized procedures. But for
investigations on similar samples this methods allows to show a precise differentiation.
| observed a recombination event in two different preparations of the same isolate. The
two genomes showed two allelic differences of their pan genomes but differed in 27
SNPs. A second recombination event was observed between case 8 and case 9
isolates.

So in principle correct results were obtained by different analytical methods. But in this
example and as described above the SNP based approach reflects not the correct
genetic distance between samples. In addition allele based typing compared to SNP
typing has two major advantages, namely that SNP and single recombination events
are correctly treated as one evolutionary event, and that an allelic based standardized

nomenclature such as for classical MLST can be used (Leopold et al., 2014).

Analysis of a HA-MRSA collection from one hospital by next generation sequencing
revealed a high distance to LA-MRSA isolates as well as a high allelic difference
between isolates of different HA-MRSA lineages.

NGS based on cgMLST clustered HA-MRSA isolates according to classical MLST
clonal complex (CC) or sequence type (ST). HA-MRSA isolates with identical spa-
types are differentiable by cgMLST as already demonstrated for LA-MRSA isolates.
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Core genome MLST made it possible to show a linkage between samples, which were
before assumed to be unrelated due to different spa-types.
Further NGS typing identified two family outbreaks consisting out of two and

accordingly three persons. Both families showed an identical cgMLST subtype.

Although LA-MRSA are described as less virulent lacking most S. aureus associated
virulence factors (Argudin et al., 2011), the emergence of more virulent LA-MRSA
clones is a matter of time. Therefore all LA-MRSA isolates were screened for virulence
factors to determine the current virulence status. To overcome the limited variations
and lack of alleles of the reference strain SACOL an additional virulence task template
was created. The constructed virulence task template facilitates surveillance of steady
transforming populations by fast detection of virulence genes, representing an
important step forward in replacing conventional testing methods by NGS (Price et al.,
2013).

The high antibiotic resistances in LA-MRSA stand in contrast to low virulence which is
a consequence of the common use of antibiotics in livestock production (Argudin et al.,
2011). Analysis of the resistance genes in LA-MRSA with the reference strain revealed
typical results, such as methicillin and tetracycline resistance (Argudin et al., 2011).
Due to the fact that most MRSA isolates are multiresistant for various antibiotics a task
template containing sequences encoding antibiotic resistant genes was created. This
allowed the identification of new alleles and detection of further resistance genes
improving the usefulness of NGS in diagnostics and epidemiological surveillance
(Zankari et al., 2012).

In conclusion NGS based typing allows the differentiation within the highly clonal LA-
MRSA population in Austria as determined by spa-typing. This improvement in typing
will now allow to monitor the evolution of strains, the identification of potential
transmission routes, the identification of outbreaks and the identification of resistance
and virulence determinants and as a consequence the emergence of more virulent
clones (Gordon et al., 2014).

Thus, the application of NGS based typing is highly recommended for the public health
sector to improve MRSA surveillance. NGS allows a new view and a more focused
investigation of transmission as well as outbreak investigation and will therefore

improve public health actions in general.
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7. Appendix

Zusammenfassung

Mit dem Beginn des neuen Jahrtausends kam es zum Auftreten eines neuen Methicillin
resistenten Staphylococcus aureus (MRSA) Stamm, welcher zum klonalen Komplex
398 gehdrt (CC398). Dieser fuhrt in Menschen, die Kontakt zu Tieren haben, zu
Infektionen (Nutztier-assoziierte (LA) - MRSA). In Osterreich wurden im Jahr 2004 die
ersten Infektionen durch CC398 beobachtet, als das Nationale Referenzlabor fur
Staphylokokken (NRLS) in der Osterreichischen Agentur fur Gesundheit und
Ernahrungssicherheit (AGES) mit der Typisierung von MRSA Isolaten begann.

Von 2004 bis heute beobachtete das NRLS eine stetige Zunahme an Infektionen durch
CC398 Isolate von 0.2% im Jahr 2004 auf 7.9% im Jahr 2015.

Alle LA-MRSA Isolate des NRLS gehérten zu CC398 und hatten dazugehdérige spa-
Typen (t011, t034, t108), wobei t011 der vorherrschende spa-Typ (87.6%) war.
Aufgrund der limitierten  Differenzierungsmoglichkeit von  konventionellen
Subtypisierungsmethoden, wie multilocus sequence typing (MLST) und der
Sequenzierung der variablen X-Region des Protein A Gens von Staphylocuccus
aureus (spa-Typisierung), wurde Next Generation Sequencing (NGS) zur
hochauflosenden  Typisierung des Osterreichischen LA-MRSA  Bestandes
angewendet. Insgesamt wurden 153 LA-MRSA Isolate und 47 zufallig gewahlte HA-
(Krankenhaus-assoziierte) MRSA Isolate mittels NGS untersucht. Dabei wurde eine
Gen-fur-Gen Vorgehensweise zum Vergleich der Genome auf der Basis eines
vordefinierten Core-Genoms (cgMLST) mit 1861 Genen verwendet. Die Typisierung
mit NGS ermdglichte eine Unterscheidung zwischen allen LA-MRSA und HA-MRSA
Isolaten. HA-MRSA Isolate unterschieden sich von LA-MRSA Isolaten in mindestens
1717 Allelen. Das Maximum an Allel Unterschieden betrug 1658 Allele zwischen HA-
MRSA und 131 zwischen LA-MRSA Isolaten. Allgemein war der genetische
Unterschied zwischen unterschiedlichen spa-Typen gréi3er, als zwischen Isolaten des
Selben spa-Typs. Damit wurde bestatigt, dass cgMLST sich hervorragend fur die
hochauflosende Typisierung von LA-MRSA Isolaten desselben spa-Typs eignet.
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