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Abstract

Staphylococcus haemolyticus is an emerging pathogen which may transfer multi-drug
resistance genes to highly virulent Staphylococcus species. S. haemolyticus is a biofilm-
producing bacterium and one of the most frequent isolates of nosocomial infections associated
with implanted medical devices, such as catheter. To this date there are only a few therapeutic
options that can stop this bacterium, including the last resort antibiotic, vancomycin and
teicoplanin, for which resistance have already been reported. This study shows that an
alternative antimicrobial agent has great potential to inhibit this pathogen. Hybrid bacteriocin
HI1 consisting of N-terminal part of EntK1 and C-terminal part of EntEJ97, exhibits strong
activity against S. haemolyticus. A combination of bacteriocin H1 with garvicin KS displays
greater antibacterial activity against S. haemolyticus and is promising in inhibiting resistant

mutants, which appear to be the main problem in H1 application.

The aim of this study was to reveal the nature that indicates the specificity of H1 toward
S. haemolyticus. The Zn-dependent protease RseP in S. haemolyticus was established as a
receptor for bacteriocin H1. This is based on the fact that the S. haemolyticus gene rseP was
heterologously-expressed in naturally H1 resistant Lactobacillus plantarum WCFSI1 and the

resulting transformant became highly susceptible to H1.

RseP isolated from resistant mutants were sequenced in order to verify the nature of the
bacterial resistance to H1. Interestingly, obtained data showed intact »seP gene in all mutants.
WGS analysis was a conclusive step in this study and indicated mutation in a putative Ecs ABC
transporter. Similar discoveries from previous investigations suggest the influence of Ecs
transporter on RseP activity at protein level. One might speculate that Ecs protein inhibits RseP
interaction with bacteriocin by blocking its activity. However, the results of this study do not
allow for specific conclusions on correlation between Ecs and RseP. Further studies of between

RseP and Ecs interaction with bacteriocin H1 are required.
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Sammendrag

Staphylococcus haemolyticus kan overfere gener for multi-resistansen til sterkt
virulente Staphylococcus arter. S. haemolyticus er en biofilm produserende bakterie og et av de
hyppigste isolatene 1 nosokomiale infeksjoner, og er ofte forbundet med implantert medisinsk
utstyr som for eksempel kateter. Til dags dato er det bare noen 4 terapeutiske alternativer som
kan hindre denne bakterien. Dette inkluderer ogsé bruk av antibiotika som en «last resort», selv
bakterier som er resistente mot en slik behandling allerede er rapportert. Denne studien viser at
et alternativt antimikrobielmiddel har stort potensiale for & hemme dette patogenet. Hybrid
bakteriosin H1 bestér av N-terminal part av EntK1 og C-terminal part av EntEJ97 og viser sterk
aktivitet mot S. haemolyticus. En kombinasjon av de to lederlose bakteriosinene H1 og garvisin
KS utviser stort antibakteriell aktivitet mot S. hamolyticus og er lovende for & hemme resistente

mutanter, som ser ut til & veere hovedproblemet 1 H1 applikasjonen.

Milet med denne studien var & avslere naturen som angir spesifisiteten til H1 mot S.
haemolyticus. Den Zn-avhengige proteasen RseP 1.S. haemolyticus ble etablert som reseptor for
bakteriosin H1. Detter er basert pd det faktum at S. haemolyticus - genet rseP ble heterologt
uttrykt 1 naturlig Hl-resistent Lactobacillus plantarum WCFS1 og den resulterende

transformanten ble svert sensitiv til H1.

RseP isolert fra resistente mutanter, ble sekvensert for a verifisere naturen av bakteriell
resistans mot H1 og variasjoner i fenotype ved stressrespons. Interessant nok, var rseP 1 alle
mutanter. WGS analysen var et avgjerende trinn i dette arbeidet, og indikerte delesjoner 1 Ecs
ABC transporter. Tilsvarende funn fra tidligere studier antyder en pastatt effekt av Ecs
transporter pd RseP-aktivitet pa proteinnivd. Man kan spekulere at Ecs protein hemmer RseP
interaksjon med bakteriosin H1 ved & blokkere dets aktivitet. Resultatene fra denne studien
tillater ikke konkrete konklusjoner om sammenheng mellom Ecs og RseP. Videre studier om

interaksjonen mellom RseP og Ecs med bakteriosin H1 er nedvendig.
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1. Introduction

1.1. Antimicrobial agents

Antimicrobials have revolutionized medicine and improved quality of life by
overcoming serious infections in humans, animals and plants. Shortly after first introduction of
penicillin in clinical applications, the antibiotic saved many lives by preventing bacterial
infections during World War II. Eventually, antibacterial agents became available for general
public. Unfortunately, by increasing and unwise use pathogenic bacteria gain resistance against
antibiotics. Resistance genes easily spread among pathogens by horizontal gene transfer
(Davies and Davies, 2010, C. Lee Ventola, 2015, 2018). A study of Cassini el al. (2019)
indicated that 33,000 deaths cases a year are caused by resistant bacteria infections.

Long and costly production time and low prices of antibiotics makes that antibiotics
no longer are a profitable investment for pharmaceutical companies. As a consequence, more
attention have been paid to search for alternative antimicrobials (Davies and Davies, 2010,
Aslam et al., 2018). Many researchers have shown that naturally produced bacterial peptides
known as bacteriocins have great potential to be used in food and medical applications (Cotter
et al., 2013, Kumariya et al., 2019). Bacteriocins are small, ribosomally synthetized peptides.
They display both broad- and narrow spectrum of antimicrobial activity against many bacterial
species, including antibiotic resistant strains. These properties together with low toxicity and
possibility of in situ production make them an attractive substitute to antibiotics. Another
beneficial feature of bacteriocins is their simple biosynthesis, which makes them available for
bioengineering (Cotter et al., 2013, Kumariya et al., 2019). Although the first antibacterial
inhibition of bacteriocin was described in 1925 in Gram-negative Escherichia coli (colicin),
many studies have focused on antimicrobial peptides (AMPs) from Gram-positive bacteria,
especially from lactic acid bacteria (LAB). LAB bacteriocins are considered to be safe since
the producer-bacteria has been used as natural food fermentation for centuries (Cotter et al.,

2005, Perez et al., 2014).

1.1.1. Bacteriocin applications

Bacteriocins are naturally produced by bacteria in order to kill other bacterial species in
competition for nutrition and habitat (Kumariya et al., 2019). In the food industry, bacteriocins
are used in quality and safety applications, for instance as a control of pathogens in fermented
food. Currently, the bacteriocin nisin has been utilized in food as biopreservative in over 50

countries (O'Sullivan et al., 2002, Shin et al., 2016). When searching for new antimicrobial



agents for food application, several principles must be acknowledged. Above all, bacteriocin-
producing bacteria must be generally recognized as safe (GRAS) and cannot contribute to any
risk to consumers’ health. In addition, antimicrobials should have broad spectrum of inhibition,
be thermally stabile, soluble and be efficient against specific food pathogen. Bacteriocins
produced by lactic acid bacteria have greatest potential to approval, but they are mostly active
against Gram-positive strains. In the cheese industry, Lactococcus lactis producing bacteriocin
lacticin 3147, is used to obtain the beneficial effect in product such as flavour, quality and
safety. Due to low toxicity, bacteriocins and bacteriocins-producing bacteria have also been
used in preservation of meat (pediocins), pasteurized and fermented food (nisin) (O'Sullivan et
al., 2002, Cotter et al., 2005, Silva et al., 2018). Antimicrobials can be applied in different
manners, for instance for in situ production or direct addition of purified agent. Bacteriocins-
producing probiotics in food may allow bacteriocin production in vivo when delivered to
intestine, and thereby maintain healthy gut by inhibiting pathogen in gut. An important aspect
off bacteriocin exploitation is that even low concentration may supress harmful organisms. This
will not have a negative effect on microorganisms living in that intestinal niche in contrast to
broad-spectrum antibiotics, which are known to disrupt the commensal human microbiota
(O'Sullivan et al., 2002, Cotter et al., 2005, Cotter et al., 2013, Kumariya et al., 2019).

Several studies have revealed effectiveness of antimicrobial peptides in veterinary and
human medicine. Experiments with animal models of infections treated in vivo, have
demonstrated the effectiveness of bacteriocins in preventing dental diseases (Shin et al., 2016).
Nisin, the most studied bacteriocin, has already been licenced to be used against mastitis
infections in dairy cows (Shin et al., 2016). Bacteriocins have also been described as an
alternative to antibiotics against clinically important pathogens such as Staphylococcus aureus
and Enterococcus faecium (Cotter et al., 2005, Shin et al., 2016, Reinseth et al., 2019).

Many biotechnology approaches significantly contribute to the search for new and
effective antimicrobials for use in clinical and food applications. Nevertheless, further
development requires understanding of their structure and mode of action to ensure stability,
overcome resistance and reduce toxicity. Numerous studies facilitate the comprehension of
regulatory mechanisms to optimize bacteriocin production, making it more attractive for large-
scale use (Cotter et al., 2005, Cotter et al., 2013, Telke et al., 2019, Mathur et al., 2017).

Bacteriocins show strong activity against target bacteria at pico- and to nanomolar
concentrations, making them even more potent than some antibiotics. Additionally, many
bacteriocins exhibit synergistic interaction with other antimicrobials. An example, a strong

synergy of GarKS with nisin and Gram-negative antibiotic (polymyxin B) against S. aureus



was described by Hai Chi and Helge Holo (2018). This may diminish the likelihood of the
resistance development and broaden the spectrum of activity, as well as lower the cost of
production and treatment (Mathur et al., 2017). Combinatory treatment can lower the required
concentration of antimicrobials to kill the target and reduce the probability of side effects
caused by toxicity of antibiotics. Several laboratory investigations have demonstrated that
biofilm-forming bacteria are more resistant to antimicrobials than free-living (planktonic)
bacteria. Numerous researches showed that variants of nisin in combination with different
antibiotics were efficient against Staphylococcus biofilms, for instance, a combination of nisin
with penicillin effectively inhibited biofilms of S. aureus SA113. Nisin in synergy with
ciprofloxacin was efficient in treatment of 24 hours-old MRSA biofilms. The results of
bioengineered bacteriocins in combinations with other antimicrobial substance have been
documented to be more effective at inhibiting biofilms than individual antimicrobials (Mathur

etal., 2017).

1.2. Bacteriocins from Gram-positive bacteria

Bacteriocins are small peptides produced by bacteria. These ribosomally synthesized
peptides are active against other bacteria, mostly closely related species. They play a role in
rivalry between populations, eliminating each other from habitats, especially when competitors
are focused on the same nutrient resource (Ovchinnikov et al., 2017, Kumariya et al., 2019).
Bacteriocins are synthetized as propeptides that are modified and further exported from cell by
ABC transporters. Immunity and transport proteins are regulated by the same gene cluster that
encodes for bacteriocin genes. (Uzelac et al., 2013, Ovchinnikov et al., 2017, Kumariya et al.,

2019).

1.2.1. Classification of bacteriocins

Bacteriocins can be categorized into three main classes based on their structure (table
1.1). Class I bacteriocins are 19-50 amino acids (contain nontypical amino acids) long peptides
that are post-translationally modified. This class of bacteriocins are divided into subclasses
called lantibiotics (Ia), which contain lanthionine (non-proteinogenic amino acid),
labyrinthopeptins (Ib) containing labyrinthin and labionin, and the last (Ic) subclass comprises
of sactiobiotics that have sulphur-a-carbon linkage (Kumariya et al., 2019). Class II
bacteriocins are small, heat stabile, unmodified peptides, which are subdivided into four

categories: pediocin-like peptides (Ila), two-peptides complexes (IIb), circular peptides (Ilc)



and non-pediocin-like peptides (IId) which are applied in this thesis. The last of the group of
bacteriocins, class III (bacteriolysins) are heat labile and lytic proteins (Kumariya et al., 2019).
Several studies have focused on bacteriocins produced by lactic acid bacteria (LAB) and
because this microbiota naturally inhabit the human microflora, it is generally recognized as
safe (GRAS). These LAB bacteriocins have slightly different classification and they contain
peptides that belong to all class I, II and III of Gram-positive bacteria (Eijsink et al., 2002) .

Table 1.1. Classification of bacteriocins from Gram-positive bacteria. Bacteriocins are categorized into three
main classes that are further divided to subclasses. Class III is a collection of both Gram-positive and Gram-

negative domain-type molecules (Kumariya et al., 2019).

Class Subclass Features Example

I (modified) Ia Lantibiotics (<5 kDa peptides), containing Nisin
lanthioninge bridges that gives characteristic ring
structures (Cotter et al., 2005)

Ib Carbacyclic lantibiotics of globular structure Labyrinthopeptin A1l
Ic Sactibiotics, antibiotics containing linkage between | Thuricin CD
sulphur to a.-carbon
I (non- Ila Pediocins-like peptides with YGNGV-C motif at the | Sakacin
modlﬁed) N-terminal
IIb Two-peptides complex Lactococcins G
Ilc Circular bacteriocins Garvicin ML
I1d Non-pediocin-like leaderless peptides LsbB, EntK1,
EntEJ97, Garvicin
KS
I Bacteriolysins, large, heat-labile molecules (Cotter | Enterolysin A

et al., 2005); colicins from Gram-negative bacteria
are included in this class

Class I

Class I bacteriocins are synthetized as precursors with leader sequence and structural
region that is post-translationally modified (PTM). Enzymatic dehydration of serine and
threonine forms 2,3-dehydroalanine (Dha) and 2,3-dehydrobutyrine (Dhb). These amino acids
covalently bind to the sulfthydryl from the neighbouring cysteine group and form sulphide
bridges that gives the specific features of lantibiotics (figure 1.1). These unusual residues are
called lanthionine (Ala-S-Ala) and B-methyllanthionine (Abu-S-Ala). Nisin, the most studied
lantibiotic, is a small peptide containing 34 amino acids (aa) after modification and is produced
by Lactococcus lactis as different natural variants. They all have broad spectrum of activity.

Nisin has been approved for many applications, especially in food industry as a biopreservative.



Some lantibiotics are active against antibiotic-resistant pathogens such as methicillin-resistant
S. aureus (MRSA) and vancomycin-resistant enterococci (VRE) (Nes et al., 2007, Cotter et al.,
2013, Kumariya et al., 2019). In this study, nisin Z was used as a positive control due to its high

activity against Gram-positive bacteria.

Figure 1.1. Proposed structure of the mature nisin Z. This linear structure was estimated by homology
modelling Swiss-Model, based on sequence form UniProt (entry: P29559). The algorithm had predicted this
structure by using NMR solution structure of the nisin-lipid II complex (PDB entry: 1wco) as template sequence
with 97.06% sequence identity. Graphical presentation was performed by The PyMOL Molecular Graphics System
v. 2.2.0. Sulphide bridges between Ala-Ala residues (coloured orange) create lanthionine and Abu-Ala (coloured

red) form B-methyllanthionines.

Class 11

Typical class II bacteriocins are small (<10 kDa), thermally stabile, cationic non-
lantibiotics. Non-modified peptides in this group are very diverse and their classification is
therefore difficult. Different categorization are suggested, however class II can be further

divided to subclasses a-d (Cotter et al., 2005, Kumariya et al., 2019).

Class I1a

Pediocin-like peptides have narrow spectrum of activity, and they are especially active
against Listeria monocytogenes. These bacteriocins are 36 to 49 amino acids long and contain
a conserved sequence motif YGNGVxCxxxxCxVxWxxA (x can be any amino acid) at the
hydrophilic and cationic N-terminal part, which enable the nonspecific binding to surface of
the target cell. Those two close cysteine residues in this amino acid motif can form a disulphide
bridge. It is suggested that the hydrophobic C-terminus of the peptide, with less conserved
sequence, facilitates binding specificity to target cell membrane. Sakacin P (produced by
Lactobacillus sakei) i1s an example of this class of bacteriocins and contains secondary
structures like B-strand at the N-terminal part and an a-helix at the C-terminal part (figure 1.2)

(Ingolf F.Nes et al., 2006, Kjos et al., 2011, Cotter, 2014).



Figure 1.2. Three-dimensional structure of class Ila bacteriocin sakacin P (PDB entry: 10G7) in lipid
micelles. Graphical presentation was performed by The PyMOL Molecular Graphics System v. 2.2.0. Illustration
shows the conserved motif residues (YGNGV) in orange. Disulfide is indicated by arrow on cartoon

representation.

Class IIb

Class IIb bacteriocins need two peptides (a and B) to form an effective complex. These
two non-pediocin- like peptides are encoded from the same operon which also includes a self-
protection immunity gene. The combined activity of two peptides can arise as synergistic
cooperation when one or both peptides display some activity, but together they give a better
antimicrobial effect. Alternatively, peptides without activity can be enhanced by each other, for
instance the two-peptide lactococcin G from L. lactis (Eijsink et al., 2002, Ingolf F.Nes et al.,
2006).

Class Ilc

Class Ilc consists of circular bacteriocins, which are a result of peptide binding between
the N- and C-terminal end of linear peptide. Circular bacteriocins are synthetized as precursors
with leader sequence on N-termini, which are cleaved off prior to circularization. Class Ilc are
58 - 70 amino acids in length after maturation. These cyclic bacteriocins show a broad spectrum
of activity. The circular bacteriocins are resistant to enzymatic degradation and stabile under
the influence of heat and pH. These circular bacteriocins can be further divided based on level
of amino acids sequence identity. There are two separate groups c(i) with garvicin ML (figure
1.3) produced by Lactococcus garvieae and group c(ii) with gasericin A (Cotter et al., 2005,
Gabrielsen et al., 2014).
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Figure 1.3. Three-dimensional structure of bacteriocin in Ilc subclass. This linear structure was estimated by
homology modelling Swiss-Model, based on Garvicin ML (entry: D2KC49) sequence form UniProt. The
algorithm had predicted this structure by using bacteriocin AS-48 (SMTL ID: 4rgd.1) as template sequence with
35.71% sequence identity. Circularization of bacteriocin happens by peptide bond formation (not shown) between

amino group at the N-terminal part and carboxyl group at the C-terminal part.

Class I1d

The last subgroup of class II bacteriocins are non-pediocin-like peptides with a diverse
spectrum of activity. This group differs from other non-modified classes due to the lack of the
leader sequence at the N-terminal end and the presence of formylated methionine on the same
end of the peptide. This formylated methionine still has no characterized function. Class 11d
bacteriocins have a unique regulatory system. The expression of LsbB bacteriocin in L. lactis
has been shown to be dependent on transcription of the terminator sequence (Uzelac et al.,
2015) and become active immediately after synthesis without any processing. In this way, it is
important that producers without leader sequence have an immunity system that neutralize the
peptide until secretion (Telke et al., 2019). Within this class of bacteriocins, there is a
distinguished LsbB-like bacteriocin family with four members: LsbB, EntEJ97, EntK1, and
EntQ eneterocins. These peptides have relatively conserved C-terminal region, with
characteristic motif (KXXXGXXPWE) (figure 1.4). This may indicate that these bacteriocins
have the same receptor binding site and that C-terminal part is responsible for receptor
interaction. Especially important are the hydrophobic residues Trp?® and Ala*® in LsbB

sequence (Ovchinnikov et al., 2014).
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Figure 1.4. Multiple sequence alignment (MSA) of four peptides from LsbB-like bacteriocin family.
Predicted by CLUSTALW alignment tool and exhibited using Unipro UGENE softaware v33.0. Consensus of
identity is displayed above the sequences. Less conserved residues are coloured light violet while highly conserved
amino acids are highlighted with dark violet together with KXXXGXXPWE motif at the C-terminal part (marked

in red). N-terminal end vary in length and contain fewer conserved residues.

Class 111

Class III consist of bacteriolysins, which are large (=30 kDa), heat-labile proteins with
antimicrobial activity. These molecules consist of domain structures with divergent functions
such as transport, binding and lysis. Some of class III bacteriolysins act against both Gram-
positive and Gram-negative bacteria. In addition, this class also includes bacteriocins produced
by gram-negative bacteria, for example colicins from E. coli (Cotter et al., 2005, Kumariya et

al., 2019).

1.3. Structure of bacteriocins applied in this study.
This study drew attention to class 11d leaderless bacteriocins, which are non-modified
peptides. They exhibit activity against several Gram-positive bacteria including pathogenic

strains of staphylococci and enterococci.

1.3.1. Enterocin K1

As mentioned earlier, the enterocin K1 (EntK1) is a linear and leaderless peptide that
that belongs to LsbB-like bacteriocin family. EntK1 has a broader activity spectrum than LsbB,
with especially high activity against producer strains Enterococcus faecium. Research of
Ovchinnikov et al. (2017) showed that EntK1 in combination with stress in form of high
temperature can be used in treatment of antibiotic-resistant enterococci, and even VRE. EntK 1is
3-4 amino acids longer than LsbB, with local folding within the peptide forming a a-helix from

residue 8 to 24. The N-terminal part of EntK1 is amphiphilic and consists mostly of a-helix
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structure, while the C-terminal part is unstructured in 1:1 tetrafluoroethylene (TFE) and water

solution (figure 1.5). It does not form secondary structure in water (Ovchinnikov et al., 2017).

Figure 1.5. NMR Structure of EntK1(PDB entry: 5L.82) in 1:1 TFE/H20. Represented as cartoon using the
PyMOL Molecular Graphics System v. 2.2.0. The basic amino acids are coloured orange, and non-polar residue

are red.

1.3.2. Enterocin EJ97

Enterocin EJ97 (EntEJ97) is a cationic bacteriocin produced by Enterococcus faecalis
EJ97. Based on sequence identity and the fact that this is leaderless bacteriocin, EntEJ97 is
classified to LsbB-like peptide family. Although it is 14 amino acids longer than LsbB, it has
conserved C-terminal motif (figure 1.4) (Galvez et al., 1998, Ovchinnikov et al., 2017).
EntEJ97 is sensitive to proteolytic enzymes such as trypsin and pronase, but it is stable over a
wide range of temperatures and pH, as well as in organic solvents and reducing agents (Galvez
et al.,, 1998). EntEJ97 is active against several Gram-positive bacteria, including L.
monocytogenes. However, the producer strain is resistant to its own bacteriocin. The sensitivity
of different bacteria to EntEJ97 may result from variation in surface morphology of the target

cell, proteolytic activity and the aspect of peptide aggregation (Galvez et al., 1998).

1.3.4. Garvicin KS

Garvicin KS (GarKS) is a leaderless multi-peptide (three peptide), with a broad
spectrum of activity, produced by L. garvieae. The three structural genes (gakABC) are close
together at the same loci with the support proteins: ABC transporter and self-immunity (figure
1.6 A). GarKS have 32-34 amino acids peptides with similar properties. Each peptide
displays a slight activity alone, but combined they are active against many pathogens, such as
Listeria, Staphylococcus, Bacillus, Streptococcus and Enterococcus (Ovchinnikov et al.,
2016). The three peptides exhibit a big contrast in highly sequence similarity at N-teminal
ends and almost no sequence identity on C-terminal part of the peptides (figure 1.6 B). By
replacing tryptophan W26 with alanine on GakA, Ovchinnikov et al.(2016) showed the
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significance of W26 in bacterial inhibition for this single peptide and in combination with
GakB and GakC.

gakcC
A) gakA) 10
KS 01 02 03 04 05 |gakB gakI |gakT

Garvicin KS

B)

MGAIIKAGAKIVGKG-LgGga-w
; é ; ; ; é ; ; ; 13 ‘} 1; 13 1; 12 1; 1'7 13 15 25 2: 23 23 2; QF QF QF QF %9 %3 3t a2 ) Jf
GakA WL GWN VG EKIWK
GakC GGVWLAEKLFGGK - -
GakB AAGGATYGGLKKIFG

Figure 1.6 Garvicin KS. A) gene cluster consisting tructural genes (gakA4, gakB, gakC, colored red) are located
next to each other, gakT (blue) encoding ABC transporter, gakl coding for immunity protein (gray) and other genes
are in the same loci in genome. Figure source: Ovchinnikov et al. (2016). B) Multiple sequence alignment of
peptide GakA, GarB and GarC. Predicted by CLUSTALW alignment tool and exhibited in Unipro UGENE
softaware v33.0. Percentage identity is displayed above the sequences in grey columns. Less conserved residues
are coloured light violet while highly preserved amino acids are highlighted with dark violet. Tryptophan W26 is
highlighted in red.

1.3.5. Hybrid bacteriocin H1 and H2

Synthetically produced hybrid bacteriocins H1 and H2 has been constructed by combing
the ends of leaderless peptide EntK1 and EntEJ97 (figure 1.7) described above. H1 have N-
terminal end of EntK1 and C-terminal end from EntEJ97, while H2 have N-terminal end of
EntEJ97 and C-terminal end from EntK1. These peptides have a high sequence identity and the
common 'KXXXGXXPWE" motif of LsbB-like bacteriocin family (figure 1.7).
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Figure 1.7. Multiple sequence alignment of four bacteriocins used in this study. Predicted by CLUSTALW
and showed in Unipro UGENE softaware v33.0. Percentage identity is displayed above the sequences. Less
conserved residues are coloured light violet while highly preserved amino acids are highlighted with dark violet.

Conserved KXXXGXXPWE motif is highlighted in red.
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1.3.6. Micrococcin P1

Micrococcin P1 (MiP1) is a thiopeptide (thiazolyl peptides) belonging to the class of
antimicrobial molecules. MiP1 is active against several Gram-positive bacteria, including
methicillin-resistant S. aureus (MRSA). MiP1 is ribosomally synthesized and post-
translationally modified by Staphylococcus equorum WS 2733. This molecule contains sulphur
and nitrogen rich heterocyclic rings. MiP1 acts by inhibiting ribosomal protein synthesis,

typically the step of polypeptide elongation in bacterial cells (Degiacomi et al., 2016).

1.4. Mechanisms of action

Due to the diverse structure of bacteriocins, there are many different modes of action on
target cells. There are distinguished different mechanisms of action among bacteriocins
targeting Gram-positive bacteria. However, membrane permeabilization by pore formation is a
common strategy for LAB bacteriocins. (Cotter, 2014, Kumariya et al., 2019).

Class I lantibiotics target lipid I1, a precursor in peptidoglycan biosynthesis. Nisin binds
to lipid IT with high affinity and enables inhibition of peptidoglycan synthesis and cell growth.
Lipid II also serves as a docking site for lantibiotics with dual mechanism of action, e.g. nisin,
enhances pore formation and, consequently, membrane disruption and eventually cell death
(figure 1.8) (Cotter et al., 2013, Kumariya et al., 2019).

Class II bacteriocins have cationic properties that interact with the negatively charged
phospholipids and initiate the pore formation in the cell membrane (figure 1.8). This leads to
the disruption of the cell envelope, causing leakage of cytosolic components (Ovchinnikov et
al., 2014). This mechanism has been recorded in pediocin-like (class Ila) and circular peptides
(class Ilc). Nevertheless, these agents have also been shown to require a specific target molecule
for antimicrobial activity. Pediocin-like bacteriocins target permease mannose-
phosphotransferase (PTS), a molecule that transports sugar inside L. monocytogenes cells,
while two-peptide bacteriocins target undecaprenyl pyrophosphate phosphatase (UppP) to
inhibit peptidoglycan synthesis. Circular bacteriocins display concentration dependent activity,
for example, low concentrations of garvicin ML shows requirement for binding maltose ABC
transporter, while high concentrations are receptor- independent (Gabrielsen et al., 2014).

It has been determined that LsbB-like family of leaderless bacteriocins (I1d) act on the
target cell, by first initiate an unspecified electrostatic interaction between amphiphilic N-
terminal part and negatively charged phospholipid layer on the cell surface. Then, the conserved
motif residues at the C-terminal part of the peptide interact with a specific membrane receptor

(figure 1.8). Researchers have demonstrated that Trp?® and Ala* bacteriocin residues and the
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distance between them have a crucial role in their antimicrobial activity because it facilitates
their interaction with the bacterial membranes protein RseP (previously known as YvjB)
(Ovchinnikov et al., 2014, Miljkovic et al., 2016).

Class III bacteriolysins act by hydrolysis of the cell-wall in the target cell, which differs
from other bacteriocins. It is suggested that the C-terminal part function as a target recognition
site while the N-terminal part performs a catalytic function. For instance, lysostaphin brakes

cross-bridges of the peptidoglycan due to lysis of target cell (Cotter et al., 2005).

Class lla Class llc Class Ild Class IIb
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Figure 1.8. Proposed mechanisms of action of Gram-positive bacteria bacteriocins. Class I lantibiotics have
two action methods, e. g. nisin, inhibits the cell wall synthesis by bunding to lipid II and it uses this molecule as a
docking site, this causes membrane invasion and subsequently pore formation. Class I amphiphilic bacteriocins
act by electrostatic interactions between its positively charged residues and anionic lipids that are present in the
membranes of Gram-positive bacteria. Additionally, class II bacteriocins also bind to specific receptors leading to

depolarization of cytoplasmic membrane and death. Figure source: Cotter et al. (2014), permission for publications

obtained from author.
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1.5. Resistance development

All life forms including microorganisms can adapt to changing environment. As
mentioned above, frequent exposure of bacteria to antimicrobial agents caused development of
resistance mechanisms against antibiotics and bacteriocins. Bacteriocins have not been
commonly used in medical applications, therefore the knowledge about bacteriocin resistance
in pathogenic bacteria is obtained mostly by laboratory investigation (Cotter et al., 2013,
Kumariya et al., 2019).

There have been detected different processes in target bacteria that allow them to
overcome the bacteriocin activity. First, because cell surface is a typical target of bacteriocins
of Gram-positive bacteria, alterations in the composition and structure of the envelope may
cause the bacteriocin’s inability to reach its target. For instance, resistance to nisin may be a
result of reduced receptor accessibility caused by changes in cell envelope (Cotter et al., 2013).

Secondly, studies have shown that downregulation of maltose ABC transporter in
Lactococcus Lactis bacterium cause its resistance to circular bacteriocin garvicin ML. ABC
transporter is an adenosine triphosphate (ATP) driven protein, which biosynthesis is activated
by presence of maltose. Higher expression of genes coding for maltose ABC transporter
increase susceptibility of bacteria to garvicin ML. This may suggest that maltose ABC
transporter is a bacteriocin receptor and binding to it can cause a membrane permeabilization.
(Gabrielsen et al., 2012). Similar cases were detected in lipid II targeting lantibiotics and
mannose phosphotransferase system (Man-PTS) targeting class II bacteriocins (Kjos et al.,
2011). However, it may happen that the maltose ABC transporter plays a role of transferring
bacteriocin to the target molecule inside the cell (Gabrielsen et al., 2012).

Another factor that may contribute to bacteriocin resistance is the physiological
condition of the target cell. Higher membrane rigidity can affect the pore formation. For
instance, decrease in D-alanine of teichoic acid in cell wall made E. faecalis and S. pneumoniae
more sensitive to bacteriocins such as nisin (Eijsink et al., 2002, Kumariya et al., 2019).

Moreover, bacteriocin producing bacteria are resistant to their own bacteriocins by
expression of immunity genes which are integrated in the same loci as bacteriocin structural
genes. Expression of these genes in Gram-positive bacteria requires extracellular accumulation
of auto-inducer peptides (pheromones). Target cells have several immunity mechanisms, which
include the ABC transporter to export the bacteriocin from the membrane. Specific immunity
proteins interact with bacteriocins on the extracellular side the cell. An immune mimicry has
been observed as a resistant mechanism in non-bacteriocin-producing bacteria that contains

immunity genes. Immune mimicry can also be described as an autoimmune response to
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bacteriocin in bacteria that produce closely related peptides (Eijsink et al., 2002, Hassan et al.,
2012, Cotter et al., 2013).

Finally, resistance to bacteriocin may occur by mutations in the genes encoding the
specific bacteriocin receptor protein. By constructing hybrid molecules of lactococcal RseP,
Miljkovic et al. (2016) showed that changes in essential amino acids in receptor lead to partial
or fully resistance to LsbB bacteriocin. They demonstrated that the Tyr*>*Gln and Ala*>3Thr
substitutions in mutant cells produced bigger zones of inhibition. Ovchinnikov el at. (2017)
suggested that the alteration in active site residues of RseP might change protein structure and
its accessibility for bacteriocins.

Identification of specific receptors is crucial for understanding the mechanisms of
immunity in bacterial cells. This information can serve as a reference in bacteriocins
engineering and can help to restrain resistance mechanisms among pathogens (Miljkovic et al.,

2016, Perez et al., 2018).

1.6. Receptor protein for LsbB-like bacteriocin family

By performing heterologous expression, gene knockout and sequencing analysis,
Uzelac et al. (2013) and Ovchinnikov el at. (2017) showed that the rseP gene is required for
sensitivity to leaderless bacteriocin LsbB, EntK1 and EntEJ97 in lactococci and eneterococci.

RseP (regulator of sigma E, protease) is a membrane bound Zn-dependent protease that
belongs to highly conserved family of M50 proteases. These proteins act in regulated
intermembrane proteolysis (RIP), a process where proteins are cleaved in their transmembrane
segments. The proteolysis reaction is widespread in both prokaryotes and eukaryotes (Brown
et al., 2000, Hizukuri et al., 2014). Site-2-protease (S2P) is human ortholog for YvjB in L.
lactis, SpolVFB in Bacillus subtilis, YaeL in E. coli (renamed to RseP) and in E. faecalis Eep.
Sequence alignment of homologous RIP proteins revealed a conserved HExxH motif at the N-
terminal part embedded in hydrophobic segment. The presence of those two histidine residues
coordinate the zinc ion, and a negative charge of Glu activates a water molecule that initiate the
nucleophilic attack on the peptide bond (hydrolysis) (Brown et al., 2000, Feng et al., 2007,
Hizukuri et al., 2014). E. coli RseP spans the membrane with four transmembrane segments.
The two linked PDZ domains are at the periplasm site and B-hairpin-like loop is near the active
site in TM1. The C-terminal end also contains preserved NLLPxxxLLDG sequence in third
transmembrane region, which is suggested to be a binding site for transmembrane substrate

protein (figure 1.9)(Hizukuri et al., 2014, Akiyama et al., 2015).
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The site 2 proteases are widely distributed in living organisms and have extensively
developed functions in cell physiology and pathology (Frank et al., 2012). E. coli RseP studies
described the involvement of this enzyme in the transmembrane signal transduction pathway
during response to extracytoplasmic stress (Alba and Gross, 2004, Koide et al., 2008, Akiyama
et al., 2015). Similar research by Varahan et al. (2013) have also shown that E. faecalis RseP
also regulates intermembrane proteolysis of anti-sigma factor RsiV, causing the activation of
sigma factor SigV during response to lysozyme. The mutants with deleted the rseP genes were
more susceptible to stress (Varahan et al., 2013). Investigation by Saito et al. (2011) suggest
that in addition to being involved in second cleavage of RseA, RseP acts in the proteolytic
removal of remaining signal peptides from the membrane.

Heinrich et al. (2008) reported influence of an ATP-binding cassette (ABC)
transporter (also known as EcsAB) on RseP while they implicated site-directed mutagenesis to
knock-out the ecsA gene coding for ATP binding cassette of the transporter. Their results
indicated that in absence of transporter protein the RseP is not functional and the sigma factor
(o") is not induced. Furthermore, deletion of ecsAB was suggested to block the Zn-dependent
proteolysis of FtsL. membrane protein responsible for cell division. Proposed explanation for
that was that the failure of ¢ induction was not limited to stress response but influenced by the
absence of ABC transporter. The overproduction of RseP demonstrated the induction of sigma
factor in mutants without transport protein, which may prove the inhibition of RseP activity by
the substrate of ABC transporter. Proposed explanation was that increased concentration of
protease reduced the blocking effect on RseP (Heinrich et al., 2008).

By performing excision of genes encoding for RseP, Frank et al. (2012) found that this
membrane metalloprotease in E. faecalis is activated during early bacterial infection, which
means that this protease is important for virulence in in vitro model. They also observed that
rseP expression is increased during biofilm formation, and mutations within this gene change
biofilm phenotype (Frank et al., 2012). A study by Varahan et al. (2014) showed that deletion
of ABC transporter has an influence on biofilms thickness and biomass which were highly
reduced in mutants without transport protein. Moreover, they have revealed that both RseP and
ABC transporter are involved in processing and secretion of sex pheromones in E. faecalis
(Varahan et al., 2014), which was recently demonstrated for S. aureus (Schilcher et al., 2020).
Furthermore, by performing the null mutations of the ecs4B in Staphylococcus aureus, Jonsson
et al. (2010) revealed the importance of this protein for growth and cell wall and surface

composition. In addition, they showed that transporter protein mutants were more susceptible
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to various antimicrobial substances. Mutations in ecs4B weaken the bacteria in consequence

the they developed milder infections in mice (Jonsson et al., 2010).
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Figure 1.9. Schematic representation of E. coli RseP. Four transmembrane segments span the membrane. In
TMI is contained the active site HExxH which coordinates the catalytic zinc ion. In TM3 is the NLLPxxxLDG
motif which function as substrate binding site supported by MRE B-loop (membrane-reentrant -loop) (coloured

orange). On the periplasmic side are two PZD domains (coloured blue) that regulate RseP protease activity.

1.6.1. Regulated intermembrane proteolysis — stress response

The RseP in E. coli is one of the best described intermembrane-cleaving proteases. RseP
plays important regulatory role in ot (sigma®) signalling system (figure 1.10). Stress in the form
of high heat or pH change, denature proteins (outer-membrane porins - OMPs) which activate
the DegS enzyme. DegS gives the first cleavage (site 1 proteolysis - S1P) in anti-sigmaF protein
(RseA) on the periplasmic side and realises the RseB domain, which together with PZD
domains from RseP were suppressing the second cleavage. Second proteolysis (site 2
proteolysis - S2P) by RseP cleaves the RseA transmembrane region, which realise of the o
enabling transcription of target genes important for cell survival (Hizukuri et al., 2014,
Akiyama et al., 2015). As mentioned above, similar mechanisms were found in S. subtilis and

E. faecalis (Varahan et al., 2013).
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Figure 1.10. Proposed illustration for anti-sigma® (RseA) proteolysis in response to
extracytoplasmic stress in E. coli. The first cleavage (S1P) of RseA leads to cutting off RseB and
makes the anti-sigma® available for second proteolysis (S2P) by RseP. As a result, the sigma® factor is
realised into cytoplasm and together with RNA polymerase initiates expression of genes important for

stress resistance.

1.7. Staphylococcus haemolyticus

The human body is a natural habitat for Staphylococcus species. They are part of the
normal bacterial flora of the skin and mucosal membrane in humans. However, staphylococci
cause numerous nosocomial (hospital-linked) infections which occurs by implanted medical
devices, where the bacteria tend to form biofilms. Especially susceptible for infections are
diabetic patients, as well as convalescents after surgery or dialysis. (Takeuchi et al., 2005,
Soumya et al., 2017, Pain et al., 2019). S. haemolyticus causes peritonitis, ortitis, urinary tract
infections, as well as septicaemia and bone and joint infections (Takeuchi et al., 2005). S.
haemolyticus is an opportunistic coagulase-negative (CoN) pathogen and one of the top species
frequently isolated from human blood. S. haemolyticus is classified as most antibiotic resistant
of CoNS species. Although, resistance to vancomycin and teicoplanin is uncommon
phenomenon for Staphylococcus species, S. haemolyticus was the first Gram-positive microbe
that has been reported resistant to glycopeptide antibiotics. S. haemolyticus also is suggested to

be a reservoir for methicillin-resistance genes (mecA) which may have been horizontally
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transferred to S. aureus and converted it from sensitive to resistant bacterium (MRSA) (Czekaj
et al., 2015, Pain et al., 2019). S. aureus is toxins- and other factors producing bacteria that
cause cell damage and prevent the host from eliminating pathogen. As a consequence, already
dangerous strains of S. aureus may become an even greater threat (Czekaj et al., 2015).

After whole-genome sequencing, Takeuchi et al. (2005) revealed that S. haemolyticus
contain multiple insertion sequences (ISs) that allow regular rearrangements in genome. This
genomic flexibility and frequent DNA shift may lead to diversity and adaptation of new
abilities, for instance obtaining antibiotic resistance or virulence genes. Takeuchi et al. (2005)
showed several open reading frames (ORFs) present in genomes of the three most important
species of Staphylococcus: aureus, epidermidis and haemolyticus, many of which were required
for virulence. They also found a "oriC environ” which is not homologous in these three species.
That genome segment, placed downstream of replication origin, is proposed to contain species-
specific genes and acting as a recombination hotspot (Takeuchi et al., 2005).

Comparative genomic analysis of S. haemolyticus from clinical and commensal strains
uncovered that clinical isolates have several of genes associated with antibiotic resistance and
biofilm formation, the most virulent factor in CoNS. Nevertheless, no typical genes used as a
marker (ica loci- intracellular adhesion loci) for invasive S. epidermidis and required for biofilm
production in CoNS were found. Another disclosed feature of clinical isolates was the novel
Capsule Polysaccharide (CP) operons involved in human immune defence. The study of whole
genomes of geographically diverse origins showed homology relationship among antibiotic
resistance genes which indicates the clonal spread between countries (Pain et al., 2019,
Cavanagh et al., 2014, Czekaj et al., 2015).

There are a limited number of treatment options available for S. haemolyticus infections,
which include the mentioned glycopeptides and one of the most effective antimicrobials -
linezolid that blocks the protein synthesis by binding to 23 rRNA and prevens translation
process. However, cases of strain resistant to that last-chance antibiotic have been already
reported in India and several European countries. The arising threat of frequent hospital
infections, biofilm formation and spread of antibiotic resistance requires further investigations
for new antibacterial agents (Czekaj et al., 2015).

This study examined S. haemolyticus species which were isolated in 1991-2005 in

Norwegian hospitals and analysed by Cavanagh et al. (2014).
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1.8. Aim of this study

The aim of this study was to investigate the receptor of hybrid bacteriocin H1 and
analyse the potential of the peptide as a possible treatment for S. haemolyticus infections. This
hybrid bacteriocin exhibits higher activity toward S. haemolyticus bacteria than the enterocins
EntK1 and EntEJ97. The fact that both EntK1 and EntEJ97 recognize the same receptor protein

may signify that H1 also exploits RseP as a receptor.

This thesis is based on the laboratory experiments done in following steps:

e Defining the spectrum of inhibition for hybrid bacteriocins H1, H2 and their original
peptides EntK1 and EntEJ97 against 51 different strains from various genera.

e Defining MIC for H1 bacteriocin towards 20 S.s haemolyticus strains

e Studying the synergy of the hybrid H1 and two other antimicrobials against S.
haemolyticus strains.

e Investigating the potential of bacteriocin H1 compared to common antibiotics.

e (Generating and evaluating phenotype and genotype of resistant mutants in relation to
wild types.

e Demonstration that RseP is a receptor for hybrid bacteriocin with heterologous

expression of the rseP gene.
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2. Materials and methods

During laboratory work with bacterial cells, it was necessary to conduct the experiments

in aseptic conditions to prevent contamination of cultures or solutions. Special attention was

applied to working with bacterial species that are in infection risk group 2 (Regulations on

measures and limit values, appendix 2; The Norwegian Ministry of Labor and Social Affairs)

and genetically modified microorganisms (GMM). Hand washing, using gloves and

disinfection with ethanol were the basic routines that were practiced together with autoclaving

of tools, gas burner and the correct disposal of hazardous waste.

2.1. Equipment and instruments

Equipment

Acid-washed glass beads (<106 microns)

Epperndorf tubes 1.5 ml

Falcon Conical Centrifuge Tubes (50ml, 15 ml)

Hand gloves

Inoculation loops

Laboratory bottles, round (50-1000 ml)
Microtest Plate 96 Wells with lid
Multichannel pipette

Petri dishes

PCR tubes (0.2 ml)

Pipettes

Pipette tips

Test tubes

Toothpicks

Instruments

Autoclave

Digital weight

Fei Morgagni 268 Transmission electron
microscope

Freezer (-20 °C)

Freezer (-80 °C)

Supplier
Sigma

Epperndorf

VWR

VWR

VWR

Sarsted

Eppendorf Research
VWR

Eppendorf Research
VWR

Supplier

Matachana

Salter

Forma Scientific
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Gas burner Intergra Biosciences

Gel Doc™ EZ System BIO-RAD

Gene Pulser™ BIO-RAD

Heraeus™ Multifuge™ X1 Centrifuges Thermo Fisher Scientific
Heraeus Pico Microcentrifuges Thermo Fisher Scientific
Holter laminar flow cabinet Thermo Scientific
Horizontal electrophoresis system BIO-RAD

Incubators Termaks

Magnetic stirrer Stuart

Microwave -

MP FastPrep-24 Tissue and Cell Homogenizer  Savant

NanoDrop 2000 Specrophotometer Nanodrop Technologies
SimpliAmp™ Thermal Cycler Applied Biosystems™
Spectrostar Nano BMG Labtech

Puls Controller™ BIO-RAD

Water bath Julabo

Qubit® 2.0 Fluorometer Life Technologies

2.2. Bacterial cultivation

Bacteria were cultivated in liquid medium or on solid agar plates. Pure cultures were
obtained by sterile inoculation of single colony onto autoclaved growth medium (5 ml or 10
ml). Incubated overnight (~ 18 hours) at conditions suitable for each specific species. Most of
bacteria were cultivated in BHI medium at 30°C or 37°C with agitation ~200 rpm. L. plantarum

was cultivated in M.R.S. medium at 37°C without shaking.

2.3. Medium and agar

BHI was used as a universal culture media for cultivation of bacterial indicators and
different Staphylococcus strains. BHI medium, agar and soft agar was made in accordance to
the supplier’s protocols, then it was autoclaved for 15 minutes at 121°C. BHI agar was poured
into petri dishes in the flow cabinet to keep the plates from contamination. Nutrition broth was
autoclaved prior to portioning into tubes. If needed, erythromycin was added after sterilizing,

in final concentration of 200 pg/ml in liquid form.
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Materials:
BHI agar (Brain-Heart-Infusion):
500 ml dH,O
7.5 g Agar powder; VMR Chemicals
18.5 g BHI; Oxoid™
BHI broth
500 ml dH,O
18.5 g BHI; Oxoid™
BHI soft agar
100 ml dH>O
0.8 g Agar powder; VMR Chemicals
3.7 g BHI; Oxoid™

M.R.S. medium, agar and soft agar were used for cultivation Lactobacillus plantarum.
They were made in accordance to the supplier’s protocols, then it was autoclaved for 15 min at
121°C. M.R.S. agar was poured into petri dishes in the flow cabinet to keep the plates from
contamination. If needed, erythromycin was added after sterilizing in final concentration of 10

pug/ml in liquid form.

Materials:
M.R.S. agar (De man, Rogosa, Sharpe):
26 g M.R.S.; Oxo1d™
500 ml dH,O
7.5 g Agar powder; VWR Chemicals
M.R.S broth
26 g M.R.S.; Oxo1d™
500 ml dH,O
M.R.S soft agar
5.2 g M.R.S.; Oxoid™
100 ml dH>O
0.8 g Agar powder; VWR Chemicals

26



2.4. Storage of bacteria

To keep bacterial isolates preserved for extended periods of time, glycerol stocks were

made and stored at -80°C. Pure liquid culture was mixed either with 45% glycerol solution to

final concentration ~ 20 %. Glycerol protects bacterial cells from crystallization in low

temperatures and makes them structurally stable.

2.5. Antimicrobial agents

Bacteriocins (table 2.1) were diluted in 0.1 % trifluoroacetic (TFA) acid to a start

concentration of 10 mg/ml, then further diluted with distilled water to working concentration

of 1 mg/ml, 0.2 mg/ml and 0.04 mg/ml.

Table 2.1. Antimicrobial peptides used for this thesis.

Name Sequence (5- 3°) Reference
Enterocin K1 MKFKFNPTGTIVKKLTQYEIAWFKNKHGYYPWEIPRC (Ovchinnik
ov et al.,
2017)
Enterocin EJ97 MLAKIKAMIKKFPNPYTLAAKLTTYEINWYKQQYGRYPWERPVA  (Galvez et
al., 1998)
H1 MKFKFNPTGTIVKKLTQYEINWYKQQYGRYPWERPVA -
H2 MLAKIKAMIKKFPNPYTLAAKLTQYEIAWFKNKHGYYPWEIPRC -
Nisin Z ITSISLCTPGCKTGALMGCNMKTATCNCSIHVSK (Shin et
al., 2016)
Micrococcin P1 SCTTCVCTCSCCTT (Degiacom
ietal.,
2016)
GarvicinKS GakA MGAIIKAGAKIVGKGVLGGGASWLGWNVGEKIWK (Ovchinnik
GakB MGAIIKAGAKIIGKGLLGGAAGGATYGGLKKIFG ovetal.,
GakC MGAIIKAGAKIVGKGALTGGGVWLAEKLFGGK 2016)

Table 2.2. Antibiotics used in this study

Name

Supplier

Erythromycin
Ciprofloxacin
Rifampicin

Vancomycin

Oxoid™
Oxoid™
Oxoid™

Oxoid™

27



Penicillin Oxoid™

Teicoplanin Oxo0id™

2.6. Spot-on-lawn inhibitor spectrum assays
2.6.1. Bacteriocin inhibition spectrum determination

Spot-on-lawn assay was performed on 51 bacterial strains (table 2.3) of different genera
with use of four different antimicrobial peptides (table 2.1) to define bacteriocin spectrum of
activity. Bacteria were picked with the sterile toothpicks from the 45% glycerol stock and added
to autoclaved culture test tubs with BHI (5 ml) media for overnight growth at 30°C in incubator
shaker 200 rounds per minute (rpm). This procedure was also used to performed spot-on-lawn
assay for transformed L. plantarum (2.18). This work was done in cooperation with Mikkel

Brenner (Master student, LMG lab).

Table 2.3. Bacterial indicators strains. List of bacterial strains used in this study.

Strain code Name

LMGT2805 Bacillus cereus

LMGT2711 B. cereus ATCC 9139 B
LMGT2731 B. cereus 1230, Granum 11-91
LMGT4133 Staphylococcus haemolyticus SH1
LMGT3233 S. simulans

LMGT4134 S. arlettae

LMGT3129 S. hominis

LMGT3522 S. epidermidis

LMGT2738 Carnobacterium divergens NCDO 2306
LMGT2332 C. piscicola

LMGT3465 Enterococcus avium
LMGT2333 E. faecalis

LMGT3088 E. faecalis

LMGT3330 E. faecalis 158B.

LMGT3331 E. faecalis 111A.

LMGT3332 E. faecalis 29C.

LMGT2763 E. faecium

LMGT2772 E. faecium

LMGT2783 E. faecium

LMGT2876 E. faecium

LMGT2353 Lactobacillus curvatus
LMGT2355 L. curvatus

LMGT2352 L. plantarum
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LMGT3125 L. plantarum
LMGT2361 L. sakei
LMGT2380 L. sakei
LMGT2787 L. salivarius
LMGT3390 Lactococcus garvieae
101403 L. lactis
LMGT2081 L. lactis
LMGT2386 Leuconostoc gelidum
LMGT2710 Listeria innocua
LMGT2785 L. innocua
LMGT 2813 L. ivanovii
LMGT2604 L. monocytogenes
LMGT2650 L. monocytogenes
LMGT2651 L. monocytogenes
LMGT2652 L. monocytogenes
LMGT2653 L. monocytogenes
LMGT3023 S. aureus
LMGT3263 S. aureus
LMGT3325 S. aureus
LMGT3326 S. aureus
LMGT3328 S. aureus
LMGT3329 S. aureus 992
LMGT3890 Streptococcus dysgalactiae
LMGT3555 S. thermophilus Sfil3
LMGT3912 S. uberis
LMGT3918 St. uberis
LMGT3590 Escherichia coli DH5a
LMGT3591 E. coli TGl
Procedure:

Work was performed under the sterile conditions and with use of the gas burner to prevent the
samples from contamination.

1. BHI soft agar was warmed up in microwave until it was completely melted (1.5
minutes). Warmed soft agar (5 ml) was transferred to a sterile test tubes w/lid and kept
on water bath (45°C) until use.

2. Tubes with O/N cultures were vortex. The soft agar was inoculated with (50 pl of O/N
culture). Vortexed and distributed on marked Petri plate with BHI agar, then dried on

the bench for 10 minutes.
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3. Previously diluted bacteriocins (3 pl) were placed on the designated spot on the agar

(figure 2.1), dried on the bench for 10 minutes and incubated at 30°C for 24 hours. After

24 hours the plates were inspected and pictures were taken.

1 mg/ml

Indicator name

02mg/ml 0,04 mg/ml

Figure 2.1. Schematic illustration of bacteriocins placement on the BHI/MRS agar plates, seen from above.

2.6.2. S. haemolyticus sensitivity assay

Twenty-one different S. haemolyticus strains (table 2.4) were provided by University

Hospital of North Norway in Tromse together with UiT The Arctic University of Norway in

Tromsg.

To determine spectrum of bacterial sensitivity against antimicrobial peptides it was

performed spot-on-lawn assay (for procedure see section 3.6.1) with use of four bacteriocins

(table 2.1): EntK1, EntEJ97, H1, H2 (with concentration 1 mg/ml, 0.2 mg/ml and 0.04 mg/ml.

Table 2.4. S. haemolyticus strains isolated at University Hospital of North Norway used in this thesis.

ENA NCBI LMGT Isolation
accession accession code source
number number

ERS066281 ERS066281.7067 4 39 4115*%  Blood
ERS066282 ERS066281.7067 4 40 4114 Blood
ERS066283 ERS066281.7067 4 41 4113 Blood
ERS066284 ERS066281.7067 4 42 4112 Blood
ERS066285 ERS066281.7067 4 43 4111 Blood
ERS066286 ERS066281.7067 4 44 4110 Blood
ERS066287 ERS066281.7067 4 45 4109 Blood
ERS066288 ERS066281.7067 4 46 4108 Blood
ERS066289 ERS066281.7067 4 47 4107 Blood
ERS066290 ERS066281.7067 4 48 4106** Blood
ERS066291 ERS066281.7067 4 49 4105*  Blood
ERS066292 ERS066281.7067 4 50 4104 Blood
ERS066293 ERS066281.7067 4 51 4103 Blood
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ERS066294 ERS066281.7067 4 52 4102 Blood

ERS066295 ERS066281.7067 4 53 4101 Blood

ERS066296 ERS066281.7067 4 54 4100 Blood

ERS066297 ERS066281.7067 4 55 4099 Blood

ERS066298 ERS066281.7067 4 56 4098 Blood

ERS066299 ERS066281.7067 4 57 4097 Blood

ERS066300 ERS066281.7067 4 58 4096 Urine
* Bacterial strain where resistant colonies were isolated from bacteriocin H1 inhibition zone with 1 mg/ml
concentration.
** Bacterial strain where resistant colonies were isolated from bacteriocin EntEJ97 inhibition zone with 1 mg/ml

concentration.

2.6.3. Comparison of antibiotics and bacteriocin antibacterial efficiency

To compare the activity of the H1 bacteriocin with commonly used antibiotics, a spot-
on-lawn assay was performed. Six of S. haemolyticus (table 2.4) species provided by University
Hospital of North Norway, were tested against six different antibiotics (table 2.2) and

bacteriocin H1 on agar plate.

Materials:

Ciprofloxacin 5 pg disks (CIPYS)
Erythromycin 15 pg disks (E15)
HI 1mg/ml

HI1 0.2mg/ml

O/N cultures

Penicillin G 10 units disks (P10)
Rifampicin 5 pg disks (RDS)
Teicoplanin 30 pg disks (TEC30)
Vancomycin 5 pg disks (VAS)

Procedure:
1. O/N culture (1 ml) was transferred to BHI agar plate and spread evenly over the surface
with and dried at RT.
2. Antibiotics were distributed on the plate with use of disc dispenser.
3. Then, 1 mg/ml and 0.2 mg/ml of bacteriocin H1 (3 ul) was applied on designated spots
on the plate (figure 2.2).
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4. Incubated 24 hours at 30°C.

5. After incubation, the pictures were taken, and zones of inhibition were examined.

@)

H1
1 mg/ml

H1
0.2 mg/ml

Figure 2.2. Schematic representation of reagent arrangement on agar plate for comparative efficiency of

antimicrobials. Antibiotic discs were distributed with disc dispenser before addition of bacteriocin H1 in two

different concentrations (1mg/ml and 0.2 mg/ml).

2.6.4. Combinatory treatment

A synergy test was performed to investigate the potential of combination of
antimicrobial peptides. Initial concentrations of agents applied in this experiment were
determined based on efforts of Mikkel Bronner (Master student at LMG lab). Six S.
haemolyticus (table 2.4) strains were treated with different combinations of three
bacteriocins on a microtiter plate:

e single components: H1; Garvicin KS (GarKS); Micrococcin P1 (MiP1);

e paired components: H1 + Garvicin KS (GarKS); H1 + Micrococcin P1 (MiP1);

Garvicin KS (GarKS) + Micrococcin P1 (MiP1);
e all three components: Garvicin KS (GarKS) + H1 + Micrococcin P1 (MiP1).

Materials:

BHI liquid medium
Garvicin KS (1 mg/ml)
HI (1 mg/ml)
Micrococcin P1 (1 mg/ml)

O/N culture
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Procedure:

l.

Bacteriocins were diluted in BHI liquid medium and mixed together in Eppendorf tube
to final concentration of 100 pug/ml for bacteriocin H1 and Garvicin KS, 10 pg/ml for
Micrococcin P1.

To all wells in columns 2-11, it was added BHI liquid medium (135 ul).

Next, column 12 was added BHI (150 ul) and was used as a negative control, without
bacteria.

The formulations of bacteriocins and BHI (285 pl) were added respectively to the first
wells of column 1, then they were being two-fold diluted until the column 10. Column
11 was a positive control, with no bacteriocin (figure 2.3).

To all wells in column 1-11, it was added bacterial culture (15ul).

Incubated for 24 hours at 37°C.

Finally, MIC values were determined by visually by grading turbidity. Additionally,

measures were done by spectrophotometer by measuring optical density (OD).

Bacteriocin concentration gradient

| —
100 50 25 125 625 3.13 1.6 0.78 039 0.2 PC NC

1 2 3 4 5 6 7 8 9 10 11 12

H1

GarKS

MiP1
H1+GarKS
GarKS+MiP1
H1+MiP1

H1+GarKS+MiP1

Figure 2.3. 96 wells microtiter plate illustration. Bacteriocin was two-fold diluted along the columns with

highest concentration in column 1 to lowest in 10. Column 11 serve as a positive control (PC) with no bacteriocin

added. Column 12 remained as a negative control (NC) with only BHI medium.

2.7. Isolation of resistant mutants

Resistant colonies of S. haemolyticus generated during spot-on-lawn experiment (2.6.2)

were picked up with inoculation loop and streaked on BHI plates (figure 2.4) for cultivation.

After 24 hours incubation at 30°C, single colonies were picked with sterile toothpick from each
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plate and transferred into test tubes with BHI media (5 ml). Liquid cultures were incubated

overnight at 30°C. Glycerol stocks were made the following day to store the resistant mutants.

Figure 2.4. Graphical representation of the resistant mutant isolation technique. Three resistant colonies from
spot-on lawn experiment were streaked on tree separate agar plates (M1, M2, M3). One colony (C) isolated from

each plate was cultivated. Two colonies (A, B) from each plate were used in resistance test (2.7.1.).

2.7.1. Resistance test

This experiment was done to verify the resistant colonies against bacteriocins.
Resistant colonies were isolated from LMG4105, LMG4106 and LMG4115 (2.7, figure 2.4).
After incubation at 30°C overnight single colonies were picked with sterile toothpick and
streaked over previously prepared plates with bacteriocins (EntK1, EntEJ97, H1, H2) stripes.
The wild type of each bacteria strain was picked with sterile toothpick from the glycerol stock

culture and used as a positive control (figure 2.5).

EntK1 EntEJ97

Figure 2.5. Illustration showing the resistance test method. Horizontal stretches represent the different

bacterial colonies steaked on agar plate with vertical bacteriocins stretches.
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2.7.2. Stress assay

To observe bacterial respond to induced stress, an experiment exposing the bacteria to
high temperatures was performed. This allowed to compare the ability to growth between wild
types and their resistant isolates at non-optimal conditions. The experimentation was carried

out using both cultivation on solid agar and in liquid medium.

Cultivation on agar plates

Three BHI agar plates were divided into four equal quarters by two lines. Different wild
type strains were streak on previously designated spot on one of the plates quarters (figure 2.6).
The resistant strains were streaked beneath their wild types. Plates were incubated at three

different temperatures: 37°C (as a positive control), 40°C and 45°C, for 24 and 48 hours.

Figure 2.6. Schematic representation of bacterial arrangement on agar plate for stress assay. The resistant

mutants were streaked on designated places beneath the corresponding wild types.

Cultivation in liquid medium
Materials:

BHI broth

O/N cultures

Procedure:
1. Each bacterial culture was diluted 1:200 in BHI medium and mixed well by pipetting.
2. Bacterial solutions (200 ul) were placed in a separate well on microtiter plate.
3. The plate was covered with transparent film and lid to avoid contamination during

transportation.
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4. Microtiter plate was incubated for 48 hours with absorption measurement at 600 nm
every 30 minutes.

Separate assays were performed for each temperature treatment: 37°C, 40°C and 45°C.

2.7.3. Minimum inhibitory concentration (MIC)

To determine the lowest concentration of bacteriocin H1 that prevents bacterial growth,
two-fold agent dilution was applied on microtiter plates. The absorbance of wavelength 600
and 595 nm was measured by the spectrophotometer and gave the degree of cell density in the
suspension. MICso was calculated for 20 S. haemolyticus strains from University hospital of

North Norway, isolated resistant mutants and transformed L. plantarum strains.

Materials:

BHI broth

HI bacteriocin (1 mg/ml)
O/N culture

Procedure:

1. Bacteriocin H1 stock solution (I mg/ml) was diluted in BHI medium to start
concentration of 200 pg/ml.

2. BHI media (100 pl) was transferred into all 96 wells by using the multi-pipette.

3. Into all wells in the column 1 it was transferred diluted bacteriocin H1 (100 pl) so the
final concentration was 50 pg/ml.

4. The serial two-fold dilution was done by mixing and taking up the solution (100 ul)
from the first well and transferred to the next. It was done along all rows except the last
one (12), what remained as a positive control without any bacteriocin.

5. Bacteria cultures were diluted 50 times in BHI medium (5 ml). Then the solutions were
added to all wells in appropriate row for the specific strain and mixed by pipetting.

6. Microtiter plate was incubated at 37°C for 48 hours with absorption measurement at 600
or 595 nm.

The absorbance results collected for 5 hours and 24 hours incubation were used for analysis.
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2.7.4. Transmission electron microscopy (TEM)

Transmission electron microscopy was applied to observe possible morphological
differences between wild types and their mutants. Work was conducted in cooperation with
Lene Cecilie Hermansen Senior Engineer at IPV - Imaging Centre in As, Sofie S. Kristensen
PhD Candidate at the Norwegian University of Life Sciences and Mikkel Brenner Master
student at the Norwegian University of Life Sciences. All work was done in laminar flow

cabinet and sterile bench.

Materials:

0.1 M CaCo Buffer, pH 7.4

0.04 M Sodium Cacodylate (CaCo) Buffer, pH 7.4

1% OsO4 in 0.1 M CaCo Buffer

50 % ethanol

70 % ethanol

90 % ethanol

96 % ethanol

100 % ethanol

Fixative solution (2 % glutaraldehyde; 1.25 % paraformaldehyde; 0.04 M CaCo Buffer)
Low melt agarose

LR White Resin Only Med. Garde, Electron Microscopy Sciences; VWR
O/N cultures

Phosphate-buffered saline (PBS)

Fixation
Done at the Laboratory of Microbial Gene Technology, Norwegian University of Life Sciences.
Procedure:
1. Bacterial suspension (1 ml) was transferred to Eppendorf tube and centrifuged for 10
minutes at 1.4 rpm. Supernatant was discarded.
2. Cell pallet was washed with PBS (1 ml) by pipetting a few times and centrifuged at 1.4
rpm for 10 minutes. Supernatant was removed and step was repeated.

3. Cells were resuspended with fixative solution (0.5 ml) and stored at 4°C until next day.
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Washing

Procedure:

l.

2.

After overnight fixation, the fixative solution from the sample was collected to a waste
flask and fixed cells were added 0.04 M CaCo Buffer (0.5 ml).

Then, the buffer was removed and new portion (0.5 ml) was added.

Post fixation:

Done at the IPV - Imaging Centre in As.

Procedure:

Done by Lene Cecilie Hermansen:

l.

The 0.04 M CaCo Buffer was removed from the sample just before 2 drops of Low
melting agarose (warmed up until melting) was added. With help of sterile toothpick, it
was created lump of agarose with bacteria.

After the agarose had solidified, the lump was transferred to a glass bottle and incubated

in mixture of 1% OsO4 and 0.1 M CaCo Buffer for 70 minutes at RT.

Done by Karolina T. Bartkiewicz, Sofie S. Kristensen and Mikkel Brenner:

3. The bacterial lump was washed three times with new dosage of 0.1 M CaCo buffer with

15 minutes incubation each time, on shaking platform.
Dehydration
Procedure:

1. The buffer was removed from bacteria.

2. Bacterial sample was added alcohol (5 ml) in different concentrations: 50 % ethanol, 70
% ethanol, 90 % ethanol, 96 % ethanol and 4x 100 % ethanol. Specimen was incubated
15 minutes between removing old and adding new solution (on shaking platform).

Infiltration
Procedure:

1. After removal of the last 100 % ethanol solution from the specimen, it was added a
mixture (2 ml) of LR White and 100 % ethanol in ratio 1:3. Incubated overnight at RT
with shaking.

2. The day after, the old mixture of resin and ethanol was removed and new one was added

in ratio 2:2. Incubated overnight at RT on shaking platform.
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3. Then, 2:2 solution was removed and added 3:1 with LR White and ethanol. Incubated
at RT overnight (with shaking).
4. The last step of infiltration was done later the same day. Previous mixture was removed

and added 100 % Resin. Incubated O/N at RT on shaking platform.

Embedding

The next day, the specimen was cut in two pieces and transferred into a capsule and
coved with LR White. Specimen number written on the peace of paper was added to the resin
capsule, covered with the capsule lid filled with more resin. Then, polymerised in 60°C oven

for three days.

Sectioning and staining
Done by Lene Cecilie Hermansen.

Ultramicrotomy is a process where the specimen was trimmed and sections of the
sample were cut at thickness of 60 nm on a diamond knife. Then the selected slice was collected
onto a grid and stored in a grid cassette. Prior to staining the specimen, the potassium
permanganate was mixed with 4 % uranyl acetate and placed on the parafilm as a drop. The
grid with specimen was added to the mixture and incubated for 10 minutes. Then the grid was
washed in drops of water with moving the grid to another drop every 5 minutes (repeated 10

times).

Imaging
Done in cooperation with Lene Cecilie Hermansen, Sofie S. Kristensen and Mikkel
Brenner. Cells were observed under the transmission electron microscopy with use of the iTEM

FEI software.

2.8. Bioinformatics

To evaluate biological data, computational methods were used to analyse information taken

from public databases.

Phylogeny
Phylogenetic tree was made based on the 16S rRNA sequences of the indicators species
to see an overview of the evolutionary relationship of taxa and the bacteriocins activity

spectrum. The phylogenetic tree was constructed using MEGA X: Molecular Evolutionary
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Genetics Analysis Version 10.1.6. software alignment done by Muscle algorithm and Neighbor-

Joining method for tree design.

Gene prediction

In order to amplify the gene of interest, rseP-specific primers had to be designed. To
obtain the rseP sequence it was searcher for a “rseP Staphylococcus haemolyticus” in NCBI
(National center for Biotechnology Information) gene database. The result was RIP
metalloprotease RseP (NC 007168.1:¢1707049-1705763 S. haemolyticus JCSC1435). It was
then used as a reference to find same sequence in stains from University Hospital of North
Norway in Tromse (table 2.4) that had been Whole Genome Sequenced and genome assembly

was submitted in ENA (European Nucleotide Archive).

2.9. DNA purification

DNA was extracted and purified to perform rseP amplification with gene specific
primers. Target gene was further used in cloning experiment and gene sequencing. Overnight
cultures of the resistant mutants and their wild types were used for DNA isolation.

Mechanical cell disruption by bead beating in FastPrep 24™ unit was combined with
alkaline lysis by using the E.Z.N.A.® Plasmid DNA Mini Kit I from Omega (BIO-TEK) to
obtain DNA of high purity.

Materials:

2 ml Collection Tubes

DNA Wash Buffer

Elution Buffer

HBC Buffer

HiBind® DNA Mini Columns
RNase A

Solution I

Solution II

Solution II1
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Procedure:

l.

10.

11.

Bacterial culture grown overnight (1.5 ml) was transferred to the Eppendorf tube (1.5
ml) and centrifuged at 13,000 x g for 4 minutes to collect cell pallets, and supernatant
was discarded.

The cell pallets were added Solution I with RNase A (400 pl) for resuspension.
Previously added RNase A degrade cellular RNA during cell lysis.

Lysing Matrix B (2 ml) tube was filled with 0.4 g of 0.1 mm silica beads and added
resuspended cells. The cells were disrupted in FastPrep 24™ homogenizer by
multidirectional beating, two times 20 seconds with speed 6 m/s and a short break
between them.

Tube was centrifuged for 5 minutes with maximal speed and the supernatant was
transferred to a new Eppendorf tube.

For alkaline lysis it was added Solution II (250 pl), mixed well by turning the tube up
and down a few times and incubate for 2 minutes until the lysate was clear. Lysis
solution was added to solubilize the cell membrane and denature proteins as well as for
breaking the hydrogen bonds between the DNA bases.

In the fume hood it was added hazardous Solution III (350 pl) for neutralization
(hydrogen bonding between DNA bases were re-established) of the lysis reaction and
by gently rotation of the tube mixing the solutions. Centrifuged for 10 minutes with
13,000 x g.

The supernatant with was transferred into HiBind® DNA Mini Column in Collection
Tube, then centrifuged again for 1 minute with 13,000 x g.

Flow-though was discarded into a hazardous waste flask in flow hood, DNA was bind
to the silica membrane by adding the HBC-Buffer with isopropanol (500 pl).
Centrifuged for 1 minute with 13,000 x g, the flow-through was discarded and the
collection tube reused.

The washing off undesirable cell components was done by adding DNA Wash Buffer
(750 pl), centrifuged for 2 minutes and the discarded the filtrate.

The HiBind® DNA Mini Column was centrifuged for drying for 1 minute with 10,000
x g and transferred carefully into a new Eppendorf tube.

To extract the isolated DNA it was added the DNA Elution Buffer or distilled water (80
ul) into the middle of the silica membrane, incubate at room temperature for 2 minutes

and centrifuged for 1 minute with 13,000 x g.
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2.9.1 Isolation of gDNA for Whole Genome Sequencing (WGS)

Whole Genome Sequencing was carried out in aim to examine the entire genome of
1solated mutants and their wild types. To obtain chromosomal DNA from microbial samples,
complete disruption of the bacterial cells was required. Procedure was accomplished according
to NucleoSpin® Genomic DNA from microorganisms User manual, page 13 (Macherey-

Nagel).

2.10. DNA concentration
NanoDrop 2000 Spectrophotometer

The quantification and qualification of the isolated DNA was evaluated by the
NanoDrop spectrophotometer. The concentration of amino acids as well as the sample purity

ratio A260/A280 was measured after the DNA extraction or PCR product clean-up.

Procedure:
1. The pedestal was lifted and cleaned with distilled water (2 pL).
2. For blanking the measurement, it was used elution buffer or distilled water (2 pL),
depending on what DNA was extracted with.
3. The pedestal was cleaned with a soft paper, sample (2 ulL) was applied and the
measured.

4. After use the pedestal was cleaned with distilled water, dried with paper and closed.

Qubit® Fluorometer

The Qubit® fluorometery was used for measuring the accurate concentration of the
DNA in a sample by fluorometric method. Qubit was usually used for samples of very low
concentration. Procedure was performed accordingly to Qubit™ dsDNA BR Assay Kit manual

from Invitrogen by Thermo Fisher Scientific.

2.11. Primers design and preparation

To perform molecular cloning with In-Fusion Cloning method, special primers had to
be designed to amplified rseP genet from S. haemolyticus LMG4105 (WT), S.aureus
LMGT3023 (WT). For that purpose, the pPDRAW32® 1.1.142 software was used. The 15
nucleotides long 5’end of the primer was homologous to the linearized vector. The 3 end was

gene-specific and contained GC between 40-60% of the sequence, what gave melting
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temperature (Tm) between 58—65°. The restriction enzyme site had to be included between
those two parts.

Primers used in sanger sequencing by GATC were designed by selection of the
nucleotide sequences of length 19-24 nucleotides. To obtain gene-specific oligos with good
annealing efficiency the CG content should have a range of 50% then the melting temperature
(Tm) was near 60°C. One of the challenges in sanger sequencing is the low quality of the first
50 nucleotides in reads. To ensure that entire 7sep had been covered by sequencing reads, one
of the primers was chosen to be approximately 100 nucleotides upstream and one 100
nucleotides downstream from the gene.

The primers (table 2.5) were shipped in stable dry form and resuspend in distilled water
to 100 uM stock solution upon arrival. To obtain working solution of 10 uM, the stock solution

was diluted with dH>O in ratio 1:9. Both solutions were kept at -20°C.

Table 2.5. List of the primers used in this study.

Primer name Sequence (5'- 3%) Tm Length Annotation
‘O (nt)
SH LMG4105 RseP F GGA GTA TGA TTC ATA 63.8 44 Forward In-Fusion
TGA GCT ATT TAA TCA primer for S.
CTA TTG TCT CAT TT haemolyticus rseP
amplification
SH LMG4105 RseP R TCG AAC CCG GGG TAC 70.1 44 Reverse In-Fusion
CTT ACA AGA AAT AAC primer for S.
GTT GTA TAT CGT TC haemolyticus rseP
amplification
SH LMG4105 RseP Seq F1 TTG AGT GCA CAT TTG 57 22 Forward primer for
ACT AGA C S. haemolyticus
rseP amplification
and sequencing,
139 nt upstream
SH LMG4105 RseP Seq R1 ACT CAA TGC TTC TGC 59.6 21 Reverse primer for
TTC AGC S. haemolyticus
rseP amplification
and sequencing,
84 nt downstrem
SH LMG4105 RseP Seq F2 ATC GCT CCA CGA CAT 62.4 19 Forward primer for
CGAC S. haemolyticus

rseP sequencing
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SH LMG4105_RseP_Seq R2

SH LMG4105 RseP Seq F3

SH LMG4015 RseP Seq R3

SH LMG4105_RseP _Seq R4

S.aureus RseP F

S.aureus RseP Seq F

S.aureus RseP Seq R

SH LMG4105 RseP_6H_R1

S.aureus RseP_R1

S.aureus RseP_6H RI

Myc Rsep

GCT GCA GAC TGA ATG
TCATC

GAA CGA AACTTT GTA
TAC CAT CCG

ATG TAC TGG CAC TAA
CAAACTG

AAA TTC GAC CAC CAT
CAA GTGC

GGA GTA TGA TTC ATA
TGG TGA GCT ATT TAG
TTA CAA TAA TTG CAT
CGA GAG ACA GAC AAT
TTG CAC A

GGA TTC CAA CCA GCG
AGT GAA

TCG AAC CCG GGG TAC
CTT AAT GAT GAT GAT
GAT GAT GCA AGA AAT
AAC GTT GTA TAT CGT TC

TCG AAC CCG GGG TAC
CTT ATA AGA AAT ATC
GTC GAA TAT CAT TC
TCG AAC CCG GGG TAC
CTT AAT GAT GAT GAT
GAT GAT GTA AGA AAT
ATC GTC GAA TAT CAT TC
TCG AAC CCG GGG TAC
CTT ACA GAT CCT CTT
CTG AGA TGA GTT TTT
GTT CTA AGA AAT ATC
GTC GAA TAT CAT TCC

58.6

57.5

57

59.6

65.3

59.6

61

73.5

68.9

72.6

>75

20

24

22

22

45

21

21

62

44

62

75

Reverse primer for
S. haemolyticus
rseP sequencing
Forward primer for
S. haemolyticus
rseP sequencing
Reverse primer for
S. haemolyticus
rseP sequencing
Reverse primer for
S. haemolyticus
rseP sequencing
Forward In-Fusion
primer for S. aureus
rseP amplification
Forward primer for
S.aureus rseP
sequencing
Forward primer for
S. aureus rseP
sequencing
Reverse In-Fusion
primer with 6His-
tag for S.
haemolyticus rseP
amplification
Reverse In-Fusion
primer for S. aureus
rseP amplification
Reverse In-Fusion
primer with 6His-
tag for S. aureus
rseP amplification
Reverse In-Fusion
primer with Myc-
tag for S. aureus

rseP amplification
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Aur seq R TGT GCA AAT TGT CTG 59.6 22 Reverse primer for
TCT CTC G S. aureus rseP
sequencing

Restriction sites are underlined; 6His-tag and Myc-tag are in bold letters

2.12. PCR

Polymerase chain reaction was performed to amplify rseP sequence with In-Fusion
primers as well as to multiply the target fragment of the template into larger amount before the

sanger sequencing.

To avoid non-specific annealing, the reaction mixture was prepared on ice and the
enzyme with the template DNA were added just before the thermal reaction start. The
component of the biggest volume, usually distilled water, was added to the PCR tube first, so

the next ingredient was diluted in it.

Materials:

5 X Q5 Reaction Buffer; Biolabs

10 mM Deoxynucleotide (ANTP) solution mix; Biolabs
Forward/Reverse primer 10 uM (table 2.5); Invitrogen™
Distilled water

Ice

Q5® High-Fidelity DNA Polymerase; Biolabs

Q5® High-Fidelity 2X Master Mix; Biolabs

Template DNA

Procedure:
1. The master mix was prepared by mixing calculated volumes of each component that
was needed for all of the samples (table 2.6; 2.7).
2. Then, the required volume of master mix was distributed in previously marked PCR
tubes, the gDNA and polymerase enzyme were added last.
3. The thermal cycler was programmed according to table 2.8, and the samples were placed
inside before the reaction had started.

4. After the PCR reaction was finished, it was proceeded with gel electrophoresis (2.14).
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Table 2.6. Components sett-up for Q5 PCR reaction.

Reaction components

Volume

5X Q5 Reaction Buffer

10 mM dNTPs

Q5® High-Fidelity DNA Polymerase
10 uM Forward primer

10 uM Revers primer

dH-0

gDNA

Total

Table 2.7. Components sett-up for PCR reaction with ready mixed master mix.

10 pl

1 ul
0.5 ul
2.5 ul
2.5 ul
32.5ul
1 ul
50 ul

Reaction components

Volume

10 uM Forward primer

10 uM Reverse primer

DNA template

Q5" High-Fidelity 2X Master Mix
dH->0

Total

2.5 ul
2.5 ul
1 ul

25 ul
19 ul
50 ul

Table 2.8. Thermal cycles for Q5® High-Fidelity DNA Polymerase.

Cycle name Temp (°C) Time Number of
repeats

Initial denaturation 98 30s 1
Denaturation 98 10s
Primer annealing 65 30s 30
Extension 72 40 s
Final extension 72 2 min 1
Infinity hold 4 0 1

2.13. Colony PCR

After each transformation process it was important to determine if the target sequence

had been inserted into the plasmid or the plasmid into the cell. Colony PCR is a method which

verifies that with no need for plasmid purification.
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Materials:

Bacterial colony after transformation

Cloning Forward/Reverse primer 10 uM (table 2.5); Invitrogen™

Distilled water

Ice

Red Tag-DNA-polymerase 2X MasterMix, 1,5 mM MgCl:; VWR

Procedure:

l.

A single bacterial colony was picked from the selective media with sterile toothpick and
distributed on the PCR tube’s bottom.

Closed PCR tube was transferred into the microwave and run for 45 seconds at maximal
radiation to allow cell lysis.

Reaction components were added to the lysed cells according to table 2.9.

The tube was placed in the thermal cycler machine and program was chosen according
to table 2.10.

After the amplification had finished, the product was loaded on 1,2% agarose gel (2.14).

Table 2.9. List of the colony PCR components.

Reaction components Volume
Red Tag 2X Master Mix 25 ul
10 uM Forward primer 1 ul
10 uM Revers primer 1 ul
dH20 23 ul

Table 2.10. Thermal cycles for Red Taq DNA Polymerase Master Mix.

Cycle name Temp (°C) Time Number of
repeats

Initial denaturation 95 2 min 1

Denaturation 95 20s

Primer annealing 55/60 20s 30

Extension 72 1 min

Final extension 72 5 min 1

Infinity hold 4 0 1
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2.14. Gel electrophoresis

Gel electrophoresis was performed to confirm target gene amplification, colony PCR

and plasmid restriction digestion. Negatively charged molecules like DNA, travel to the

positively charged anode when placed in the electric field. With this method it is possible to

separate macromolecules of varying sizes during the migration through the agarose matrix with

pores.

Materials:

1X TAE Buffer (Tris-acetate-EDTA); Thermo Scientific™

Distilled water

FastDigest Green Buffer (10X); Thermo Scientific™
Gel Loading Dye, Purple (6X); Biolabs
MetaPhorTM Agarose; Lonza

peqGREEN DNA/RNA dye; PEQLAB
Quick-Load® 1 kb DNA Ladder; Biolabs

Procedure:

l.

To dissolve agarose powder (6 g) in 1X TAE buffer (500 ml) it was used autoclave
(121°C for 18 minutes) and stored at 55°C until use.

The gel tray was placed on the gel caster and the clams were tighten.

Into melted agarose solution (60 ml) it was added peqGREEN DNA/RNA dye (2.5 ul)
and mixed well. Then the mixture was poured into the gel tray and the appropriate size
comb was placed on it.

When the agarose gel had solidified, it was moved to electrophoresis tank (with cathode
above) and filled with 1X TAE Buffer until the gel was covered completely.

Each PCR product was added Gel Loading Dye (8 ul) to track the DNA fragment.
Alternative dyes were used during vector restriction digestion and the colony PCR.
Those two, contained tracking dyes suitable for direct loading of PCR product on
agarose gel without addition of electrophoresis loading dyes.

The comb was removed and the Quick-Load® 1 kb DNA Ladder (20 pl) was loaded in
the first well then followed by dyed samples.

After placing the safety cover, power source was run for 60 minutes at 90 V.
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8. Finally, the gel was exposed to UV light in gel imaging system where the separated
DNA bands were analysed.

2.15. PCR product clean-up

After separation of linearized plasmid and amplified DNA by gel electrophoresis, the
visible bonds with correct size were cut out of the gel and used in dissolving and purification
process. Purified DNA was then used in further experiments.

Procedure was carried out according to the instructions in the PCR Clean-up Gel

extraction User manual, page 19-20 (Macherey-Nagel).

2.16. GATC sanger sequencing

Sequencing of isolated DNA from resistant mutants and corresponding wild types was
performed to obtain the sequence of the rseP gene. Possible alteration in nucleotides could
elucidate the cause for observed phenotype characteristics. Sequencing was also done for the
rseP after each cloning procedure to confirm that correct insert was added to the plasmid.
The LightRun sequencing GATC (Eurifins GATC Biotech) was used as a sequencing service

that delivered high quality reads. Barcodes were ordered before sample preparation.

Sample preparation

To achieve the best quality data, the template DNA must be at proper amount. For
plasmid DNA it was used 500 ng and 250 ng for PCR fragment. The important requirement
was to not use elution substance with ethylenediaminetetraacetic acid (EDTA). It binds the
magnesium ion and disturbs the DNA polymerase in sequencing reaction.
Calculated amount of the template DNA was diluted with dH>O to minimum volume of 7.5 pl
in Eppendorf tube and added 10 uM appropriate primer (2.5 ul) (table 2.5). Tubes were labelled
with correct barcode stickers with number corresponding to the number in lab record. Samples

were kept in -4°C until dispatch.

Reads assembly and analysis
After the sequencing was completed, results were revealed ready to download on the

Eurofins Genomics platform (https://www.eurofinsgenomics.eu). The file contained

chromatogram, text and fasta formats. Chromatogram files were opened with SnapGene Viewer

software (SnapGene®) and QIAGEN CLC Main Workbench software, to see the quality of the
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reads and determine what sequence could be used for assembly. Contigs were established by
CAP3, sequence assembly program available online (http://doua.prabi.fr/software/cap3), as
well as by using the QIAGEN CLC Main Workbench software. The Basic Local Alignment
Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the Multiple Sequence

Alignment by CLUSTALW (https://www.genome.jp/tools-bin/clustalw) were implicated in

sequence analysis.

2.17. Whole Genome Sequencing (WGS)

Whole Genome Sequencing using Illumina® Next Generation Sequencing (NGS)
technology was performed on extracted genomic DNA from two wild types and four of
adequate mutants. Sample preparation and sequencing was done by Davide Porcellato,
Researcher at Faculty of Chemistry, Biotechnology and Food Science. Quality-control, reads
assembly and annotation was performed by Thomas Oftedal, PhD Candidate at Faculty of
Chemistry, Biotechnology and Food Science (NMBU, As).

Unipro UGENE software v.33.0 was used for contigs assembly, and SnapGene®
Viewer version 5.0.7. together with BLAST (NCBI) and The Universal Protein Resource

(UniProt) was implicated in annotation.

2.18. Heterologous expression of rseP

In order to confirm the importance of rsep gene for H1 sensitivity in S. haemolyticus,
rseP was heterologously expressed in L. plantarum (figure 2.7) which is naturally resistant to
the hybrid bacteriocin. DNA fragment was fused in pLp1261 InvS vector system that is a
derivative to (Servig et al., 2003). Finally, propagated in One Shot® TOPI10 Chemically
Competent E. coli and expressed in L. plantarum WCFSI.
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Figure 2.7. Schematic representation workflow of heterologous expression of rseP gene. Previously isolated
DNA fragment (details in section 2.9) and amplified with In-Fusion primers (details in see section 2.12) was
cloned with pLp1261 InvS vector isolated from E. coli. The plasmid with insert was then transformed by heat

shock into TOP10 E. coli for propagation, prior to introduction into electrocompetent cells.

Plasmid DNA isolation

To extract pure plasmid DNA from E. coli cells the Nucleo Spin® Plasmid kit
(Macherey-Nagel) was used. An appropriate antibiotic (erythromycin) was used in bacterial
cultivation as a selection marker. Buffer A1 was added RNase A and Wash Buffer A4 was
mixed with ethanol (for exact amount see the Plasmid DNA Purification User Manual
NucleoSpin® Plasmid, page 14-15 (Macherey-Nagel).

Concentration of the extracted plasmid DNA was measured with previously mentioned

Qubit fluorometer. Samples were stored at -20°C until use.
Vector linearization

Plasmid (pLp1261 InvS = 6428 bp) from Es. coli was digested with specific restriction

enzymes to cut out the /nvS gene (827 bp) and linearize plasmid. For this, Thermo Scientific™
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FastDigest Restriction Enzymes Acc651 (G*GTACC) and Ndel (CA*TATG) that have the

target sequences on both ends of the /nvS gene (figure 2.8) was used.

Ndel -29 - CA'TA_TG

Figure 2.8. Vector pLp1261_InvS was digested with Ndel and Acc65I restriction enzymes to cut off the

InvS gene.

Materials:

10x FastDigest Green Buffer; Thermo Scientific™
Distilled water

Extracted plasmids pLp1261 InvS’

FastDigest Ndel (10X); Thermo Scientific™
FastDigest Acc65I (10X); Thermo Scientific™

The reaction components were added to two Eppendorf tubes in accordance to table

2.11 and incubated for 1 hours at 37°C. Sample with no enzyme was used as a positive control.

Table 2.11. List of the plasmid restriction digestion components.

Components With Without
enzyme enzyme
dH0 15 pl 20 pl
10x FastDigest Green Buffer 5ul 5ul
Extracted plasmid 25 ul 25 ul
Ndel 2.5 ul -
Acc651 2.5 ul =
Total 50 ul 50 ul
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After digestion, plasmids fragments were separated on agarose gel, extracted with PCR
Clean-up Gel Extraction kit (Macherey-Nagel) and the concentration was measured with Qubit

fluorometer.

In-Fusion cloning

In-Fusion is an effective way to clone an insert into a vector without any ligase. This
method required a linearized vector, gene-specific primers (with 15 nucleotides homologous to
the vector) and insert template. Linearization of the vector and target gene amplification has
previously been described. In-Fusion cloning was conducted according to the In-Fusion® HD
Cloning Kit User Manual (page 10).

Needed amount of vector and insert for cloning reaction was calculated using the molar

ratio 2 (insert/vector) on https://www.takarabio.com. Calculated quantities of vector, PCR

fragment and enzyme premix were added to dH>O up to 10 pl (or 30 pl) total volume. Incubated
for 15 minutes at 50°C in a water bath, then moved on ice. Samples were stored at -20°C if no

further transformation were done the same day.

Heat shock

To perform transformation, bacterial cells should be liable to take up DNA under
controlled conditions. In this study it was used One Shot® TOP10 Chemically Competent E.
coli (Invitrogen™) cells with high efficiency transformation and plasmid propagation was used.

Procedure was carried out according to producer’s protocol.

Materials:

BHI plates with erythromycin

Ice

One Shot™ TOP10 cells (one tube for one transformation); Invitrogen™
Recombinant plasmid

S.0.C. Medium; Invitrogen™
Procedure:

1. Suspension (50 pL and 100 ul) was spread separately on dry and preheated BHI plates
with appropriate antibiotic, incubated O/N at 37°C.
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2. The next day, plates were inspected and colonies were isolated for further analyses. The
colony PCR, plasmid isolation and sequencing were performed.

3. Glycerol stocks of pure cultures were made and stored at -80°C.

Transformation of Electrocompetent Cells
The last step of transformation was to express Staphylococcus rseP in L. plantarum
WCEFSI cells. The procedure was modified from Helge Holo and Ingolf F. Nes (Holo and Nes,

1989) transformation protocol to obtain electrocompetent cells of L. plantarum cells.

Electrocompetent cells preparation

Materials:

2 % Glycine; Sigma Life Science

30 % Poly ethylene glycol M.W. 1450 (PEGi4s0); ACROS Organics™
Ice

O/N culture L. plantarum WCFS1

M.R.S. broth

Protocol:

1. O/N culture was serial diluted (10-'- 10"'") in M.R.S medium with 1% glycine.

2. Incubated overnight at 37°C.

3. The next day, culture solution (1 ml) with previously checked ODgoo of 2.5 = 0.5 was
added to MRS with 1% glycine (20 ml) and further grown until ODgoo 0f 0.7 = 0.07 then
the culture was put on ice for 20 minutes.

4. Cells were collected by centrifugation at 5,000 x g for 10 minutes at 4°C and supernatant
was discarded.

5. Next, the cell pallets were resuspended in 5 ml ice cold 30% PEGu4s0 (freshly made)
and added more 30% PEG4s0 (20 ml).

6. Incubated on ice for 10 minutes and centrifuged again at 5,000 x g for 10 minutes at
4°C.

7. The supernatant was removed, cells were resuspended in 30% PEGi4so (400 pl) before

divided to smaller portions (40 pl) in Eppendorf tubes, and frozen at -80°C for storage.
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Electroporation

Materials:

Electrocompetent cells

Extracted plasmid

Gene Pulser®/MicroPulser™ Electroporation Cuvettes, 0.2 cm gap; BIO-RAD

Ice

MRS plates with erythromycin
MRSSM (MRS medium + 0.5 M sucrose + 0.1 M MgCl,)

Procedure:

Prior to electroporation, the electrocompetent cells were thawed on ice. Eppendorf tubes

(one for each reaction) and cuvettes were cooled on ice. The BIO-RAD Gene Pulser was set on

1.5 kV and 25 pF capacitance, while the BIO-RAD Pulse Controller was set on 400 Q

resistance.

l.

To wvail of (40 pl) of competent cells, plasmid (5 pl) was added mixed gently and
transferred to the electroporation cuvette.

The cuvette was placed in pulser unit, and the electroporation was carried for 1 second.
The cuvette was removed and added MRSSM (450 pl) prior to suspension transfer to
Eppendorf tube.

Incubated at 37°C for 4 hours.

Culture was plated out on MRS agar with erythromycin in two different volumes on
each plate (50 pl and 100 pl) and incubated at 37°C for two days. Remaining culture
was kept at RT until next day.

Finally, colonies evaluated using colony PCR. Glycerol stocks were made and stored at

-80°C for further analysis.
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3. Results

The evaluation for S. haemolyticus strains from India were obtained from Mikkel

Bronner (Master student), who shared his results for purpose of this research.

3.1. Spectrum of inhibition assay

Spectrum of inhibition for 51 bacterial strains (section 2.6.1) of different genera
indicated various activity for bacteriocins EntK1, EntEJ97, H1 and H2 (figure 3.1). Figure 3.1
shows that Enterocin K1 and EJ97 are active against broad range of Gram-positive bacteria.
However, EntEJ97 exhibit wider activity especially among Staphylococcus species and the
producer-bacteria related enterococci. H1 shows strong activity against Enterococcus and
several species of Staphylococcus, in particular the S. haemolyticus. Bacteriocin H2 have a
much narrower spectrum of inhibition, but it displays activity mostly against Lactobacillus
species almost similar to the EntK1. Nisin Z was used as a positive control due to its wide
spectrum of activity for Gram-positive bacteria. Neither of the tested bacteriocins were active

against Gram-negative E. coli species.

EntK1 EntEJ97 H1 H2 NisinZ
Isolate 1mg/ml 0.2mg/ml 1mg/ml 0.2mg/ml 1mg/ml 0.2mg/ml 1mg/ml 0.2mg/ml 1mg/m| 0.2mg/ml|

000 Staphylococcus hominis (n=1)
Staphylococcus haemolyticus (n=1)

hyl (n=1)
Staphylococcus aureus (n=6)

hyl rl (n=1)

imulans (n=1)

Bacillus cereus (n=3)
Listeria ivanovii (n=1)
Listeria innocula (n=2)
Listeria monocylogenes (n=5)

N~

T C piscicola (n=1)
L Carnobacterium divergens (n=1)

002

faecalis (n=5)

;LE Enterococcus avium (n=1)

ot Enterococcus faecium (n=4)
L bacillus salivarius (n=1)
. Lactobacillus plantarum (n=2)
Lactobacillus curvatus (n=1)
@ o  Lactobacillus sakei (n=2)
el pyeal | garvi (n=1)
,m; Lactococcus lactis (n=2)
. 20 Streptococcus thermophilus (n=1)

I,_E Streptococcus dysgalatiae (n=1)

009 001 Streptococcus uberis (n=2)
Leuconostoc gelidum (n=1)
Escherichia coli (n=2)

NINNnN"}NNn:u

Figure 3.1. Graphical representation of spot-on-lawn spectrum of inhibition assay plotted onto the
phylogenetic tree. This figure shows average scores for inhibitory activity of bacteriocin EntK1, EntEJ97, H1,
H2 and nisin Z correlated to evolutionary relationship among 25 different bacterial species (obtained in
cooperation with Mikkel Brenner). Observations were done after 24 hours incubation at 30°C. Nisin was used as
an inhibitory control due to broad activity spectrum. Scorings system: 0= no inhibition (blue); fl= Unclear zone

koo

(green); 2= small zone (<1 cm) (yellow); I= big zone (>1 cm) (orange); zone with resistant mutants. Complete
collection of inhibition spectrum assay results can be found in appendix A1. The tree was generated by neighbor-

joining algorithm.
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3.1.1. Spectrum of inhibition assay for S. haemolyticus strains

As previously mentioned, S. haemolyticus is an emerging threat in hospital infections,
with very few treatment options due to its antibiotic resistance (Czekaj et al., 2015).
Interestingly, the spectrum of inhibition assay (section 3.1) exhibited that bacteriocin H1 is
highly active against S. haemolyticus. This observation became the basis for further research
on bacteriocin potential. S. haemolyticus from India were involved to compare bacteriocin
efficiency against geographically diverse strains.

Sensitivity of the S. haemolyticus to leaderless bacteriocins EntK 1, EntEJ97, H1 and H2
was analysed using spot-on-lawn experiment (section 2.6.2). Table 3.1 shows that bacterial
isolates from Norway and India displayed similar sensitivity to these four peptides. Bacteriocin
EJ97 and H1 have similar activity against different S. haemolyticus strains, however H1
generated bigger zones of inhibition than EJ97 even at lover concentrations. Both bacteriocins
produced resistant mutants (table 3.1). EntK1 and H2 display nearly no inhibitory efficacy
except the most susceptible S. haemolyticus strains, such as LMG4106, LMG4111 and
LMG4112.

Table 3.1. The scoring table of bacteriocins (EntK1, EntEJ97, H1, H2) activity at different concentrations
against S. haemolyticus strains after 24 hours incubation at 30°C. The table shows results for strains from
Norwegian hospitals and isolates from India (obtained from Mikkel Brenner). Scorings system: 0= no inhibition;

32 31

I= Unclear zone; I= small zone (<1 cm); I= big zone (=1 cm), zone with resistant mutants. Complete

collection of results for Norwegian starins can be found in appendix A2.

Isolate (n=1) EntK1 EntEJ97 H1 H2
Img/ml  0.2mg/ml 1Img/ml 0.2mg/ml Img/ml 0.2mg/ml Img/ml 0.2mg/ml

LMG4096
LMG4097
LMG4098
LMG4099
LMG4100
LMG4101
LMG4102
LMG4103
LMG4104
LMGA4105e
LMG4106e
LMG4107
LMG4108
LMG4109
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LMG4110
LMG4111
LMG4112
LMG4113
LMG4114
LMGA4115e
LMGT4068ee
LMGT4069ee
LMGT4070ee
LMGT4071ee
LMGT4072ee
LMGT4073ee

eResistant mutants were isolated from this strain for further investigation of resistance mechanism

eeStrains from India, measures were done by Mikkel Brenner

The two-fold dilution of bacteriocin H1 on microtiter plate (section 2.7.3) determined
the minimum concentration required to inhibit growth of various S. haemolyticus. Table 3.2
shows that the H1 concentration 0.78 pg/ml (170 nM) prevented most Norwegian and Indian
strains after 5 hours at 37°C. After 24 hours incubation, several of the isolates became more
resistant and the concentration required to inhibit growth was higher, which points at production
of resistant mutants. Resistant mutants were also observed in spot-on-law experiment (table

3.1). There is no obtained data for Indian strains for 24 hours treatment.

Table 3.2. MICso (ng/ml) values for H1 against S. haemolyticus strains based on microtiter plate assay. The
minimum concentration of bacteriocin required for bacterial growth inhibition was calculated from OD600 values

measured after 5 hours and 24 hours incubation at 37°C.

Isolate (n=1) 5h 24 h
LMG4096 0.78 1.6

LMG4097 0.78 >50
LMG4098 0.78 6.25
LMG4099 1.6 3.13
LMG4100 1.6 3.13
LMG4101 0.78 >50
LMG4102 0.78 0.78
LMG4103 0.78 1.6

LMG4104 1.6 1.6

LMG4105* 0.78 >50
LMG4106* 0.2 0.39
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LMGA4107 0.78 1.6

LMGA4108 0.78 0.78
LMGA4109 0.78 0.78
LMGA4110 1.6 1.6
LMG4111 0.2 0.39
LMGA4112 0.2 0.39
LMGA4113 1.6 3.13
LMGA4114 1.6 1.6
LMGA4115* 0.78 1.6
LMGT4068** 0.39

LMGT4069** 0.39

LMGT4070** 0.78

LMGT4071** 0.78

LMGT4072** 0.78

LMGT4073** 0.78

* Resistant mutants were isolated from this strain for further investigations (3.3)

**Strains from India, measures were done by Mikkel Brenner

3.2. Bacteriocin H1 potential

The potential of bacteriocin H1 as a possible substitute for antibiotic in treatment of
S. haemolyticus was determined by comparative susceptibility (section 2.6.3). The antibiotics
applied in this experiment are usually used against infections of Gram-positive bacteria. The
inhibition zones produced by antibiotic disk diffusion method were compared with zones
produced by hybrid bacteriocin HI in spot-on-lawn assay after 24 hours of incubation at 37°C
(appendix A3). Table 3.4 shows that H1(1mg/ml) was one of the most active antimicrobial
agents tested. Several of the applied antibiotics displayed strain dependent activity, while
bacteriocin H1 was equally effective against all the strains. After 24 hours incubation, resistant

mutants were observed for both bacteriocin H1 and antibiotics.

Table 3.4. The inhibition efficiency of 3 and 0.6 pg of H1 against S. haemolyticus was compared with

5 ug vancomycin (VAS), 10 units of penicillin G (P10), 30 ug teicoplanin (TEC30), 5 pg ciprofloxacin (CIP5),
15 pg erythromycin (E15) and 5 pg rifampicin (RD5) by disc diffusion method. Results were determined after
24 hours incubation at 37°C. Scorings system: I= no inhibition; I= Unclear zone; 2= small zone (<1 cm); I= big

32 31

zone (=1 cm), zone with resistant mutants.

Isolate VAS P10 TEC30 CIP5 E15 RD5 H1 H1
(0=3) Gpg)  (Ounit) (G0pg  Gpg  (5py Gpe  Guy  O.6pg
LMG4097

LMGA4103 2% 2% 2%
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LMGA4105
LMGA4106
LMGA4113
LMGA4115

To overcome the production of bacteriocin resistant mutants (results 3.1 and 3.2),
combinations of bacteriocin with other agents were applied to increase the antimicrobial
potency. Microtiter plate assays (section 2.6.4) have evaluated the efficiency of single and
combinatory formulations with two-fold dilution series of bacteriocin H1, garvicin KS and
micrococcin P1 against S. haemolyticus after 24 hours treatment (figure 3.2). Bacteriocin
combinations show greater inhibitory efficiency than individual bacteriocins. Several strains
are more susceptible to formulations containing H1. H1+GarKS exhibits highest activity for
almost all isolates used in this investigation. Results in figure 3.2 indicate that bacteriocin H1

has high synergy effect in combination with other antimicrobials.

MIC of single and combinatory formulations

B LMG4097 M LMG4103 [ LMG4105 LMG4106 M LMG4113 M LMGA4115

10

9
5 8
5 7
5 g 6
5 T 5
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@ 2 »
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GarkS H1+GarKS H1+MiP1
H1 MiP1 GarKS+MiP1 H1+GarKS+MiP1

Bacteriocin combinations

Figure 3.2. Bacteriocin combinations efficiency against S. haemolyticus (n=3) after 24 hours treatment at
37°C. Two-fold dilution of single agents and bacteriocin combinations determined visually. The Y-axis represents
the number of dilution series of formulations required to inhibit the bacterial growth, which 1 is the inhibition at
highest concentrations and corresponds to 100 pg/ml for H1, 100 pg/ml for GarKS and 10 pg/ml for MiP1. 0
indicates no inhibition at initial concentration. In contrast, the dilution series 10 represents the lowest
concentrations and corresponds to 0.2 pg/ml for H1, 0.2 pg/ml for GarKS and 0.02 pg/ml for MiP1. The X-axis

shows the efficiency of different bacteriocin combinations against different bacteria.
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3.3. Heterologous expression of rseP
Heterologous expression was conducted to confirm the importance of rseP in S.
haemolyticus for sensitivity of hybrid bacteriocin H1. S. aureus LMGT3023 was used as a
negative control species for bacteriocin sensitivity due to its bacteriocin resistance.
Mapping of restriction enzymes (details in section 2.18) within ‘pLp1261” vector and
primer design was conducted using pDRAW32 software (figure 3.3). Plasmids isolated from
E. coli were digested with enzymes Ndel and Acc65I (gel picture in appendix A4) and

subsequently cloned with PCR amplified rseP fragments from two different S. haemolyticus

and S. aureus.

1]
I' l
Ndel -29 - CA'TA_TG  ,*
.
.
1

=58,2°C

1324] - Tr=48°C

Acc6S1 - 856 - G'GTAC_C £
|

05_RseP_R - [1263-1306] - Tm-613°C

> SH_LMG4105_RseP_F - [-10-33] - Ty
del - 396 - CA'TA_TG

S.h_rseP
1296 bp

In-Fusion cloning

Ndel - 47 - CA'TA_TG
>SH_LMG4105_RseP_F - [35-78] * Tm=63,8°C
Ndel - 441 - CA'TA_TG

<SH_LMG4105_RseP_R - [1308-1351] - Tm=70,1°C
<SH_LMGH4105_RseP_6H_R1 - [1308-1369] * Tm=45°C
Acc65I - 1336 - G'GTAC_C

pLp1261_S.h_rseP
6890 bp

Figure 3.3. Construction of the plasmid vector pLp1261_S.h_rseP for the expression of rseP fragment in L.

plantarum WCFSI1. Restriction sites Ndel and Acc651 are colored red and blue respectively. Primers used in
PCR-annealing of the rsep fragment are displayed in pink. Constructions were designed in pPDRAW32 software.

Similar strategy was applied when constructing vector pLp1261 S.au_rseP.
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After In-Fusion cloning, genetic transformations of chemically competent One-Shot™
TOP10 E. coli cells were successfully performed. Transformations were confirmed by colony
PCR, gel electrophoresis (appendix A5) and GATC sanger sequencing of the rseP fragments
(appendix A6-7.1).

Finally, isolated plasmids were transformed into electrocompetent L. plantarum
WCEFSI cells. Transformation results were verified by colony PCR and gel electrophoresis
(figure 3.4). Based on gel pictures, it was confirmed that transformations were successfully

completed for all strains.

S.h_rseP_6His

2
=]
°
B
o
&
-
=
%
7]

S.au_rseP
S.au_rseP_Myc

S.au_rseP

Figure 3.4. Pictures of gel electrophoresis with of colony PCR products. Expected product size was from 1278

bp S.h_rseP to 1299 bp S.au_rseP_Myc harboured in L. plantarum.

Susceptibility of transformed L. plantarum strains to bacteriocins EntK1, EntEJ97 and
H1 was determined by spot-on-lawn assay (section 2.6). The MICso was decided with microtiter
plate assay (section 2.7.3).

Table 3.7 shows that L. plantarum WCFS1 WT (A) have natural resistance to HI and
transformation with empty vector (B) did not induced sensitivity. Previously it has been showed
that S. haemolyticus LMG4105WT displayed sensitivity towards H1 with MICso 1.6 pg/ml (C).
Interestingly, L. plantarum strains harbouring S. haemolyticus rseP (D-E) exhibited higher
levels of susceptibility to bacteriocin H1 and EntK1, EntEJ97, which indicates that rseP in S.
haemolyticus is directly involved in bacterial sensitivity to bacteriocin H1.

Table 3.7 shows that transformed L. plantarum harbouring rseP from S. aureus (G, 1)
are completely resistant to H1, compared to wild type (F). In contrast, it was detected that the
strains with 6His-tag C-terminally fused to the rseP fragment (H) required only 0.1 pg/ml of

H1 after 5 hours and was still sensitive after 48 hours incubation.
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To evaluate the 6His-tag impact on bacteriocin sensitivity, Myc-tag was fused to rseP
from S. aureus (J). The newly transformed strains were resistant to bacteriocins and
susceptibility similar to S. aureus LMG3023WT (F) and strains without tags (G, I). This showed

that 6His-tag can alter bacteriocin sensitivity.

Table 3.7. Collection of bacteriocin H1 inhibition activity against transformed L. plantarum and wild types.
Results are represented with H1 MICso=pg/ml (5 hours, 24 hours and 48 hours) and spot-on-lawn assay (24 hours)
after incubation at 37°C.

Isolate (n=3)  Abbreviation MICsp MICso MICso Spot-on-lawn (24 h)
annotation 5h 24 h 48 h

A) L.
plantarum

WCFSIWT ~ Lp WCFSI >50  >50  >50

B) L.
plantarum +

empty vector

plasmid L.p pLpl261 >50 >50 >50
C)S.

haemolyticus

LMG4105WT = L MG4105 1.6 >50  >50
D) L.

plantarum +
cloned rseP
from S.

haemolyticus ~ L.p_pLpl1261 S.h rseP 0.39 1.6 3.13
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E) L.

plantarum +

cloned rseP

+6His-tag

from S.

haemolyticus ~ L.p_pLp1261 S.h rseP_6HIS

F) S. aureus

LMG3023WT S-aureus

G) L.
plantarum +
cloned rseP
from S.

aureus L.p pLpl261 S.au rseP
H) L.

plantarum +

cloned

rseP+6His-

tagfrom S.

aureus L.p pLpl261 S.au rseP 6HIS

I)L.
plantarum +
cloned rseP

from S.

aureus L.p pLpl261 S.au rseP II

DL
plantarum +
cloned rseP
+Myc-tag
from S.

aureus L.p pLpl261 S.au rseP MYC

0.05

>50

>50

0.1

>50

>50

0.05

>50

>50

0.78

>50

>50

0.05

>50

>50

1.6

>50

>50
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3.4. Resistant mutant evaluation

Naturally produced resistant mutants were isolated from three random S. haemolyticus
strains used in spot-on-lawn assay (section 2.6.2): A) LMG4105, B) LMG4106 and C)
LMG4115 (figure 3.5). The resistant strains were induced by exposure to 1 mg/ml bacteriocin

H1 and EJ97 at 30°C (figure 3.5) and were the basis for further research.

A) LMG4105 B) LMG4106 C) LMG4115

LMG4105 (H1) LMG4106 LMG4115(H1)
(EJ97)

Figure 3.5. Resistant mutants were isolated from inhibition zones in bacteriocin sensitivity assay on agar

plate containing indicator bacteria. Picture A, B and C shows the levels of inhibition of S. haemolyticus strains
corresponding to bacteriocins concentration. Illustrations a, b and ¢ display resistant mutants induced when

exposed to 1 mg/ml of HI and EntEJ97.

3.4.1. Bacteriocin resistance
The results of resistance test (section 2.7.1) confirmed resistance of the mutant strains
against bacteriocin EntK1, EntEJ97, H1 and H2, while wild types showed sensitivity to
EntEJ97 and H1 (pictures available in appendix AS8).

The microtiter plate assay with two-fold dilution of bacteriocin H1 (section 2.7.3) have
evaluated resistance level of the isolated mutants in relation to their wild types (table 3.5).
The MICsg values in table 3.5 shows resistance of all mutants to bacteriocin during incubation
for 5 hours, 24 hours and 48 hours at 37°C. In contrast, the wild types exhibited susceptibility

to bacteriocin after 5 hours incubation, however they displayed resistance after 24 and 48

65



hours. Values for MICsoof LMG105WT, LMG4106WT and LMG4115WT from table 3.5
were slightly higher in comparison to table 3.2, which could indicate experimental errors in

previous investigation.

Table 3.5. Results of MICso (ug/ml) of H1 bacteriocin against resistant isolates and their wild types measured
with OD600. MICso values display the resistance of the mutants over 5 hours, 24 hours and 48 hours constant

incubation at 37°C.

Isolate (n=1) 5h 24 h 48 h
LMG4105WT 1.6 >50 >50
LMG4105M1 >50 >50 >50
LMG4105M2 >50 >50 >50
LMG4105M3 >50 >50 >50
LMG4106WT 0.39 1.6 >50
LMG4106M1 >50 >50 >50
LMG4016M2 >50 >50 >50
LMG4115WT 0.78 >50 >50
LMG4115M1 >50 >50 >50
LMG4115M2 >50 >50 >50
LMG4115M3 >50 >50 >50

3.4.2. Stress assay

RseP 1s known to be involved in stress response in various bacteria and deletion of 7seP
cause sensitivity to extracytoplasmic stress (Alba and Gross, 2004, Koide et al., 2008, Varahan
et al., 2013, Akiyama et al., 2015). A mutation in this Zn-dependent protease may putatively
convert bacterial sensitivity to heat. Here, the stress assay was performed to demonstrate the
response of isolated mutants to high temperatures (section 2.7.2). Figure 3.6 shows that after
24 hours of temperature treatment at 40°C (illustration B) inhibition of LMG4106M1 and
LMG4106M2 was observed, however extended treatment time (bottom illustration B) shows
recovery of these strains. The same mutant strains were inhibited at 45°C treatment (illustration
C), in addition to a wild type LMG4106WT and other mutant LMG4105M3. Nevertheless, the
inhibited strains were also partially recovered after 48 hours incubation. Isolate treatment at
37°C was used as a positive control for bacterial growth.

Study of stress assay in liquid medium (appendix A9) shows similar results from agar
plates (figure 3.6). After 24 hours incubation at 40°C and 45°C the most sensitive to heat were
strains LMG4106 (WT, M1 and M2) and LMG4105M3. OD600 had lower values for treatment
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at 45°C than 37°C and 40°C, indicating that bacterial growth was inhibited during first 24 hours
of incubation.

Mutants produced by S. haemolyticus strains from India display a phenotype similarity
with the strains form Norway. Nevertheless, none of the Indian isolates were inhibited at 40°C,
which may be caused by higher heat tolerance due to the climatic origin of the bacteria. Several
S. haemolyticus were inhibited during the first 24 hours incubation at 45°C (appendix A10).
However, after 48 hours, those inhibited cells were recovered. There were no significant

differences in bacterial growth between mutants and wild types.

A) 37°C B) 40°C C) 45°C

24 h

48 h

Figure 3.6. Isolated mutants (M1-3) and wild types (WT) were treated for 24 hours (top picture) and 48
hours (bottom picture) with A) 37°C, B) 40°C, C) 45°C on solid media. Treatment at 37°C was used as a positive

control for bacterial growth.

3.4.3. Cell surface morphology
Change in antimicrobial susceptibility of mutants suggested that these resistant isolates
might have visible variations on cell surface (Galvez et al., 1998, Jonsson et al., 2010, Cotter et
al., 2013). The transmission electron microscopy (described in section 2.7.4) was used to
evaluate morphology of wild types and mutants of LMG4105 and LMG4115 strains (figure

3.7). The 60 nm thick sections of bacterial specimen embedded in resin were exposed to
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electron beams to visualize bacterial cells. Obtained micrographs showed no notable variation
between surfaces of wild types (A, D) and corresponding mutants (B-C, E-F). Nevertheless,
there was observed difference of the cells surface between LMG4105 (A-C) and LMG4115 (D-
F) strains. The surfaces of LMG4105 were rough and LMG4115 were shown to be smoother.
Alterations in cells wall in LMG4105M1 (B), LMG4115M1 (E) and LMG4115M2 (F) might

be a consequence of sectioning or embedding error the specimen.

A) LMG4105WT B) LMG4105M1 C) LMG4105M2

200 am 200 am) 200 G

D) LMG4115WT E) LMG4115M1 F) LMG4115M2

!

——
200 A

Figure 3.7. Transmission electron microscope micrographs of S. haemolyticus LMG4105SWT (A),
LMG4105M1 (B), LMG4105M2 (C), LMG4115WT (D), LMG4115M1 (E) and LMG4115M2 (F). Single cell

of each strain is represented in 200 nm resolution.

3.5. Sequence analysis
Differences in phenotypes observed in resistant isolates above are similar to those
reported in previous studies indicating mutation in rseP (Galvez et al., 1998, Varahan et al.,
2013, Ovchinnikov et al., 2017). Genome sequencing was conducted to compare the variation

in genotype with detected bacterial phenotypes.
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GATC sequencing of rseP fragment

To detect variation in rseP genotype and compare them with the perceived trails,
sequencing was performed on amplicons of mutants and subsequently aligned with
corresponding wild types. Genomic DNA was extracted from all mutants isolated from the
inhibition zones in figure 3.5 and their wild types for further amplification of rseP fragment
with specific primers (section 2.9-2.15). PCR products at size of ~1511 bp (appendix A11) were
purified and sequenced by GATC sanger sequencing. Reads were assembled to contig which
were translated to amino acids and analysed by multiple sequence alignment (MSA) (appendix
Al12-15.1).

There were no mutations at protein level of the RseP in the resistant isolates LMG4105,
LMG4106 and LMG4115 compared to the wild types. Sequencing of rseP fragment for Indian
strains LMGT4068 (WT and M1) revealed no mutation within amino acids sequence (appendix

Al6).

Whole Genome Sequencing

The intact rseP gene directed the suspicion of mutations to other systems that might be
responsible for characteristic phenotypes, sush as the putative influence of ABC transporter on
activity of RseP metalloprotease (Heinrich et al., 2008, Frank et al., 2012, Varahan et al., 2014,
Ovchinnikov et al., 2017). The whole genome sequencing was performed using Illumina Next
Generation Sequencing technology by researchers at the Norwegian University of Life Sciences
(section 2.17).

Analysis conducted on two mutants LMG4105M1 and LMG4105M2 showed similar
variations in genome. Complete WGS annotation for variation in S. haemolyticus strains using
the Snippy algorithm is included in appendix A17-18. Table 3.6 shows short versions of WGS
annotations for LMG4105M1 and LMG4105M2. Single nucleotide polymorphisms (SNPs)
were detected by alignment to the reference sequence (the wild type LMG4105WT genome)
and frameshift in the coding region was revealed. In both genomes, the mutation was a result
of deletion of the nucleotide at position 992 in node 30 of the reference sequence. This was
further investigated by a reads mapping to a reference using Unipro UGENE v.34. Alignment
of short reads with UGENE (appendix A19) illustrates reads assembly and the detected deletion
in position 993. The deletion of 885T changed the coding region for putative ABC transporter
permease protein. This frameshift mutation may terminate translation prematurely and

consequently the protein may not be fully synthetized (pairwise alignment in appendix A20).
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Table 3.6. Specifications for WGS of LMG4105 resistant mutant M1 and M2. Complete results are shown in
appendix A17-18.

Isolate Position Type of NT_Position AA_Position Effect Product
ingenome mutation  in gene in protein
assembly
LMG Node 30 deletion 855/1224 285/407 frameshift variant ABC
4105M1 p.992 c.855delT transporter
p-Phe285fs permease
LMG Node 30 deletion 855/1224 285/407 frameshift variant ABC
4105M2  p.992 c.855delT transporter
p.Phe285fs permease

WGS was performed twice on LMG4115WT, nevertheless the sequencing data was
with low coverage. In consequence, the reads library was not successfully assembled.
Obtained data did not show any significant mutations in the genomes of LMG4115M1 and
LMG4115M2 (appendix A21-22 respectively).
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4.Discussion

4.1 H1 has strong activity against S. haemolyticus

Spectrum inhibition assay of leaderless bacteriocins EntK1, EntEJ97 and their two
hybrids H1 and H2, showed that H1 was most active peptide against S. hamolyticus (figure 3.1).
The hybrid peptide HI, combining EntK1 N-terminal part and EntEJ97 C-terminal,
demonstrated the widest spectrum of inhibition and was particularly active against
Staphylococcus and Enterococcus species. The reverse combination of the eneterocins, hybrid
H2, was least active of the four bacteriocins applied. The similar efficiency of EntEJ97 and H1
may support the postulation of Ovchinnikov et al. (2014) that LsbB-like bacteriocin family have

their receptor binding part in C-terminal.

Variation of activity of the four bacteriocins may indicate that not only the highly
conserved restudies of KXXXGXXPWE motif are responsible for receptor interaction. It may
also be other amino acids at C-terminal. An example of such is the last alanine residue of
EntEJ97 and H1 which was also described by Ovchinnikov et al. (2014) in LsbB. It was
suggested to be an important residue in interaction with hydrophobic environment of the

membrane or receptor molecule.

The strong activity of H1 against S. haemolyticus was further investigated in spot-on-
lawn experiment with strains from Norway and India. The results demonstrated that
geographically diverse S. haemolyticus were equally susceptible to H1. Microtiter plate assay
showed that the effectiveness of H1 against S. haemolyticus decreased over time, which may

indicate an increase in the number of resistant bacteria in assays.

4.2. Antimicrobial potential of H1

The comparative susceptibility of pathogenic S. haemolyticus to various antimicrobials
showed a high inhibitory potential of H1 in an in vitro experiment. Common glycopeptide
antibiotics (vancomycin and teicoplanin) as a last resort for life threatening infections by
staphylococci (Czekaj et al., 2015) showed strain dependent activity in disc diffusion method.
In contrast, bacteriocin H1 exhibited similar efficiency to all S. haemolyticus strains both from
Norway and India (unpublished data, obtained from Mikkel Bronner). This might signify that
bacteriocin resistance genes are not yet distributed among S. haemolyticus, whereas antibiotic

resistance is already widespread in hospital isolates (Cavanagh et al., 2014).

71



The study of combinatory formulations of three different antimicrobials exhibited a
strong synergy effect of H1 when combined with others antimicrobial, especially garvicin KS.
Both bacteriocins H1 and GarKS are leaderless peptides with a great potential for inhibiting
Gram-positive bacteria (Ovchinnikov et al., 2017) and may have the same mode of action.
Garvicin KS have been previously described to have high synergy effect with nisin bacteriocin
(Chi and Holo, 2018), however it was not yet tested with other leaderless peptide. Combination
of antimicrobial agents are thought to be more potent in reducing resistance development
(Mathur et al., 2017). It can be assumed that increase in the concentration of peptides that may
target similar protein, could repress higher number of receptor and causes more effective
inhibition of bacterial growth. This experiment showed that synergistic interaction between H1
and garvicin KS yielded antimicrobial effect against resistant mutants (data not shown).
Furthermore, combination of H1 and garvicin KS has a great potential in inhibiting biofilm of

S. haemolyticus strains (data not shown, obtained from Mikkel Brenner).

RseP is a receptor for H1

Previous researches have shown that lactococcal and enterococcal Zn-dependent
protease RseP is a receptor for leaderless bacteriocin LsbB, EntK1 and EntEJ97 (Uzelac et al.,
2013, Ovchinnikov et al., 2017). Here it was confirmed that RseP from S. haemolyticus is
important for bacterial susceptibility to the hybrid bacteriocin H1. This was established by
heterologous expression of S. haemolyticus rseP in naturally resistant L. plantarum WCFS]1.
This also was justified by expression of unsensitive S. aureus rseP into L. plantarum WCFS1.

Interestingly, this study showed that close related species of S. haemolyticus, such as
resistant S. aureus with high sequence similarity in RseP (figure 4.1), may not interact with H1.
By performing site directed mutagenesis, a Serbian researchers group demonstrated that a single
mutation in RseP may cause loss of bacterial sensitivity (Miljkovic et al., 2016). This indicates
that small differences in amino acid sequences may cause changes in protein structure. An
alternative folding may produce protein that is less or not at all accessible for bacteriocin

(Ovchinnikov et al., 2017).

72



S.h_Rsep -MSYLITIVSFMIVFGVLVTWHEYGHMFFAKRAGIMCPEFAIGMGPKIFSFRKNETLYTI
S.au_RseP MVSYLVTIIAFIIVFGVLVTVHEYGHMFFAKRAGIMCPEFAIGMGPKIFSFRKNETLYTI
dokk kK DK Dokekskskskokskokokkkokokokokokkokkkkokkkkkokokokokokk sk sk kkkkkkokokokkkkk
S.h_Rsep RLLPVGGYVRMAGDGLEEPPVEPGMNVKVKLNDKEEITHIILDDQHKFQKIEAIEVKQCD
S.au_RseP RLLPVGGYVRMAGDGLEEPPVEPGMNVKIKLNEENEITHIILDDHHKFQQIEAIEVKKCD
*kk *Xk * kKK DDk 2 kekekek §okkokokokokok § kok
S.h_Rsep FKDDLYIEGITSYDNERHHFNIAEKAYFVENGSLIQIAPRHRQFAHKKPLPKFLTLFAGP
S.au_RseP FKDDLFIEGITAYDNERHHFKIARKSFFVENGSLVQIAPRDRQFAHKKPWPKFLTLFAGP
: H HE S P : .
S.h_Rsep LFNFILALILFITLAYFQGTPTTSVGQLADNYPAQQAGLKSGDKIVQVGQYKTKSFDDIQ
S.au_RseP LFNFILALVLFIGLAYYQGTPTSTVEQVADKYPAQQAGLQKGDKIVQIGKYKISEFDDVD
kekokokokokkok D kokok  kokok §kokkkk D Dk 3k Dkek §kskkokokokokok § L kkkkkk DRIk . L kkki D
S.h_Rsep SAANKIKDNKTTIKFERDNQTKTVDITPKKQVIKQTKLNSETTYILGFQPQKEHTLIKPI
S.au_RseP KALDKVKDNKTTVKFERDGKTKSVELTPKKTEKKLTKVSSETKYVLGFQPASEHTLFKPI
kDR Dkkskkkok | kkkkK . 1 RK D kKD §kkkk k kKL ckkk, kikkkkk kkckk | kkk
S.h_Rsep ALGFDQFVSASTLIFKAVGTMIASIFTGQFSFDMLNGPVGIYHNVDSVVKQGIIALTYYT
S.au_RseP VFGFKSFLIGSTYIFTAVVGMLASIFTGGFSFDMLNGPVGIYHNVDSVVKAGIISLIGYT
PR TR R = = T = S M kkkixk kX
S.h_Rsep ALLSVNLGIMNLLPIPALDGGRILFVIYEAIFRRPVNKKAETIIIAAGAIFVLIIMVLVT
S.au_RseP ALLSVNLGIMNLIPIPALDGGRILFVIYEAIFRKPVNKKAETTIIAIGAIFMVVIMILVT
skekskokokokokkkokokok § skokokokokkkkkkokokokokokokokokokk §kokokokskkkk kkk kkokk D D Lkk kKK
S.h_Rsep WNDIQRYFL
S.au_RseP WNDIRRYFL
kkkk | kckkk

Figure 4.1. Comparison of the amino acid sequence of S.h_RseP and S.au_RseP using CLUSTAL 2.1

@,

multiple sequence alignment. “*” indicates positions with conserved residues; “:” indicates aa of strongly similar

[1382]

properties; indicates aa of weakly similar properties. RseP in S. haemolyticus (S.h_RseP) and S. aureus

(S.au_RseP) shows high sequence identity. Active site is highlighted in red and substrate binding site in green.

An interactive protein topology visualization Protter, allowed to predict differences in
the structure of S.h_ RseP and S.au RseP (figure 4.2). This prediction showed that S.au RseP
may have different protein structure on C-terminal part including substrate binding site
(NLLPxxxLLDG), which was located close to periplasmic site. This may hinder the

intermembrane interaction with a substrate and its proteolytic activity.
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intra

. Schematic representation of predicted RseP proteins expressed in A) L.p_pLp1261_S.h_rseP

L.p_pLp1261_S.au_rseP. Visualization was done using Protter web-based application
(http://wlab.ethz.ch/protter/start/). The active site (HExxH) is highlighted in red and substrate binding site
(NLLPxxxLDG) is coloured in green. Prediction of the structure of RseP_S.a (B) exhibits that the substrate

binding site might be positioned differently in the membrane, which may impede its function.

A method that would confirm the transformation of rseP is the detection of specific
protein by western blot. The rseP inserts were purposely extended with tags (6His-tag and Myc-
tag) sequences due to identification of expressed RseP protein in transformants cells with use
of tag antibodies. Unfortunately, due to time curtailment, confirmation of the protein expression
was not completed.

Nonetheless, strains with polyhistidine-tagged RseP protein exhibited higher
susceptibility to applied bacteriocins. Significant facilitation of the tag in bacteriocin-receptor
interaction may in result from conformational changes of RseP, thus making the active site
more exposed to the bacteriocin. The positively charged tags attached to the C-terminal end of
S.h RseP and S.au RseP receptors, might have interacted with negatively charged
phospholipids of the membrane.

4.3. Evaluation of the phenotype of resistant mutants

Various experiments were performed to compare the observed phenotype of resistant

mutants to wild types. Firstly, differences in bacteriocin sensitivity between mutants and wild

74



types were analysed. The results of microtiter plate assay and resistant test clearly showed the
difference in susceptibility between mutant isolates and wild types (table 3.5 and figure AS).
The mutants have high level of resistance to H1, while wild types exhibited loss of susceptibility
after 24 hours of incubation, which have been previous discussed with microtiter plate assay

for S. haemolyticus (4.1).

Secondly, bacterial growth was observed in varied temperatures. In this research it was
demonstrated that stress in form of high heat has negative impact on growth of several S.
haemolyticus strains. Assays in solid and liquid media showed that the most sensitive strains
against H1 (including wild types) were inhibited during first 24 hours of exposure to elevated
temperatures. Nevertheless, these susceptible bacteria reappeared during the next 24 hours of
treatment on agar plates, indicating that bacterial growth is only delayed and not fully repressed.
The possible explanation may be that bacteria have a supplementary stress response system that
helps them to adapt to rough environment when the primary mechanism fails. Ovchinnikov et
al. (2017) reported that resistant mutants appeared at 30°C but not at 45°C during 8 hours
incubation. However, it can be speculated that extended treatment time might show similar
results which were presented in this work. Interestingly, results from Indian strains showed that
elevated temperatures slowed down both mutants and wild types. This may suggest that they

have same response to stress.

Finally, possible morphological variations between wild types and resistant mutants
were evaluated. Alterations in the composition and structure of the cell surface may result in
different susceptibility to antimicrobials (Cotter et al., 2013). By performing the transmission
electron microscopy with cells of S. haemolyticus LMG4105WT and LMG4115WT and their
i1solated mutants, interesting phenotypes were observed. Even though there were no significant
variations in cell surface between wild types and mutants, difference in morphology between
strains was clearly detected. Cell surface of strains LMG4105 were rough compared to
smoother strains LMG4115. This phenomenon may have reflection in biofilm development.
The biofilm assay results for LMG4105WT and LMG4115WT (data not shown, obtained
through personal communication with Mikkel Breonner) indicated that the former has slightly
better ability to form biofilm. It would have been tempting to isolate mutants from additional
S. haemolyticus strains to study the morphological structure compared to ability of biofilm

formation.
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4.4. Genotype of the resistant mutants

The phenotypic differences between wild types and mutants of S. haemolyticus were
clearly seen in bacteriocin susceptibility experiments. Although this observed trial was
supposed to be result of alteration in Zn-dependent metalloprotease (Miljkovic et al., 2016),
rseP in the resistant isolates were intact. Thus, the lack of RseP mutations may have the
reflection in stress response, where several mutants and wild types exhibited same phenotypes.

Subsequently, WGS was performed to uncover potential genotypic variations. WGS
analysis of two selected mutants LMG4105M1 and LMG4105M2 suggested the putative ABC
transporter to be involved in resistance development. Frameshift mutations might have cause
synthesis of unfunctional proteins.

Similar discovery was made by Ovchinnikov et al. (2017) where they observed
mutations in ppt4 and pptB coding for PptAB (putative ABC transporter) in several E. faecalis
susceptible to bacteriocins with intact rseP. By applying the amino acids sequence of the
putative ABC transporter from S. haemolyticus LMG4105WT in the Protein Basic Local
Alignment Search Tool (BLASTp), the result showed 98.77% sequence identity with the ABC
transporter, EcsB family permease protein in S. aureus and 28.80% sequence identity with ABC
transporter permease EcsB in B. subtilis (data not shown). Related Ecs proteins were earlier
described to influence the antibacterial resistance and virulence, which will be discussed in next

section.

Low reads coverage for LMG4115WT hindered successful assembly, consequently the
obtained data was not sufficient for alignment with mutants. The current analysis does not show
any significant variations in genome. The whole genome sequencing and reads assembly should
be repeated for LMG4115WT. Furthermore, WGS should preferably be performed on the
remaining strains that were resistant to H1, which eventually did not have mutations in rseP.
Optionally, the coding region for putative EcsB in all S. haemolyticus strains could have been
sequenced to confirm the mutations and validate the supposition that EcsB is responsible for

bacterial susceptibility.

4.5. EcsAB influence resistance and virulence

WGS demonstrated mutation in putative ecsB gene in H1 resistant mutants. Ecs proteins
are ATPase binding cassette (ABC) transporters that are associated with antibiotic resistance

systems, and consist of ATP-binding and permease domains encoded by ecs4 and ecsB,
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respectively (Jonsson et al., 2010). It was previously been reported that a mutation in B. subtilis
ecsA inhibits the intermembrane proteolysis of amylase precursor by blocking RseP activity.
However, is was also shown that the defect in RseP activity was not regulated by the ecs4 on
transcriptional level (Heinrich et al., 2008, Jonsson et al., 2010).

On the other hand, absence of Ecs in S. aureus repressed genes required for cell
adherence and wall synthesis, consequently altering the virulence and cell wall composition
(Jonsson et al., 2010). Nonetheless, the transmission electron microscopy did not reveal visible
differences in cell surface or size in H1 resistant mutants.

Furthermore, defective ecsB was shown to be unable to produce biofilm in B. subtilis
(Heinrich et al., 2008, Varahan et al., 2014). Although the mutants obtained in this study have
not been validated for biofilm formation, it would be very interesting to conduct such an
experiment and compare the results with corresponding wild types, which are reported to be
good biofilm producers (data obtained from Mikkel Brenner).

It has been proposed that the ecs4B mutation prevents the RseP proteolytic activity and
thus it inhibits cell division and stress response (Heinrich et al., 2008). This study shows that
strains with intact rseP and mutated ecsB are not entirely inhibited during high temperature
treatment. Moreover, several WTs were also inhibited in similar manner to the mutated variants.
This may point out that there is another “helper” system involved in the stress response, which
induces the sigma factor when the RseP activity is inhibited by different factors. Such a factor
may be a large amount of misfolded extracellular proteins or accumulation of EcsAB substrates.
Speculation that the several high-temperature-sensitive strains were only slowed down may
also indicate the time to canvass another peptidase. Varahan et al. (2014) suggested that LspA
lipoprotein signal peptidase might enhance the activity of inhibited RseP in E. faecalis while

deletion of escA4B.

Although the data obtained in this work are not sufficient enough to draw any certain
conclusions about involvement of putative EsScAB in stress response and bacteriocin resistance,
several investigations have been revealing similar observations. To obtain reliable results, a
larger number of resistant mutants should be isolated and perform phenotypic and genotypic

analysis.

4.6. Final remarks and future prospects

This thesis demonstrates that RseP in virulent S. haemolyticus is a receptor for the hybrid

bacteriocin H1. This was proved by heterologous expression of S. haemolyticus rseP in
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naturally resistant L. plantarum WCFSI1, which became significantly sensitive to H1 after
transformation. By performing various susceptibility experiments, bacteriocin showed to have
a great potential as an optional treatment of this emerging pathogen S. haemolyticus, however
appearance of resistant mutants is a big issue.

To reduce the development of mutants, combinations of H1 with different antibacterial
agents were tested based on work done by Mikkel Bronner (Master student). Most resistant
mutants were inhibited when applying the combination of H1 and GarKS, which both are
leaderless bacteriocins and are supposed to have similar mode of action.

One of the goals of this study was to investigate the mechanism of resistance in isolated
H1 resistant mutants. Results show high levels of resistance to H1 and other leaderless
bacteriocins. Nonetheless, RseP, the receptor for H1, appears to be intact. WGS shows that the
putative Ecs ABC transporter is a potential explanation of the resistance in mutants. It is
tempting to speculate that H1 might undergo proteolysis by RseP and that EcsAB might further
transport the processed peptide inside the cell to bind to the target molecule in or outside the
cell. The proposed mechanism by which the ABC transporter might affect RseP activity is
blocking this protease on protein level. It has been previously suggested that Ecs might remove
the remaining membrane peptides (Jonsson et al., 2010). Thus, lack of export protein might
cause aggregation of a large number of Ecs substrates in membrane and disruption of RseP.

Prior to rationale for use of H1 as a therapeutic against S. haemolyticus, further
investigations are required due to explain the interaction between the receptor and the
bacteriocin as well as the influence of Ecs on RseP in bacteriocin resistance. A promising
method for study the properties of molecules in peptide-protein interactions can be fluorescent
labelling of peptides. By using the fluorescent energy transfer (FRET), a fluorescent tag on H1
would help identify how bacteriocin acts on receptors and the cell (Thomas Oftedal, personal

communication, May 2020).
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EntK1 EntEJ97 H1 H2 Nisin Z
Isolate 1mg/ml |0.2mg/ml|0.04mg/ml|1mg/ml|0.2mg/m!{0.04mg/ml|1mg/m| [0.2mg/ml |0.04mg/ml|1mg/ml [0.2mg/ml[0.04mg/ml|1Img/ml| [0.2mg/ml|0.04mg/ml|
phyl hominis (n=1) 2 3* 2* 1 2
phy h lyticus (n=1) 3* 2* 3*
phyl idermidis (n=1) 2*
hyl aureus (n=6)
phyl arlettae (n=1)

hyl imulans (n=1)

Bacillus cereus (n=3)

Listeria ivanovii (n=1)

Listeria innocula (n=2)

Listeria (n=5)

Carnobacterium piscicola (n=1)

Carnobacterium divergens (n=1)

Enterococcus faecalis (n=5)

Enterococcus avium (n=1)

Enterococcus faecium (n=4)

Lactobacillus sall (n=1)

Lactobacillus plantarum (n=2)

Lactobacillus curvatus (n=1)

Lactobacillus sakei (n=2)

Lactococcus garvieae (n=1)

Lactococcus lactis (n=2)

h hilus (n=1)

(n=1)

Streptococcus uberis (n=2)

L lidum (n=1)

Escherichia coli (n=2)
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Al: Complete collection of bacteriocin spectrum of activity for 51 bacterial strains.

Scorings system: 0= no inhibition; 1= Unclear zone; 2= small zone (<1 cm); 3= big zone

(>1 cm), “*” zone with resistant mutants.

K1 EJ97 H1 H2
Isolate 1mg/ml | 0.2mg/ml |0.04mg/ml| 1mg/ml | 0.2mg/ml |0.04 mg/ml| 1mg/ml | 0.2mg/ml | 0.04mg/ml| 1mg/ml | 0.2mg/ml|0.04mg/ml
LMG4096 0 0 0 2% 1 0 3* 2% 0 0 0 0
LMG4097 0 0 0 2* 1 0 3* 2* 0 0 0 0
LMG4098 0 0 0 3* 1 0 3* 2* 0 0 0 0
LMG4099 0 0 0 2* 1 0 3* 2% 0 0 0 0
LMG4100 0 0 0 2* 1 0 3* 2* 0 0 0 0
LMG4101 0 0 0 3* 1 0 3* 2* 0 0 0 0
LMG4102 0 0 0 3* 1 0 3* 2* 1 0 0 0
LMG4103 0 0 0 3* 1 0 3* 2% 0 0 0 0
LMG4104 0 0 0 2* 1 0 3* 2* 0 0 0 0
LMG4105 0 0 0 3* 2* 0 3* 2* 0 0 0 0
LMG4106 2* 0 0 3* 3* 0 3* 2% 2 0 0 0
LMG4107 0 0 0 2* 0 0 3* 2* 0 0 0 0
LMG4108 0 0 0 2* 1 0 3* 2* 1 0 0 0
LMG4109 0 0 0 2* 0 0 3* 2% 0 0 0 0
LMG4110 0 0 0 3* 1 0 3* 2* 1 0 0 0
LMG4111 1 0 0 3* 2* 0 3 3 1 2* 0 0
LMG4112 1 0 0 3* 2* 0 3* 3* 1 1 0 0
LMG4113 0 0 0 2* 1 1 3* 2* 0 0 0 0
LMG4114 0 0 0 2* 0 0 3* 2* 0 0 0 0
LMG4115 0 0 0 2* 1 0 3* 2% 1 0 0 0

A2: Complete collection of bacteriocin spectrum of activity for 20 S. haemolyticus strains.

Scorings system: 0= no inhibition; 1= Unclear zone; 2= small zone (<1 cm); 3= big zone

(>1 cm), “*” zone with resistant mutants.
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A3: Comparative susceptibility of antimicrobials agents. Plate pictures showing zones of
inhibition of S. haemolyticus indicators produced by various antimicrobials: 5 ug vancomycin
(VAS), 10 units of penicillin G (P10), 30 pg teicoplanin (TEC30), 5 ug ciprofloxacin (CIPS5),
15 pg erythromycin (E15) and 5 pg rifampicin (RDS5) and 3pug and 0.6 ug H1.
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A4: Digestion of ‘pLp1261 InvS’ vector. P1-3 shows linearized plasmids with size 5601 bp.

P4 is a negative control and contains un-cut plasmid with size 6428 bp.

i
1

[—

S.h_rseP

S.h_rseP_6His
S.au_rseP

S.au_rseP_6His

S.au_rseP
S.au_rseP_Myc

AS: Colony PCR products after transformation in TOP10 E. coli. Pictures show colony

PCR products of transformed rseP fragments.
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A6: MSA of transformed L. plantarum with S. haemolyticus rseP

20 40 60
Gl GUTWNGGTGTA

L.p_pLp1261_S.h_rseP_6HIS -
LMG4105wT EEGTEGHGHE Gl GETTGGTGTA

Consensus --ATGAGCTA TTTAATCACT ATTGTCTCAT TTATGATCGT GTTTGGTGTA CTTGTTACGG TACATGAATA

Lp_pLp1261 S.h_rsep --EWGACGETHE

N T
L.p_pLp1261_S.h_rsep MGG, : : 138
stz B i

Consensus TGGTCACATG TTCTTTGCTA AGCGTGCTGG AATAATGTGT CCTGAATTCG CGATAGGTAT GGGACCAAAA

o, (T T T T T I T

Conservatlon
160 180 200

G

208
208
210

Lp_pLp1261_S.h_rsep A
L.p_pLp1261_S.h_rseP_6HIS &
LMG4105WT TGTAGGTGGE

Consensus ATATTTAGTT TCCGTAAGAA CGAAACTTTG TATACCATCC GTTTATTACC TGTAGGTGGT TATGTAAGAA

o, (T I !\II\\IIIIHIIHIMII!\IIHIIIIHIIHII HIIHIIHIIIIHIIH IR TIR TR

Conservation
0%
280

220

278
278
280

L.p_pLp1261_S.h_rsep MGGETGGH

L.p_pLp1261_S.h_rseP_6HIS MGGETGGH
LMG4105WT WGGETGGH il

Consensus TGGCTGGAGA CGGTTTAGAA GAACCACCAG TTGAACCAGG TATGAATGTT AAAGTAAAAC TTAATGATAA

100%

conenaven [ [[[[{[111 [TDVTTTULT COREPTOCUEY (UUUTTVT] (VECCCUUTT (PTTCVECTT (AUTTvyuens
0%
30() 32() 34()
L.p_pLp1261_S.h_rsep M 348
L.p_pLp1261_S.h_rseP_6HIS I 348
MG4105WwT BGHAGHEGHATT A BCHATGA TEAG THCAACHAAT TWCAACTTAEE 350

Consensus AGAAGAGATT ACGCATATAA TTTTAGATGA TCAGCATAAA TTTCAAAAGA TAGAAGCAAT TGAAGTTAAA

HIIHIIIIHIIIIH LTI HHIIHIIIIHIIIIH [T HHIIHIIIIHIIIIH LA Ty

Conservation
0%

420

L.p_pLp1261_S.h_rsep 418
L.p_pLp1261_S.h_rseP_6HIS GAAG 418
MG410swT EEBTGEGAET T B m L B m L A 420

Consensus CAATGTGACT TCAAGGATGA TTTATACATT GAAGGTATTA CTTCATATGA TAATGAGCGA CATCATTTTA

100%

Conservation |”|‘H"”‘|"”‘ ‘"H|‘”"|‘”"”‘ ‘"H|‘”"|‘”"”‘ ‘"H|‘”"|‘”"”‘ ‘"H|‘”"|‘”"”‘ ‘"H|‘”"|‘”"”‘ ‘"H|‘”"H‘|"”‘
0%
L.p_pLp1261_S.h_rsep GETGA 458
L.p_pLp1261_S.h_rseP_6HIS 488

LMG4105WT T 490

Consensus ATATTGCTGA AAAAGCATAT TTTGTTGAGA ATGGTAGTTT AATTCAAATT GCTCCACGAC ATCGACAATT

Consnatiar IIIIHIIIIHIIIIHIIIIIIHIIIIHIIIIHIIIIIIHIIIIHIIIIHIIIIIIHIIIIHIIIIHIIIIIIHIIIIHIIIIHIIIIIIHIIIIHIIIIHIIIIIIHIIIIHIIIIH
Lp_plp1261_S.h_rsep MGH

LMG4105WT TGH

Consensus TGCACATAAG AAACCTTTAC CCAAATTTTT AACGTTATTT GCAGGACCAT TATTTAACTT TATATTAGC
100%

558
558
560

coenaen |[[[[[[TT] [FETTTTTL TOUDVECTOLT COTVRUCERCT (UTUOVETT (OTOUTTT TTvErrri
ox
52‘30 GEI)D 62‘0
L.p_pLp1261_S.h_rsep BGEGGGGH 628
L.p_pLp1261_S.h_rseP_6HIS MW @ BGTGGGGHEAA T 628
LMG4105WT | [duldeeld | 630

Consensus TTAATATTAT TTATCACATT AGCTTATTTC CAAGGAACAC CTACTACCTC AGTGGGGCAA TTAGCTGATA
100%

Conservation
0%

L.p_pLp1261_S.h_rsep 698
L.p_pLp1261_S.h_rseP_6HIS I 698
LMG4105wT | A 700

Consensus ACTATCCAGC GCAACAAGCA GGATTAAAAT CTGGAGATAA AATCGTTCAA GTAGGTCAAT ATAAAACTAA
100%

Conservation
0%
72‘0 7?0 7?0
L.p_pLp1261_S.h_rsep GH G G 768
L.p_pLp1261_S.h_rseP_6HIS G G G| 768
LMG4105WT GHG G B GA L [d] ECABAGHE 770

Consensus GAGTTTTGAT GACATTCAGT CTGCAGCAAA TAAAATTAAA GATAATAAAA CAACGATAAA ATTCGAAAGA
100%

Conservation
o%

838
838
840

L.p_pLp1261_S.h_rsep GH
L.p_pLp1261_S.h_rseP_6HIS G
LMG4105WT GH

Consensus GATAATCAAA CAAAGACAGT GGATATAACT CCTAAAAAGC AAGTTATTAA GCAAACTAAA TTAAATTCTG

||||H||H||H||||IIHIIHIIIIHIIHII||||H||H||H||||||HIIHIIIIIIIIHIIHHIIIIHIIHIIHIIIIIIHIIHIIIIHIIHII||||H||H||H||||H

Conservatlon
G HcH IGG T 908
L.p_pLp1261_S.h_rseP_6HIS

mMG4105wT HGAEGAEGTA G HGH IGG M 910

Consensus AGACGACGTA CATTTTAGGT TTCCAACCTC AGAAAGAACA TACTTTAATA AAACCAATTG CGCTAGGATT

Lo0%

Consenaton \IIIIHHIIIIHHHHHHIIIIHHIIIIH||||\|HH||HHH|IHHIIIIHHIIIIHHIIHHHIIIIHHIIIIHHIIHHHIIHHHIIHHIIIIHHHIIH
ox

Lp_pLp1261 S.h_rsep MG

L.p_pLp1261_S.h_rseP_6HIS [

LMG4105WT [
Consensus TGATCAGTTT GTTAGTGCCA GTACATTAAT CTTTAAAGCT GTAGGAACAA TGATTGCAAG TATATTCACA
100%

Lp_plp1261_S.h_rsep BGEEGEECEE W [

978
978
980

Conservation
0%
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1048
1048
1050

L.p_pLp1261_S.h_rsep GG
L.p_pLp1261_S.h_rseP_6HIS GG
LMG4105WT GG
Consensus GGTCAATTCT CATTTGATAT GTTAAATGGT CCAGTGGGTA TTTATCATAA TGTTGACTCT GTAGTTAAAC

100%

Conservation

1118
1118
1120

Lp_pLp1261 S.h_rsep HEGG
L.p_pLp1261_S.h_rseP_6HIS
LMG4105wT BBEGG
Consensus AAGGTATCAT TGCATTAACA TACTACACTG CACTATTAAG TGTTAACTTA GGTATAATGA ACTTATTACC

100%

Conservation
0%

1188
1188
1190

Lp_plp1261_S.h_rsep M
L.p_pLp1261_S.h_rseP_6HIS
LMG4105WT
Consensus AATTCCAGCA CTTGATGGTG

100%

Conservation
0%

1258
1258
1260

L.p_pLp1261_S.h_rsep
L.p_pLp1261_S.h_rseP_6HIS M|
LMG4105WT |
Consensus AAAAAAGCAG AAACAATTAT AATAGCTGCT GGTGCTATTT TTGTCTTAAT TATAATGGTT CTAGTAACTT

100%

Conservation
0%

1300
1

L.p_pLp1261_S.h_rsep GG 1284
L.p_pLp1261_S.h_rseP_6HIS G 1302
LMG4105WT GG GA 1286

Consensus GGAACGATAT ACAACGTTAT TTCTTG----

100%
comeraven | [ [FTTTTT TTPEIVETIAN (THATT
0% FRAR ARARARARARARARARAR - FEEE

A6.1: MSA of transformed L. plantarum with S. haemolyticus RseP

40
1

L.p_pLp1261_S.h_rsep MS K RAGHMCPEEA HGMGPE E 70
L.p_pLp1261_S.h_rseP_6HIS MS 70
LMG4105WT MIS 70
Consensus MSYLITIVSF MIVFGVLVTV HEYGHMFFAK RAGIMCPEFA IGMGPKIFSF RKNETLYTIR LLPVGGYVRM
100%
corsenasan [ [[[[[[{1[ [TTTVLPTTT (UTTTVEUCL (PECCTUUTT (ERTUUTLY [UTTTTvee (Overrrvtt]
0%
80 100 120 140
| | |
L.p_pLp1261 S.h_rsep AGH 140
L.p_pLp1261_S.h_rseP_6HIS AGBG 140
LMG4105WT AGBGIH 140

Consensus AGDGLEEPPV EPGMNVKVKL NDKEEITHII| LDDQHKFQKI EAIEVKQCDF KDDLYIEGIT SYDNERHHFN
100%

Conservation
0%

L.p_pLp1261 S.h_rsep [l TTSMGQEABN 210
L.p_pLp1261_S.h_rseP_6HIS [l GS AP [o] ] G TTSMGQEABN 210
mMG4105wT AEKANEMEN cSENQNAPRH RQEA TEEAGPE ENENEAR TTSMGQUEABN 210

Consensus |AEKAYFVEN GSLIQIAPRH RQFAHKKPLP KFLTLFAGPL FNFILALILF ITLAYFQGTP TTSVGQLADN
100%

Conservation
0%

2%0 24|0
L.p_pLp1261 S.h_rsep MPAQQAGHKS GB 280
L.p_pLp1261_S.h_rseP_6HIS MPAQQAGHKS G QMGaoN K K K Q E 280
MG4105WwT HPAQQAGEKS GBKNMQ¥GQN KTKS [ | l KQTKE 280
Consensus YPAQQAGLKS GDKIVQVGQY KTKSFDDIQS AANKIKDNKT

100%

Conservation
%

L.p_pLp1261_S.h_rsep TT| 350
L.p_pLp1261_S.h_rseP_6HIS T 350
LMG4105WT TT WASHETGQES 350

Consensus TTYILGFQPQ KEHTLIKPIA LGFDQFVSAS TLIFKAVGTM IASIFTGQFS FDMLNGPVGI YHNVDSVVKQ

HIIHIIIIHIIHII||||H||H||H||H||HIIHIIHIIIIHIIH HIIIIHIIHIIHIIHIIHIIHIIHIIIIHIIIIHIIIIHIIHIIHIIHIIHIIHIIHIIIIH

l 420
420
420

Conservation
ox

L.p_pLp1261_S.h_rsep G||A|T||TA EESUNEGEVN
L.p_pLp1261_S.h_rseP_6HIS G

TA MN

LMG4105WT GHENAETHNTA EESVUNEGEMN

Consensus G IALTYYTA LLSVNLGIMN LLPIPALDGG RILFVIYEAI FRRPVNKKAE TI1I1AAGAIF VLIIMVLVTW
100%

Conservation
0%

Lp_pLp1261 S.h_rsep NBHGR!
L.p_pLp1261_S.h_rseP_6HIS NBHNQ
LMG4105WT NB

Cunsensus NDIQRYFL-- ----

Conservatlon
0%
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A7: MSA of transformed L. plantarum with S. aureus rseP

L.p_pLp1261_S.au_rseP_lI
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS
Consensus ATGGTGAGCT ATTTAGTTAC AATAATTGCA TTTATTATTG TTTTTGGTGT ACTAGTAACT GTTCATGAAT

||||\|H||||HH|| L e P

Conservation
0%
100 120 140

GEGATEGGH|
GG

140
140
140
140

L.p_pLp1261_S.au_rseP_ll
L.p_pLp1261_S.au_rseP_MYC M
L.p_pLp1261_S.au_rseP GG
L.p_pLp1261_S.au_rseP_6HIS GEGATEGGTA
Consensus ATGGCCATAT GTTTTTTGCG AAAAGAGCAG GCATTATGTG TCCAGAATTT GCGATCGGTA TGGGGCCAAA

Conservation
0%
160 180 200

mcE lGIlGGIGG

L.p_pLp1261 S.au_rseP_ll |

L.p_pLp1261_S.au_rseP_MYC

L.p_pLp1261_S.au_rseP

Lp_pLp1261_S.au_rseP_6HIS M G 210
Consensus AATTTTTAGT TTTAGAAAAA ATGAAACACT TTACACTATT AGGTTATTGC CTGTTGGTGG ATATGTTCGT

onservatlon
220 260 280

L.p_pLp1261_S.au_rseP_ll EWGG| cclc
L.p_pLp1261_S.au_rseP_MYC AG

L.p_pLp1261_S.au_rseP G Ac
L.p_pLp1261_S.au_rseP_6HIS ENGGEBAGGHAG
Consensus ATGGCAGGAG ATGGCTTAGA AGAGCCACCA GTCGAGCCCG GTATGAACGT TAAAATTAAA CTTAATGAAG

o [TTTTTTTTT] HIIIIHHIIIIHHIIIIHHIIIIHHIIIIH [FTTETITTA] TITTTITTT IIHHIIIIHHIIIIH [T

Conservation
o

G 210

L.p_pLp1261_S.au_rseP_lI
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS
Consensus

100%

Conservation
0%

L.p_pLp1261_S.au_rseP_lI
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS
Consensus

100%

Conservation
0%

L.p_pLp1261_S.au_rseP_lI
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS
Consensus

Conservation
0%

L.p_pLp1261_S.au_rseP_lI
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS
Consensus TTGCACATAA AAAGCCATGG CCGAAATTTT TAACATTATT TGCGGGACCG TTATTTAACT TTATATTAGC

1

corserasor, [T IIHIIIIHHIIIIHII [T HIIIIHHIIIIHIIII LT EO T Oy

L.p_pLp1261_S.au_rseP_ll
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS
Consensus

100%

Conservation
0%

L.p_pLp1261_S.au_rseP_ll
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS

Consensus
100%

Conservation
0%

700
700
700
700

L.p_pLp1261_S.au_rseP_ll
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS
Consensus CTGAATTTGA TGATGTTGAT AAGGCGTTAG ATAAAGTTAA AGATAATAAG ACGACTGTTA AATTTGAACG

1

conmﬁo"‘“HHllllH\\HIIIIH e TV e e Frver HHIIIIHHIIIIHH

L.p_pLp1261_S.au_rseP_lI
L.p_pLp1261_S.au_rseP_MYC
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS
Consensus TGATGGTAAA ACAAAGTCAG TTGAATTAAC ACCTAAAAAG ACTGAAAAAA AACTGACTAA AGTAAGTTCA

o ”H"””HH"”‘ |”|HHH|||”|HH ||HH|”|HHH|||| HH|||”|H|”|HH |||”|HH|||”|HHHHHHHHHHHH H|”|HHH|||”|H

Conservation
0%

770
770
770
770

840
840
840
840
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8?0 9?0
Lp_pLp1261_S.au_rseP_ll GAG| GEGAGTGHAR
L.p_pLp1261_S.au_rseP_MYC GH G
L.p_pLp1261 S.au_rseP GH
L.p_pLp1261_S.au_rseP_6HIS GHG
Consensus GAGACGAAGT ATGTTCTCGG AT
Loox

e |
GEGAGTGHAEE A
CA GCGAGTGAAC AT

Conservation

0%
L.p_pLp1261_S.au_rseP_lI G 980
L.p_pLp1261_S.au_rseP_MYC l G 980
L.p_pLp1261_S.au_rseP M G 980
L.p_pLp1261_S.au_rseP_6HIS G 980

Consensus TTAAAAGCTT TTTAATCGGT AGTACTTATA TTTTTACAGC TGTAGTAGGT ATGTTGGCTA GTATATTTAC
100%

Conservation
o%

1000 1020 1040
| |

L.p_pLp1261_S.au_rseP_Il GGGEGGHTTE | 1050
L.p_pLp1261_S.au_rseP_MYC GGGIGG 1050

L.p_pLp1261_S.au_rseP GGGEGG 1050
L.p_pLp1261 S.au_rseP_6HIS GGGEGGATTE TEEGGETGGT 1050

Consensus GGGCGGATTC TCATTTGATA TGTTAAATGG TCCGGTTGGT ATTTATCATA ACGTCGACTC AGTTGTTAAA
100%

Conservation
0%

L.p_pLp1261 S.au_rseP_l GHGGG
L.p_pLp1261_S.au_rseP_MYC GIGGG
L.p_pLp1261_S.au_rseP GEGGGH
L.p_pLp1261_S.au_rseP_6HIS GEGGG
Consensus GCGGGTATCA TTAGCTTAAT TGGTTACACT GCGTTATTAA GTGTAAACTT AGGTATTATG AATTTAATTC

100%

1120
1120
1120
1120

Conservation

L.p_pLp1261_S.au_rseP_Il 1190
L.p_pLp1261_S.au_rseP_MYC 1190
L.p_pLp1261_S.au_rseP 1190
L.p_pLp1261_S.au_rseP_6HIS 1190
Consensus CTATTCCTGC ACTAGACGGT GGTCGTATTT TATTTGTTAT ATATGAAGCG ATTTTCAGAA AACCAGTTAA
100%
Conservation
0%
1200 1220 1240 1260
L.p_plLp1261_S.au_rseP_lI 1260
L.p_pLp1261_S.au_rseP_MYC 1260
L.p_pLp1261_S.au_rseP 1260
L.p_pLp1261_S.au_rseP_6HIS 1260

Consensus TAAAAAAGCG GAAACAACGA TTATTGCTAT TGGTGCCATT TTCATGGTCG TTATAATGAT ATTAGTAACG
100%

conseraean, [ [T TLT [T OO PO P P e
0%
1280 1300 1320
L.p_pLp1261_S.au_rseP_ll MGG! 1287
Lp_plp1261_S.au_rseP_MYC WGGH 1320
L.p_pLp1261 S.au_rseP MG 1287
L.p_pLp1261_S.au_rseP_6HIS IGG 1307

Consensus TGGAATGATA TTCGACGATA TTTCTTA-A- CA
100%

Conservation
0%

A7.1: MSA of transformed L. plantarum with S. aureus RseP

L.p_pLp1261_S.au_rseP_ll MMS
L.p_pLp1261_S.au_rseP_MYC MM
L.p_pLp1261_S.au_rseP MMS
L.p_pLp1261_S.au_rseP_6HIS Ml
Consensus MVSYLVTIIA FIIVFGVLVT VHEYGHMFFA KRAGIMCPEF AIGMGPKIFS FRKNETLYTI RLLPVGGYVR

100%

Conservation
0%

L.p_pLp1261_S.au_rseP_Il MAGBGHH 140
L.p_pLp1261_S.au_rseP_MYC MAG 140
L.p_pLp1261_S.au_rseP MAG 140
L.p_pLp1261_S.au_rseP_6HIS MAGBG 140
Consensus MAGDGLEEPP VEPGMNVKIK LNEENEITHI |ILDDHHKFQQ IEAIEVKKCD FKDDLFIEGI TAYDNERHHF
100%
Conservation
o%
L.p_pLp1261_S.au_rseP_lI 210
L.p_pLp1261_S.au_rseP_MYC K| 210
L.p_pLp1261_S.au_rseP K| 210
L.p_pLp1261_S.au_rseP_6HIS 210
Consensus K1 ARKSFFVE
100%
Conservation
0%
zz‘o ©
Lp_pLp1261_S.au_rseP_Il KMPAQQAGHEQ KGBRNVQNGKE MENS B 280
L.p_pLp1261_S.au_rseP_MYC 280
L.p_pLp1261_S.au_rseP 280
L.p_pLp1261_S.au_rseP_6HIS IIPAQQAG.Q KcBKNVQNCK NKNSE 280
Consensus KYPAQQAGLQ KGDKIVQIGK YKISEFDDVD KALDKVKDNK TTVKFERDGK TKSVELTPKK TEKKLTKVSS
100%
Conservation
0%
Lp_pLp1261 S.au_rseP_Il [ET| 350
L.p_pLp1261_S.au_rseP_MYC l 350

L.p_pLp1261 S.au_rseP [ | :[o] T 1] ¥ 350
Lp_pLp1261_S.au_rseP_6HIS [ET KPll VECEKSHE STHUETAMNMG '] 350
Consensus ETKYVLGFQP ASEHTLFKPI VFGFKSFLIG STYIFTAVVG MLASIFTGGF SFDMLNGPVG |YHNVDSVVK
100%

Conservation
0%
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360 380 400

L.p_pLp1261_S.au_rseP_Il AGHNSENGHT
L.p_pLp1261_S.au_rseP_MYC AG WG
L.p_pLp1261_S.au_rseP AG

G EGEVM NENPNPAEBG EA Il KA A Jid
L.p_pLp1261_S.au_rseP_6HIS AGHESENGET AIIIIIIGIM NENPEPAEBG GIIIIIIIIA NERKPUNKKA IIIIIAIGAI EVUMEMEENT 420
Consensus AGIISLIGYT ALLSVNLGIM NLIPIPALDG GRILFVIYEA |FRKPVNKKA ETTIIAIGAI FMVVIMILVT
o

IIIA lEﬁllAlGAl IMIIIMIIIE 420
KA WA l I [ YT

100%
Conservation
o%

L.p_pLp1261 S.au_rseP_ll WNB
L.p_pLp1261_S.au_rseP_MYC WN
L.p_pLp1261_S.au_rseP
L.p_pLp1261_S.au_rseP_6HIS WN|

Consensus WNDIRRYFL- ---------
100%

Conservation
0%

|HHHHHHHH o o o o

A8: Resistance test. Pictures of BHI plates with inoculated mutants and corresponding WT

(bottom lines) in horizontal lines. Left: LMG4105; middle: LMG4115 and right: LMG4106.

Bacteriocins (1 mg/ml) are streaked in vertical lines.
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Stress assay/ growth curve (370C, 24 h)
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Incubation time (h)
—4105WT —14105M1 4105M2 4105M3
—4106WT 4106M1 4106M2 —4115WT
—4115M1 4115M2 4115M3
Stress assay (45°C, 24 h)
1,600
§ 1,400
S 1,200
=. 1,000
g 0,800 — ———
c I
g 0,600
© 0,400
g
Z 0,200 )
0,000 ———

0 15 3 45 6 7,5 9 10,5 12 13,5 15 16,5 18 19,5 21 225 24
Incubation Time (h)

e 4105WT e 4105M1 4105M2 4105M3
e 4106WT e 4106M1 4106M2 e A115WT
e—115M1 4115M2 4115M3

A9: Stress assays of mutants and WTs in liquid media. Upper: growth curve at 37°C; middle:

stress treatment at 40°C; bottom: stress treatment at 45°C.
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A) 37°C B) 40°C C) 45°C

48h

A10: Stress assay on solid media for India strains (data obtained from Mikkel Brenner).
Isolated mutants (M1-3) and wild types (WT) were treated for 24 hours (top picture) and 48
hours (bottom picture) with A) 37°C, B) 40°C, C) 45°C on solid media. Treatment at 37°C was

used as a positive control for bacterial growth.

LMG4105WT
LMG4105M1
LMG4105M2
LMG4105M3
LMG4115WT
LMG4115M1
LMG4115M2
LMG4115M3
LMG4106WT
LMG4106M1
LMG4106M2

A11: Gel electrophoresis of amplified rseP from resistant mutant wild types. Predicted size

of the PCR product is ~ 1511 bp.
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A12: MSA of 8. haemolyticus LMG4105 rseP

LMG4105M2 80
LMG4105M3 80
LMG4105M1 80
LMG4105WT 80
Consensus ATGTGAGCTA
Lo0%
Conservation
ox
1?0
LMG4105M2 BCEGEGETGG A 160
LMG4105M3 GG 160
LMG4105M1 GG 160
LMG4105WT AcEcTGETGG A 160
Consensus TTCTTTGCTA AGCGTGCTGG A, TCCGTAAGAA
Lo0%
conervccn, [J TN [T
ox
240
MG4105M2 [l GGI 240
LMG4105M3 GH 240
mMG4105M1 @G TGGETGGHAGH 240
LMG4105WT GG 240
Consensus CGAAACTTTG TGGCTGGAGA
Lo0x
Conservation
ox
LMG4105M2 320
LMG4105M3 320
LMG4105M1 320
LMG4105WT 320
Consensus TTGAACCAGG TATGAATGTT AAAGTAAAAC TTAATGATAA AGAAGAGATT ACGCATATAA TTTTAGATGA TCAGCATAAA
100%
Conservation
0%
LMG4105M2 400
LMG4105M3 400
LMG4105M1 400
LMG4105WT 400
Consensus TTTCAAAAGA TAGAAGCAAT TGAAGTTAAA CAATGTGACT TCAAGGATGA TTTATACATT GAAGGTATTA CTTCATATGA
LT (OO (e (e e T (T
420 440 450 480
LMG4105M2 B | 480
LMG4105M3 480
LMG4105M1 480
LMG4105WT 480
Consensus AATTCAAATT
100%
Conservation
o%
LMG4105M2 560
LMG4105M3 560
LMG4105M1 560
LMG4105WT A [ | Ac A ] | el ] il A 560
Consensus ATCGACAATT TGCACATAAG AAACCTTTAC CCAAATTTTT AACGTTATTT GCAGGACCAT TATTTAACTT TATATTAGCC
100%
Conservation
o
LMG4105M2 640
LMG4105M3 640
LMG4105M1 640
LMG4105WT B 640
Consensus TTAATATTAT TTATCACATT AGCTTATTTC CAAGGAACAC CTACTACCTC AGTGGGGCAA TTAGCTGATA ACTATCCAGC
100%
A A .
0%
570 680 7?0 720
LMG4105M2 G B A 720
LMG4105M3 G 720
LMG4105M1 720
LMG4105WT G 720
Consensus GCAACAAGCA GGATTAAAAT CTGGAGATAA AATCGTTCAA GTAGGTCAAT ATAAAACTAA GAGTTTTGAT GACATTCAGT
100%
g 11000 DR 10 TR R L
o%
740 750 750
LMG4105M2 Gl o 800
LMG4105M3 800
LMG4105M1 GH (] 800
mMG4105wT ETGH AcT 800
Consensus CTGCAGCAAA TAAAATTAAA GATAATAAAA CAACGATAAA ATTCGAAAGA GATAATCAAA CAAAGACAGT GGATATAACT
100%
comenmiey ([TTTTTLI T LT OO TN LTI TN T I
o%
B%O E?D 870 880
LMG4105M2 880
LMG4105M3 880
LMG4105M1 880
LMG4105WT | ] | G BG AEG | 880
Consensus CCTAAAAAGC AAGTTATTAA GCAAACTAAA TTAAATTCTG AGACGACGTA CATTTTAGGT TTCCAACCTC AGAAAGAACA
100%
comenmiey ([T (T OT OOCTIO T ITTICTTOCIOTTETCOTIN I TTOTIO (IITI]
o%
9(‘)0 920 94|0 960
LMG4105M2 A Ll [1d | 960
LMG4105M3 960
LMG4105M1 960
LMG4105WT 960

ATT TGATCAGTTT GTTAGTGCC

CTAGG

loox
Conservatlon
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LMG4105M2 G [ | 1040
GG

LMG4105M3 1040
LMG4105M1 G 1040
LMG4105WT G 1040

Consensus TGATTGCAAG TATATTCACA GGTCAATTCT CATTTGATAT GTTAAATGGT CCAGTGGGTA TTTATCATAA TGTTGACTCT
100%

Conservation
0%

1120
1120

LMG4105M2
LMG4105M3 G

LMG4105M1 1120
LMG4105WT G @ 1120
Consensus GTAGTTAAAC AAGGTATCAT TGCATTAACA TACTACACTG CACTATTAAG TGTTAACTTA GGTATAATGA ACTTATTACC
100%
A R i,
ox
1140 1160 1180 1200
| I
LMG4105M2 AG| TGATGGTG 1200
LMG4105M3 G 1200
LMG4105M1 G 1200
LMG4105WT A TGATGGTG 1200

Consensus AATTCCAGCA CTTGATGGTG GTCGAATTTT ATTTGTTATC TATGAAGCAA TTTTCAGAAG ACCAGTTAAT AAAAAAGCAG

e, [TTTTTTTIT TTITINIT || | TTTTTTTT e \I LTI e Il L TTTTTTTvT e Illl\ZILI
LMG4105M2 GETG 1280

1280

i
LMG4105WT EcrTmAT
Consensus AAACAATTAT AATAGCTGCT GGTGCTATTT TTGTCTTAAT TATAATGGTT CTAGTAACTT GGAACGATAT ACAACGTTAT
Lo0%

Conservation

ox
LMG4105M2 TG 1288
LMG4105M3 1288
LMG4105M1 1288
LMG4105WT 1286

Consensus TTCTTGTA
100%

Conservation
ox

A12.1: MSA of S. haemolyticus LMG4105 RseP

LMG4105WT HS RAGHMCP HGMGPREESE
4105M1 RAGHEMC HcmMGP
4105Mm3 MSMENTHMSE RAGHEMCP HGMGPREESE AGBGHEEPPN 80
4105M2 MSMENTHMSE RAGHMCPE| BGMGPKNESE AGBGHEEPPN 80

Consensus VSYLITIVSF MIVFGVLVTV HEYGHMFFAK RAGIMCPEFA 1GMGPKIFSF LLPVGGYVRM AGDGLEEPPV
100%

Conservation

ox
LMG4105WT EPGMN 160
4105M1 EPGMN 160
4105M3 EHPGMN 160
4105M2 EPGMN 160

KDDLYIEGIT SYDNERHHFN IAEKAYFVEN GSLIQIAPRH

Consensus EPGMNVKVKL
100%

Conservation
0%

220 240
I

I
TTSMGQEABN MPAQQAGEKS GBKEMONMGON KTKSEBBEQS 240
NMPAQQAGEKS Ql 240
¥call NMPAQQAGHEKS GQN 240
TTSMGQEABN MPAQQAGEKS cBKNMaoNMcoN ITlSl lQS 240

MG4105wT RQEAHKKPEP
4105M1
4105M3
4105M2 RQEAH IPIP

(2411

Consensus RQFAHKKPLP KFLTLFAGPL FNFILALILF ITLAYFQGTP TTSVGQLADN YPAQQAGLKS GDKIVQVGQY
100%
HHHHHI\HHH||||||||||HH\H|HHHHHHI\HI\HII||||||||HH\H|H!IHHHHI\HI\HIIII||||||\|H\H|H!IHHHHI\HI\HIIIIII|||H|H\H|H!IHH
o%
250 280 3(|)
LMG4105WT AANKNKBNET EGEBQENSAS 320
4105M1 AANK lNlT ECEBQENMSAS 320
A QEMSAS 320
4105M2 AANK lNlT ECEBQENSAS 320
Consensus AANK | KDNKT
100%
Conservation
o%
mG4105wT HASHETGQES NHN Q 400
4105M1 MASHETGQES Q E 400
4105M3 WASHETGQES NMHNUDSUNKQ 400
4105M2 WASHETGQES EBVENGPNGHE NHNUBSMEKQ EESUNEGEMN 400
Consensus |AS|FTGQFS FDMLNGPVGI| YHNVDSVVKQ GIIALTYYTA LLSVNLGIMN LLPIPALDGG RILFVIYEAI FRRPVNKKAE
100%
Conservation
o%
LMG4105WT 428
4105M1 THHWAAGAN 428
4105M3 NBiQ 428
4105M2 T| VBV 428

Consensus T 11 1AAGAIF VLIIMVLVTW NDIQRYFL
100%

Conservation
0%
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A13: MSA of 8. haemolyticus LMG4106 rseP

20
|
LMG4106M1 T A

LMG4106M2
LMG4106WT
Consensus ATGTGAGCTA TTTAATCACT ATTGTCTCAT TTATGATCGT GTTTGGTGTA CTTGTTACGG TACATGAATA TGGTCACATG
100%
comseracon. | TTTTTTTTT [TTTITUVET (OOTTUCTTOT TOCTTURTE (OOTTUeeT CYTe e (e ey
o%
100 120 140 160
LMG4106M1 lclclcllcc |- [efu ECTEAG 160
LMG4106M2 GG [ | 160
LMG4106WT AGEGTGETGG G G G 160
Consensus TTCTTTGCTA AGCGTGCTGG AATAATGTGT CCTGAATTCG CGATAGGTAT GGGACCAAAA ATATTTAGTT TCCGTAAGAA
100%
Conservation
o%
1?0 200 220 24|0
LMG4106M1 G lGGIlGGIGl 240
LMG4106M2 [ GG 240
LMG4106WT G| 240
Consensus CGAAACTTTG TATACCATCC GTTTATTACC TGTAGGTGGT TATGTAAGAA TGGCTGGAGA CGGTTTAGAA GAACCACCAG
100%
Conservation
o%
2?0 Z?O 3?0 32|0
LMG4106M1 320
LMG4106M2 320
LMG4106WT AcH A 320
Consensus TT AA AGAAGAGATT ACGC TCAGCATAAA
100%
comenmi, [TV OTTILTTITT OCTC T (IO IOTIICOIN |\|\|\|||||||||nn|
o%
340 360
LMG4106M1 BGH GG 400
LMG4106M2 A 400
LMG4106WT GH GHG [ | 400

Consensus TTTCAAAAGA TAGAAGCAAT TGAAGTTAAA CAATGTGACT GAAGGTATTA CTTCATATGA
100%

Conservation
0%

LMG4106M1 [ 480
LMG4106M2 G 480
LMG4106WT [ | A GH G 480
Consensus TAATGAGCGA CATCATTTTA ATATTGCTGA AAAAGCATAT TTTGTTGAGA ATGGTAGTTT AATTCAAATT GCTCCACGAC
To0%
comercon, | TTTTTTTTI [TTTTTTTTIT (OTTCUCTNT (OUTTTOT (TOTeTr O Tree ey reremeee (T
o%
500 520 540 560
I | |
LMG4106M1 GH [ 560
LMG4106M2 G| 560
LMG4106WT GH uld A [ | @ s60
Consensus ATCGACAATT TGCACATAAG AAACCTTTAC CCAAATTTTT AACGTTATTT GCAGGACCAT TATTTAACTT TATATTAGCC
To0%
comeracon | TTTTTTTTI [TTTTTTTTET (OTTUCTRT (OOUCTTUOE (TOTreer e e ey oo [Ty
o%
580 600 620 640
| |
LMG4106M1 ] || [ | 640
LMG4106M2 B 640
LMG4106WT G 640
Consensus TT AT C TTAGCTGATA
L00x
commesy IO RE L FFERR TR T AT
o%
560 680 700
LMG4106M1 | 720
LMG4106M2 720
LMG4106WT T 720
Consensus GCAACAAGCA GGATTAAAAT CTGGAGATAA AATCGTTCAA GTAGGTCAAT ATAAAACTAA GAGTTTTGAT GACATTCAGT
100%
comenms, [T TT LTI XN (T T XTI (TN
o%
7?0 760 780 BDO
LMG4106M1 o A GH (e} l 800
LMG4106M2 A GH G 800
LMG4106WT 800
Consensus CTGCAGCAAA TAAAATTAAA GATAATAAAA CAACGATAAA CAAAGACAGT GGATATAACT
100%
Conservation
0%
|
LMG4106M1 A G 880
LMG4106M2 G| 880
LMG4106WT [{d | [ | 880
Consensus CCTAAAAAGC AAGTTATTAA GCAAACTAAA TTAAATTCTG AGACGACGTA CATTTTAGGT TTCCAACCTC AGAAAGAACA
100%
Conservation
o%
LMG4106M1 G G 960
LMG4106M2 G G 960
LMG4106WT jule | GTTAGTGEEA G 960
Consensus TGATCAGTTT GTTAGTGCCA GTA GTAGGAACAA
100%
Conservation
0%
LMG4106M1
LMG4106M2
LMG4106WT
Consensus TGATTGCAAG
100%

Conservation
ox

LMG4106M1
LMG4106M2
LMG4106WT

Consensus GTAGTTAAAC AAGGTATCAT TGCATTAACA TACTACACTG CACTATTAAG TGTTAACTTA GGTATAATGA ACTTATTACC
100%

Conservation
o%
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LMG4106M1

LMG4106M2

LMG4106WT

Consensus AATTCCAGCA CTTGATGGTG GTCGAATTTT ATTTGTTATC TATGAAGCAA TTTTCAGAAG ACCAGTTAAT AAAAAAGCAG
100%

Conservation
o%

LMG4106M1
LMG4106M2
LMG4106WT

Consensus AAACAATTAT AATAGCTGCT GGTGCTATTT TTGTCTTAAT TATAATGGTT CTAGTAACTT GGAACGATAT ACAACGTTAT

o, (T T T T T T T I

Conservation
%

LMG4106M1

LMG4106M2

LMG4106WT

Consensus TTCTTGTA
100%

Conservation
%

LMG4106WT MIS 80
LMG4106M2 ¥ | [V} 4 80
LMG4106M1 MIS A HGMGPK| 80
Consensus VSYLITIVSF MIVFGVLVTV HEYGHMFFAK RAGIMCPEFA IGMGPKIFSF RKNETLYTIR LLPVGGYVRM AGDGLEEPPV
100%
Conservation
ox
100 120 140
| | I
LMG4106WT EPGMNE 160
LMG4106M2 [EPGMN| 160
LMG4106M1 EPGMNN| Ql N 160
Consensus EPGMNVKVKL NDKEEITHI| LDDQHKFQK! EAIEVKQCDF KDDLYIEGIT SYDNERHHFN |AEKAYFVEN
100%
Conservation
ox
Ztl)D
LMG4106WT RQEA TEANEQGTP TTSMGQEABN 240
LMG4106M2 RIQEA QGTP TTSMGQEABN 240
LMG4106M1 RQEAH! NTEANEQGTP TTSMGQEABN 240
Consensus RQFAHKKPLP KFLTLFAGPL FNFILALILF ITLAYFQGTP TTSVGQLADN
100%
Conservation
o%
LMG4106WT AAN 320
LMG4106M2 AAN PlA EGEBQEMSAS 320
LMG4106M1 AANK| KPllA ECEBQEMSAS 320
Consensus AANK | KDNKT TIKFERDNQT KTVDITPKKQ VIKQTKLNSE TTYILGFQPQ KEHTLIKPIA LGFDQFVSAS
L00%
Conservation
ox
|
MG4106WT HMASHETGQES EBVENGPMGE NMHNUBSUVKQ GHNAETENTA 400
LMG4106M2 EBvE 400
LMG4106M1 EBVENGPNGH All 400

Consensus FDMLNGPVG| YHNVDSVVKQ GIIALTYYTA LLSVNLGIMN LLPIPALDGG RILFVIYEAI FRRPVNKKAE
100%

Conservation
o%

LMG4106WT T|
LMG4106M2

Q
Consensus T1 1 IAAGAIF VLIIMVLVTW NDIQRYFL
100%

Conservation
%

Al14: MSA of S. haemolyticus LMG4115 rseP

LMG4115M1 AEG [
LMG4115M2
LMG4115M3 BEG B B
LMG4115WT BAEGTTWCTATA | BGH m A 1 |
Consensus ACAAGAAATA ACGTTGTATA TCGTTCCAAG TTACTAGAAC CATTATAATT AAGACAAAAA TAGCACCAGC AGCTATTATA
100%
Conservation
0%
LMG4115M1 160
LMG4115M2 160
LMG4115M3 160
LMG4115WT 160
Consensus ATTGTTTCTG CTTTTTTATT AACTGGTCTT CTGAAAATTG CTTCATAGAT AACAAATAAA ATTCGACCAC CATCAAGTGC
100%
Conservation
0%
2?0 24|0
LMG4115M1 HGGABTTEGGE 240
LMG4115M2 GG 240
LMG4115M3 [GG| 240
LMG4115WT TGGHAETEGGHE 240
Consensus TGG TGGT A
100%
Conservation
o%
LMG4115M1 G 320
LMG4115M2 G 320
LMG4115M3 G 320
LMG4115WT G 320
GTCAACATTA TGATAAATAC CCACTGGACC ATTTAACATA TCAAATGAGA ATTGACCTGT GAATATACTT

Consensus TAACTACAGA
100%

Conservation
0%
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LMG4115M1 G 400

LMG4115M2 400
LMG4115M3 400
LMG4115WT GH TG 400
Consensus GCAATCATTG
100%
Conservation
ox
LMG4115M1 480
LMG4115M2 480
LMG4115M3 480
LMG4115WT 480
Consensus TAAAGTATGT TCTTTCTCTG GTTGGAAACC TAAAATGTAC GTCGTCTCAG AATTTAATTT AGTTTGCTTA ATAACTTGCT
100%
e AR T
ox
5?0 5?0 51‘10 SGID
LMG4115M1 G G 560
LMG4115M2 560
LMG4115M3 560
LMG4115WT GH| n T 560
Consensus TTTTAGGAGT TATGTCCACT GTCTTTGTTT GATTATCTCT TTCAAATTTT ATAGTTGTTT TATTATCTTT AATTTTATTT
100%
Conservation
ox
LMG4115M1 640
LMG4115M2 640
LMG4115M3 640
LMG4115WT 640
Consensus
100%
Conservation
ox
LMG4115M1 720
LMG4115M2 720
LMG4115M3 720
LMG4115WT BAG G GHGH 720
Consensus TTGTTGCGCT GGATAGTGAT CAGCTAATTG CCCCACTGAG GTAGTAGGTG TTCCTTGGAA ATAAGCTAAT GCGATAAATA
100%
coneny ([T TN TOTTLT I LT (OO AT (LTI
ox
740 760 770 BOID
I
LMG4115M1 G 800
LMG4115M2 G 800
LMG4115M3 G 800
LMG4115WT G 800
Consensus ATATTAAGGC TAATATAAAG TTAAATAATG GTCCTGCAAA TAACGTTAAA AATTTGGGTA AAGGTTTCTT ATGTGCAAAT
100%
conemmiey ([T TN LTI T (TTOOTCO OO (TN
ox
820 840 860 880
| | | I
MG4115M1 WGHEGHETG 880
LMG4115M2 880
LMG4115M3 880
LMG4115WT WGTEGHTG A G| A 880
Consensus TGTCGATGTC GCGGAGCGAT TTGAATTAAA CTACCATTCT CAACAAAATA TGCTTTTTCA GCAATATTAA AATGATGTCG
100%
conensiey, [T TITTIT TN IOIO I (LN ORI IO
ox
900 920 940 960
| | | |
LMG4115M1 960
LMG4115M2 960
LMG4115M3 960
LMG4115WT 960
Consensus CTCATTATCA TATGAAGTAA TACCTTCAAT GTACAAATCA TCCTTGAAGT CACATTGTTT AACTTCAATT GCTTCTATCT
100%
comemsy [T T TNV TV TRORCTUT O TOOTUTITTR SOOI TAROTUIVATCTOOIAIIN
ox
9?0 1000 1020 1040
| |
LMG4115M1 [ bl B TCTHGEGTAAT HCET T | K T 1040
LMG4115M2 1040
LMG4115M3 1040
LMG4115WT TGTGEG T 1040
Consensus TTTGAAATTT ATGCTGATCA TCTAAAATTA TGTGCGTAAT CTCATCTTTA TCATTAAGTT TTACTTTAAC ATTCATACCT
100%
Conservation
ox
LMG4115M1 GG 1120
LMG4115M2 GG 1120
LMG4115M3 GG 1120
LMG4115WT GG TGa A 1120
Consensus GGTTCAACTG GTGGCTCTTC TAAACCGTCT CCAGCCATTC TTACATAACC ACCTACAGGT AATAAACGGA TGGTATACAA
100%
Conservation
ox
LMG4115M1 1200
LMG4115M2 BGETTEG 1200
LMG4115M3 1200
LMG4115wT G 1200
Consensus AGTTTCGTTC
100%
Conservation
ox
LMG4115M1 1280
LMG4115M2 1280
LMG4115M3 1280
LMG4115WT 1280

Consensus CAAAGAACAT GTGACCATAT TCATGTACCG TAACAAGTAC ACCAAACACG ATCATAAATG AGACAATAGT GATTAAATAG
100%

Conservation

0%
LMG4115M1 1287
LMG4115M2 1287
LMG4115M3 1287
LMG4115WT 1287

Consensus CTCACAT
100%

Conservation
ox
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Al14.1: MSA of S. haemolyticus LMG4115 RseP

LMG4115M1 | M| RAGHEMC HcmGP 80
LMG4115M2 §S M| RAGHEMCP BGMGPRNESE 80
LMG4115M3 ¥ M| RAGHMC HcmGP 80
LMG4115wT HS M| RAGHMCP NGMGPRNESE AGIGI EPPN 30
Consensus VSYLITIVSF Ml K RAGIMCPEFA IGMGPKIFSF RKNETLYTIR LLPVGGYVRM AGDGLEEPPV
Conseiation, | I
120 160
| |

LMG4115M1 EPGMNN N 160

LMG4115M2 EPGMN N 160

LMG4115M3 [EPGMN N 160

LMG4115wT [EPGMNY N 160
Consensus EPGMNVKVKL NDKDEITHI| LDDQHKFQKI EAIEVKQCDF KDDLYIEGIT SYDNERHHFN IAEKAYFVEN GSLIQIAPRH
I nmmmmmn
150 200 220 240

] s 240

KTKSE lqs 240
KTKSEBBNQS 240
Qs 240

LMG4115M1 R Ee
LMG4115M2 RQEAHKKPEP
LMG4115M3 RQEAHKKPEP
LMG4115wT RQ Ee

NABANEQGTP

TTSMGQEADH
TTsMGQEABH

Consensus RQFAHKKPLP KFLTLFAGPL FNFILALILF IALAYFQGTP TTSVGQLADH YPAQQAGLKS GDKIVQVGQY KTKSFDDIQS
100%
conserason | [T [TLLTT (TLTOOOTET TOTTOOCUTT (OPUTUTOT Cereeeeeer (eeeereu (Orrereeen [eeeeee
o%
260 230 300 320
LMG4115M1 AANKEKBNET T| KTHMBNTPERQ 320
T T 320
T T 320
T KTUBNTPRKQ 320
Consensus AANK | KDNKT TIKFERDNQT KTVDITPKKQ VIKQTKLNSE TTYILGFQPE KEHTLIKPIA LGFDQFVSAS TLIFKAVGTM
100%
SN
o%
340 360 380 400
LMG4115M1 HIAS B EVN l 400
mMG4115M2 WASHETGQES EESUNECEMN 400
MG4115M3 ASHETGQES EESUNEGEMN 400
LMG4115wT [AS [ | HMN E 400
Consensus |ASIFTGQFS FDMLNGPVGI YHNVDSVVKQ GIIALTYYTA LLSVNLGIMN LLPIPALDGG RILFVIYEAI FRRPVNKKAE
LT (e e Cre e (e Cen e e T
420
|
LMG4115M1 T VENNVVENTW 428
LMG4115M2 W 428
LMG4115M3 428
LMG4115WT T VEREvVVENTW 428
Consensus T1 | IAAGAIF VLI IMVLVTW
100%
cert, ITELTHIT TN STELTIN
ox
.
A15: MSA of WTs 8. haemolyticus rseP
LMG4106WT ATGTEGH 80
LMG4105WT GTGHAG| 80
LMG4115WT 80
Consensus ATGTGAGCTA
100%
Conservation
o%
1?0
LMG4106WT AcEcTcETGG A 160
LMG4105WT GG 160
LMG4115WT hld AGEGTGETGG 160
Consensus TTCTTTGCTA AGCGTGCTGG AATAATGTGT CCTGAATTCG CGATAGGTAT GGGACCAAAA ATATTTAGTT TCCGTAAGAA
Loox
cosenmay, [T T (TN T (T IO IO
ox
180 200 220 240
| | |
mMG4106WT EGH| Gl 240
LMG4105WT G 240
MG4115wT EG G GAGH 240
Consensus CGAAACTTTG TATACCATCC GTTTATTACC TGTAGGTGGT TATGTAAGAA GAACCACCAG
L00%
Conservation
ox
LMG4106WT 320
LMG4105WT 320
LMG4115WT AGATGH Gl 320
Consensus TTGAACCAGG TATGAATGTT AAAGTAAAAC TTAATGATAA AGAAGAGATT ACGCATATAA TTTTAGATGA TCAGCATAAA
100%
C ti
onservat |or;" ﬂ H
3?0 3?0
LMG4106WT GG AGGHTGH 400
LMG4105WT G GAT A 400
LMG4115WT GG GGHATG GH 400
Consensus TTTCAAAAGA TAGAAGCAAT TGAAGTTAAA CAATGTGACT TCAAGGATGA TTTATACATT GAAGGTATTA CTTCATATGA
100%
e G i
ox
420 440 460 480
|
LMG4106WT B 480
LMG4105WT 480
LMG4115WT | | || A | ] GEG| 480

Consensus TAATGAGCGA CATCATTTTA ATATTGCTGA AAAAGCATAT TTTGTTGAGA ATGGTAGTTT AATTCAAATT GCTCCACGAC

o (T T T T T T T T T

Conservation
0%
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LMG4106WT 560
LMG4105WT 560
LMG4115WT GH ul« ml @ s60

Consensus ATCGACAATT TGCACATAAG AAACCTTTAC CCAAATTTTT AACGTTATTT
100%

Conservation
0%

LMG4106WT

LMG4105WT

LMG4115WT ECEATT AcE

Consensus TTAATATTAT TTATCACATT AGCTTATTTC
s

Conservation
0%

LMG4106WT

LMG4105WT

LMG4115WT

Consensus GCAACAAGCA
100%

AATCGTTCAA GTAGGTCAAT

Conservation
0%

[l

LMG4106WT
LMG4105WT
LMG4115WT

Consensus CTGCAGCAAA
100%

Conservation
0%

LMG4106WT

LMG4105WT
LMG4115WT [d |
Consensus CCTAAAAAGC AAGTTATTAA GCAAACTAAA TTAAATTCTG AGACGACGTA CATTTTAGGT TTCCAACCTC AGAAAGAACA
100%
conseraton | [T TTTDUUT [TLCOOOOET CTOOUOOTT (ECTOOOULT (OOCCTOTTr Ceeeeerot (RTTTTT ion (ETTTTTTT
rvati g” [}r
9?0 92‘0 9?0 QEIO
LMG4106WT B TG GETAGTCEEA
LMG4105WT [l | G
LMG4115WT TG juld G GTGEEA
Consensus TACTTTAATA AAACCAATTG CGCTAGGATT TGATCAGTTT GTTAGTGCCA GTACATTAAT CTTTAAAGCT GTAGGAACAA
100%
e A A mmmm
0%
980 1000 1020 1040
| | | |
LMG4106WT o || 1040
LMG4105WT G 1040
LMG4115WT G TG [ ] 1040

Consensus TGATTGCAAG TATATTCACA GGTCAATTCT CATTTGATAT GTTAAATGGT CCAGTGGGTA TTTATCATAA TGTTGACTCT
1

0%
ConsewanonHH||||||||||”HHHHHHHHHHHHHHH||||||||||||HHHHHHH|H””|HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH||HHHHHHHH|
o
1060 1080 1100
| | |

1120
|

LMG4106WT

LMG4105WT

LMG4115WT

Consensus
100%

Conservation
0%

LMG4106WT
LMG4105WT

LMG4115WT
Consensus AATTCCAGCA ATTTGTTATC TATGAAGCAA
100%
Conservation
0%
LMG4106WT 1280
LMG4105WT 1280
LMG4115WT 1280
Consensus AAACAATTAT TTGTCTTAAT TATAATGGTT CTAGTAACTT GGAACGATAT ACAACGTTAT
100%
Conservation
0%
LMG4106WT MGMA 1288
LMG4105WT 1286
LMG4115WT 1287

Consensus TTCTTGT -
100%

Conservation
o%

A15.1: MSA of WTs S. haemolyticus RseP

LMG4106WT

LMG4105WT

LMG4115WT

Consensus VSYLITIVSF MIVFGVLVTV HEYGHMFFAK RAGIMCPEFA IGMGPKIFSF RKNETLYTIR LLPVGGYVRM AGDGLEEPPV
’ I

comnec [T LTI R TETTRNO OO T

100 120 140 160
| | | |
LMG4106WT [EPGMNN [] ur 160
LMG4105WT [EPGMNW ur 160
LMG4115WwT [EPGMN T 160
Consensus EPGMNVKVKL NDKEEITHI| LDDQHKFQK| EAIEVKQCDF KDDLYIEGIT SYDNERHHFN IAEKAYFVEN
100%
Conservation H
o%
1?0 le)D
LMG4106WT BTEANEQGTP TTSMGQEABN 240
LMG4105WT QGTP TTSMGQEABN 240
LMG4115WT NABANEQGTP TTSMGQEABH 240

Consensus RQFAHKKPLP KFLTLFAGPL FNFILALILF ITLAYFQGTP TTSVGQLADN YPAQQAGLKS GDKIVQVGQY KTKSFDDIQS
100%

Conservation
0%
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LMG4106WT AAN KT

LMG4105WT AANKEKBNET

MG4115WT AANKEKBNET

Consensus AANK | KDNKT
100%

Conservation
o%

[
MG4105WT MASHETGQES H
LMG4115WT [IAS [ |

Consensus IASIFTGQFS FDMLNGPVGI YHNVDSVVKQ GIIALTYYTA LLSVNLGIMN LLPIPALDGG RILFVIYEAI FRRPVNKKAE
100%

Conservation
o%

Consensus T11IAAGAIF VLIIMVLVTW NDIQRYFL
100%

Conservation
o%

A16: PA of S. haemolyticus LMG4068 RseP

20

1
LMGT4068M1 KENE! THMSEM GMGPK|
LMGT4068WT KENE TH¥SEM GMGPK|
Consensus KFNLIEVYHV SYLITIVSFM IVFGVLVTVH EYGHMFFAKR AGIMCPEFA| GMGPKIFSFR KNETLYTIRL LPVGGYVRMA

100%
cowseraion | [ [ [ [ LTT (TTOOTTEL TOOTOCUTTOT (TOCTTUCOT Ceereeeeet (eeereue (rreeeeee (eeereey
ox
I!I)O 120 14:0 16|0
LMGT4068M1 160
LMGT4068WT QHKEQKNE Al l AEKA 160
Consensus GDGLEEPPVE PGMNVKVKLN DDQHKFQKIE AIEVKQCDFK AEKAYFVENG
100%
coverty, NI IMTHLLLEL [T IH T [T
ox
1l|i 24|0
LMGT4068M1 ABANEQGTPT 240
LMGT4068WT Nl HA ABANEQGTPT PAQQAGHKSG 240
Consensus SLIQIAPRHR QFAHKKPLPK FLTLFAGPLF NFILALILFI ALAYFQGTPT TSVGQLADHY PAQQAGLKSG DKIVQVGQYK
100%
corseraten || [ [T [LTT TTUUTTTNT TOOOOOVEETY (OUURUTOT (PVRTOOeT (OOOTvuety (Trvereen (rveeeeey
ox
260 280 300 320
| | I
LMGT4068M1 320
LMGT4068WT 320
Consensus TKSFDDIQSA ANKIKDNKTT IKFERDNQTK TVDITPKKQV IKQTKLNSET TYILGFQPEK EHTLIKPIAL GFDQFVSAST
100%
cowserason | [ [[[[[LLT [TLOTTTEL TOOOOCECTT (OCTTUTO0T CPTereeet (Ieereney (rreeeee (reeereey
0%
340 3?0 3?0 AOIO
LMGT4068M1 HNNBS ESUNEGEVNE EPEPA ANE 400
LMGT4068WT HNMBS EsUNEGEVNE EPlEPA A 400
Consensus HNVDSVVKQG | IALTYYTAL LSVNLGIMNL LPIPALDGGR ILFVIYEAIF
100%

Conservation
0%

LMGT4068M1 437
LMGT4068WT 437
Consensus RRPVNKKAET | 11AAGAIFV L1IMVLVTWN DIQRYFL

100!

Conservation
o

100



A17: WGS annotation for variant detection of S. haemolyticus LMG4105M1

using Snippy algorithm

CHROM | POS | TYPE | REF | ALT |[EVIDENCE [FTYPE|[STRAND |NT_POS [AA_POS EFFECT LOCUS_TAG |[GENE| _ PRODUCT
IGLBMNHE3 [72515/snp [T |G [G:l1T0  [cDS |+ 95/288  [32/95 :Exz;%r;m”"‘“'%bc IGLBMNHE_00367 Ihypothetical protein
IGLBMNHE_S [23964smp |G |A  |A:19GO  [CDS |+ 142/180  |48/59 :@;le:;ﬁe"f”a"““m)" IGLBMNHE_00534 Ihypothetical protein
IGLBMNHE_8 |48722/snp |G |A  |A24Go  [cDS |+ 152864 [51/287 g‘;ﬁ;g‘sfl_fy‘f“a“”'”m”* IGLBMNHE_00779 Ihypothetical protein
IGLBMNHE_10 [10815[snp [T |A  |A28T0  [CDS |+ 506/732 (160243 |Missensevariante.SO6T>A iy pyINHE 00883 metallophosphoesterase
p.Leul69His family protein
IGLBMNHE_11 (60381 [sp _ |C__ [T [132C0
IGLBMNHE_I15 |22 [np |G | |A10GO
IGLBMNHE 15 [45  [ap |G | |A15GO
IGLBMNHE_21 [15657)snp | [T T4co  |cps |- w7 [39/56 ;yzfe’:g;‘;‘:lua‘ia"‘"‘“7G>A IGLBMNHE_01470 Ihypothetical protein
e variant o 248CaT [HAMP domain-
IGLBMNHE_23 [27588 |snp c T T:18C:0  |CDS |+ 248/999  [83/332 ;:“;:8"3“5;:“““" - IGLBMNHE_01561 lcontaining histidine
" kinase
IGLBMNHE_25 [22108/snp | [T TI8CO  |CDS |+ 01756 [10/251 ;y,‘;gr"lyo"T‘i‘;Uﬂ’ia"‘°'3°C>T IGLBMNHE_01633 Ihypothetical protein
IGLBMNHE_25 [26137)snp [T |C  |c:16T0  [cDS |- 50212715 [198/904 :izz"lsgegA":Sa"‘c'sng” IGLBMNHE_01635 Ihypothetical protein
IGLBMNHE 30 (092 |del  [TA [T [T17TA0 [CDS | 855/1224 [285/407 |ameshift_variant ¢855delT e pringE 01777 ABC transporter
p-Phe285fs [permease
TTTTG:20 imissense_variant IABC transporter
IGLBMNHE 30 22623 fcomplex |ATTTT [TTTTG {11520 jeps |- 824/1455 (2747484 |c.820_824del AAAATinsCAAAA IGLBMNHE_01799 ubstrate-binding
k b LysMet274GlnLys [protein/permease
IGLBMNHE_31 [23456/snp | [T T21C0  |cDs |+ 319339 [107/112 ;“g;fl“g%;:“““‘”lgc” IGLBMNHE_01849 Ihypothetical protein
. jant ¢.770C>T IDNA internalization-
IGLBMNHE_32 [1103 [snp  |C T T17C:0  [CDS |+ 770/1053 [257/350 |Thesense variantc. IGLBMNHE_01854 related competence
p Thi257Tle ;
protein ComEC/Rec2
IGLBMNHE_32 [26025|snp |G |A  |A:11GO  [CDS |+ 1220/1806[407/601 ::i;xg%i"y“s”a"‘“umg” IGLBMNHE_01880 IDNA primase
IGLBMNHE_38 [20579/snp |G |A  |A23Go0  |[cDS |- 153564 [51/187 ;ygg‘s‘g‘]:“y“suﬂria"‘"153C>T IGLBMNHE_02019 Ihypothetical protein
IGLBMNHE 44 [4868 [sp  |C T [T10Co
IGLBMNHE_45 [15538 snp T Ti13co DS |- 799|332 [missense_varianteTG>A IGLBMNHE 02132 plal_1 [Penicillinase repressor
p.Gly3Ser IBlal
IGLBMNHE_S5 [7617 |sjp [T |G |G:13T0  |[cDS |- 1741192 [58/63 ;y/‘;‘;g"syg“:r‘ésfvam“‘°"74A>C IGLBMNHE_02268 Ihypothetical protein
IGLBMNHE 85 [558 |sp [T |A  |[AIBTI
IGLBMNHE 89 1336 [ins |G |GTA |GTA:14GO
IGLBMNHE 92 [1451 [snp |G |A _ |A28G0
IGLBMNHE 157382 |snp T |C___[C17T0

A18: WGS annotation for variant detection of S. haemolyticus LMG4105M2

using Snippy algorithm

CHROM  [POS [TYPE | REF | ALT [EVIDENCE [FTYPE [STRAND|NT_POS [AA_POS| EFFECT [ LOCUS_TAG [GENE|  PRODUCT
IGLBMNHE 3 [65456[sp [T |A  |AdITO
IGLBMNHE3 [72515np [T |G [G:15T0  |cDs |+ 095/288  [32/95 ;"}j:ig;eﬁ‘;a"a“”'m% IGLBMNHE_00367 Ihypothetical protein
IGLBMNHE_S [23964)snp |G |A  |Ad5Go  |cDs |+ 142/180  |48/59 ;‘{23‘;&;’:‘“““‘“420>A IGLBMNHE_00534 Ihypothetical protein
IGLBMNHE 6 [64225sp | [C_ |C22A0
IGLBMNHE 6 [6322[sp  |A  [C [C16A0
IGLBMNHE.8 |48722)np |G | |A23Go  |cDs |+ 1521864 [51/287 :‘k:;gﬁfyf’“a"‘“"5m>/‘ IGLBMNHE_00779 Ihypothetical protein
IGLBMNHE_10 (10815 |[snp T A A21T:0 |CDS |+ 506/732  [169/243 :‘f:ﬁ']‘zzfgi‘:““"‘“'soﬁb/‘ IGLBMNHE_00883 ‘r?;em“i’]l;t’;’r};‘i:‘i’"h““m‘se
IGLBMNHE 11 [60381[sap  [C [T [T28C0
IGLBMNHE 15 22 |ap |G |A  [A14GO
IGLBMNHE_15 55 |p |G |A  [A25G0
IGLBMNHE_20 [34007[snp  |A T T:12A0 [CDS |+ 57306 197101 :‘{jﬁ?;ﬁ:‘“““‘c'”b T IGLBMNHE_01443 lhypothetical protein
IGLBMNHE_21 (15657 [snp c T T20C:0 DS |- 17171 [39/56 ;yf;"fé"g“L"e‘f—"ma“‘°'”7G>A IGLBMNHE_01470 lhypothetical protein
) ] [HAMP domain-
IGLBMNHE_23 [27588)np | [T T2sco  |cps |+ 248999 [83/332 p‘“';:fg‘;;xa“a"‘““*c’r IGLBMNHE_01561 lcontaining histidine
) - kinase
IGLBMNHE_25 [22108)snp | [T T21co  |cps |+ 307756 [10/251 ;yﬁ;’lyo"‘l.‘]:‘:sf"“ia“'c"’oc’]' IGLBMNHE_01633 Ihypothetical protein
IGLBMNHE_25 [26137/snp [T |C  |c:24T0 ‘CDS ‘ ‘592/2715 ‘198/904 ;"xzf";;%/\":;“"”'sgz‘*” IGLBMNHE,oms‘ ’hypmheuca] protein
IGLBMNHE 29 [27035knp | [T [TI5C0
IGLBMNHE_30 (992 |del TA [T T:36 TA:0  [CDS |- 855/1224 [285/407 |frameshift_variant ¢ 855delT ;5 pniNpE 01777 ABC transporter
Ip.Phe285fs [permease
R—— missense_variant [ABC transporter
IGLBMNHE 30 22623 fcomplex |ATTTT [TTTTG [y 11517 jeps |- 824/1455 (2741484  [c.820_824de] AAAATInSCAAAA IGLBMNHE_01799 substrate-binding
i lp LysMet274GInLys [protein/permease
IGLBMNHE 31 [23456)smp  |C [T T19Co DS |+ 319339 [107/112 ;‘}jf:;‘g::r;‘:“a“‘”lgc>T IGLBMNHE_01849 hypothetical protein
IGLBMNHE 32 [26025/snp |G |A  |A21Go  |cDS |+ 1220/1806|407/601 :‘f:i;ziiy“s‘ia"”'m(’G* IGLBMNHE_01880 DNA primase
IGLBMNHE 38 [20579)smp |G |A  |A29Go0  |cDS |- 153564 [51/187 ;yg‘y"zsy‘l‘g’y“jf“"““‘c'”m” IGLBMNHE_02019 Ihypothetical protein
IGLBMNHE 44 4868 [snp  |C [T [T16C0
IGLBMNHE 46 214 |smp |G A |A14GO
IGLBMNHE_S5 [7617 |sjp [T |G |G:13T0 ‘CDS ‘ ‘174/192 |58/63 ;yl"x;’gg;’:;f“"“"‘c"74">c IGLBMNHE,ozzss‘ ‘hypolhelicalpmlein
IGLBMNHE 89 1336 fins |G |GTA |GTA:15 GO
IGLBMNHE 92 [1451 [np |G |Ao  [A57G3
IGLBMNHE 95 [1206 [sp [T |A  |AdITO
IGLBMNHE_157[382 |sp [T | |[C30T0
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A20: PA of putative LMG4105 ABC transporter permease

LMG4105_ABCtransporter(M) MBNSATS
LMG4105_ABCtransporter(WT) MBNSATS[E|

Consensus MDNSATSLFK SRLNTIQKEK RYYNKFIFNG HFSVFLLILL GAFILGYGQW LQHIPKHIDY ALCASIILAV
100%

\HIIIIIIHHHHH|||||H|\|HHH|I|IHHHHHIIIIIHIHHI\HIIIIIIHHHH|||||H|HHHHH|IHHHHHHIIIIIIHHHHIIIIIIHHHH
ox
LMG4105_ABCtransporter(M) TS 140
LMG4105_ABCtransporter(WT) TsHEP ITI I I I I I 140
ensus TSIFPI
1o0%
crere, TN AT CEL LT TN T A LTI
160 180 200
LMG4105_ABCtransporter(M) ME 210
LMG4105_ABCtransporter(WT) cc MEAEPKENRM 210

Consensus | LTLIHPWIG LKVRWQWYQL KQSSWSISLI LFLINLVTYD LILGYQMYWG VIFTFILLGG MLALPKLNRV
o [T T HHHHHIIIIIIHH LTI ||||||HHHHHH|I T HHHIIIIIIHHHH

Conservation
0%
LMG4105_ABCtransporter(M) N WE | 280
LMG4105_ABCtransporter(WT) N PTPK GREKENSKNME 280
Consensus NLYPWERMIG |EERHHTNYY KFVNMFTDVK HLKESAVRRR YLDFLLPTPK GRKFNSKNMY LYLFTRSFVR
100%
Conservation
o%
3?0 3?0 3?0
LMG4105_ABCtransporter(M) G| - EEEEQQE! cscT Cc [ENE EvB -N EcQoNQ ™S B 348
LMG4105_ABCtransporterWT) GRBAES ABNEVE WESEPENMSAN NcCEEVENTE EovsqoENMTQQ ANGEWPQNWP NMPB GN 350
Consensus GRDAXXXXXX LXXXXXXXX | XLXFXXXXXX XXCXXXYXXX LXXXXXXXXX AYGLXXXXXX XXXXXVXKXX

C°"5e”'a"°" Hﬂﬂﬂﬂﬂﬂﬂﬂﬂ Hﬂﬂﬂﬂﬂﬂﬂﬂﬂ FIHHHHFIITIFIFI ﬂﬂﬂﬂl’lﬂ“ﬂﬂﬂ Hﬂﬂﬂﬂﬂﬂﬂﬂﬂ I_IHHHHHFII_IFIFI ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
360 0

380 40

1
LMG4105_ABCtransporter(M) - | [ QEHE SUNMTHNESES B EAQH Nl KN 394
LMG4105_ABCtransporter(WT) [B| G NAEN sEMPQNEEEA U IGIlT NRSTHKKEQN QES 407

Consensus EKFLYRLMX | XXLXFXXXXX SXYXXXXXFX LXXFXXGXLT IXXXXXXXXX XXXXLKX
00%

°°"‘°”“'°", ﬂﬂnﬂﬂﬂﬂﬂﬂﬂ I'IHHFIHHHHI'IH HHHI'II'IHI'IHHH HITIHHI'IHHHH OO000O0000 ﬂﬂﬂnﬂﬂﬂ

A21: WGS annotation for variant detection of S. haemolyticus LMG4115M1
using Snippy algorithm

CHROM |POS [TYPE | REF | ALT |EVIDENCE [FTYPE[STRAND NT_POS [AA_POS EFFECT LOCUS_TAG [GENE| _ PRODUCT
MAPDOLPC_2  [65953[snp  [C T .73 C:0 cps |- 347/807 116268 :‘xi;’l‘iz—a"l:"a“”'“m”‘ IMAPDOLPC_00150 lysozyme
MAPDOLPC_S [26501[snp  |C T IT:19 C:0 cps |+ ooz 17763 ;yx".‘{;'{';“'f-v“'“"' I IMAPDOLPC_00290 Ihypothetical protein
IMAPDOLPC_10 [2037 [snp  |C I mirco  |cps |- 1180 |1/59 i““‘;‘;;‘~°°"°“—"“"‘““‘°"®"‘ IMAPDOLPC_00438 hypothetical protein
[AccTCit
IMAPDOLPC_10 2944 fcomplex[TCCTT  [accTC  (RECTCH
MAPDOLPC_10 [24508[snp  |C G lG23co  |eps |+ lor3o3s  [17/1011 p’“gf:ﬁ‘(’ﬁn“i““““”’ﬁc IMAPDOLPC_00463 [SMC family ATPase
MAPDOLPC_12 [13175)snp  [A G lG:i6A0  |cps |+ lesorion1 220336 g‘xz;;‘zzfg:i‘"“‘“”* IMAPDOLPC_00503 Jealactose mutarotase
MAPDOLPC_12 [16357]sap |G A [A14Go
GTAGTTG:43
MAPDOLPC_1S [26102 complex [TTATTTT |GTAGTTG [Srac 1"
MAPDOLPC_16 [11183[sap __|C O [f27co
[TAAA:L7
IMAPDOLPC_19 965 [complex[AaaG  [TAaA  [AARYS
MAPDOLPC_19 075 [sap _ |A T 18 A0
MAPDOLPC_19 [980 [sap _ |A O 17 A0
lcTAT12
MAPDOLPC_19 086 ~[complex |aTAG  [cTaT  [CTAT:12
MAPDOLPC_19 095 fcomplex [T [TTA  [Liwl2
MAPDOLPC_19 [1007 [sap _ |A O 15 A0
[TGATAA:13
MAPDOLPC_19 1119 lcomplex|[GGAGAG [TGATAA [LOATAALS
MAPDOLPC_19 [1134 [complex [aA e Irc:20AA0 |cDS |+ /741 [o2de  [Missense_varianteS_6delAAINSTC 1\ pryor pe_00666 AD-dependent
p.Gln2Leu protein deacylase
IMAPDOLPC_19 [1140 [snp |G I It20G0  |cps |+ 11741 |apag  [missense_variant c.1IG>T IMAPDOLPC_00666 AD-dependent
Leu protein deacylase
IMAPDOLPC_19 1154 |snp  [A G IG:23 A0 cDs |+ bs7al  fonae  [issensevariantc25A>G IMAPDOLPC_00666 [NAD-dependent
p Lys9GIu |protein deacylase
MAPDOLPC_21 [14760[sap __[A c ci0 A0
IMAPDOLPC_21 [17382fsnp [T A la25 T:0 |CDS | |18/216 |s/71 I:g:gf;;“i“""'m” IMAPDDLPC_OONOI |hypoll\e!ical protein
MAPDOLPC_24_[20481[sap |G A [A29G:o
MAPDOLPC_31 [2127sap _|A O [E15 A0
[MAPDOLPC 33 [16098[snp __|C A 16 Co
[MAPDOLPC_37 [6898 [sap  |A O [t32 A0
MAPDOLPC_37 |14850fsnp  [C r IT:64 C:0 cps |- 12531761 Ja18/586 |issense_variant c.1253G>A APDOLPC_01082 siderophore
p Cys418Tyr synthetase
[MAPDOLPC_6 [8759 snp |G A [A13Go
[MAPDOLPC_61 [14726fsnp |G A [A15Go
MAPDOLPC_63 5770 [snp [T A [A30T0
MAPDOLPC_63 [3776 |snp [T A [A35 0
MAPDOLPC_63 [6368 [snp  [C r T:32 C:0 cps |- 141511428 Ja72/475 |issense_variant c.1415G>A APDOLPC_01484 rypsin-like serine
p.Glya72Asp protease
MAPDOLPC_63 6384 |snp [T I6:33 T:0 cps |- 1399/1428 Ja67/475 |issense_variant c.1399A>C (APDOLPC_01484 rypsin-like serine
p.Sera67Arg protease
MAPDOLPC_64 5045 snp |G A [A20 G0
[MAPDOLPC_69 [13199]snp |G A [A13Go
[MAPDOLPC_69 [13238]ins [T TA [fA1aT0
MAPDOLPC_73 [2807 [snp [T A lAsaTo  |cps [+ bs2r762  [941253 ;y“““y"“":s—"“‘i“"‘c'm"‘”‘ APDOLPC_01604 VOC family protein
cichoic acids export
IMAPDOLPC_76 (1767 [snp  |A r misao  |cos | k95 2264 |missense_variant c 4T>A p.Cys2Ser [MAPDOLPC_01648 jagh ~ [ADC transporter
|ATP-binding subunit
[Taght
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[MAPDOLPC_76 [11245]snp [T c [c24T0
[MAPDOLPC_80 [8493 [snp __|C T fr31co
MAPDOLPC_99 [8475 [snp __|A T [F20 A0
[MAPDOLPC_99 [8483 |snp _ |A T [T18 A0
MAPDOLPC_123[1887 [snp  |C A a8 co ’CDS + |502/1170 |168/389 |;“gm‘;;1‘;‘s""“ €3026>A [MAPDOLPc,ozmsI [oxic anion resistance
MAPDOLPC_124[6434 |snp __|C T [f3aco
MAPDOLPC_12504980 [snp  |C r 17 co |CDS + |752/1731 |251/576 |;“j:i:;'§:;,‘3’i"“ ¢7526T IMAPDOLPCJ)ZDSSl |hyp0thelical protein
MAPDOLPC_147[805 |snp _|A Ic 13 A0
IMAPDOLPC_147[2794 [snp [T ¢ lG1isT0 s 121573 Ja1190 ;";;‘f;‘m‘:’i““‘ 121> IMAPDOLPC_02181 Ihypothetical protein
- [Phosphocnolpyruvate-
MAPDOLPC_156[87 [sp [T A 210 [cps | 1698/1716[566/571 ;y\‘;zl‘;{"‘:‘fj‘;ls-"“"“"‘c'w”” T APDOLPC_02221 fptsP  |-protein
- [phosphotransferase
MAPDOLPC_I58|1516 |snp [T A 3110
MAPDOLPC_163]48 |sp |G T [E15Go
MAPDOLPC_1692632 [snp __|A I c12A0
[MAPDOLPC_190[2940 |snp __|C T [E16co
[MAPDOLPC_215[103_|sp |G A [A21Go
MAPDOLPC 230539 [snp [T G G160
[MAPDOLPC 230539 [sp [T G [Gi6T0
[MAPDOLPC 2311472 |ins __|C ca ca1 co
MAPDOLPC_232(1255 [snp [T G G290 |eps | 120099 faoizp e vt e120A>C NMAPDOLPC_02440 fcomza [(O™E oPeron protein
MAPDOLPC_2321303 [snp |G T Im26Go s | 2390 |ansz ':}‘ij:;‘::ﬁ:“ia"‘“nb" IMAPDOLPC_02440 jcomEA f‘"“ﬁ operon protein
) missense_variant -
IMAPDOLPC_232 1348 [complex|GTCATTG [arcTTTT [STCTITES leps | P7399  [1132  [c21_27d6ICAATGACinsAAAAGAT [MAPDOLPC_02440 fcomiza [COmE operon proiein
i lp.AsnSLys
MAPDOLPC_232|1414 [snp |G T 23 Go
[MAPDOLPC 232[1426 [snp __|A T [r20 A0
[MAPDOLPC 254[751 |snp _|C O [t co
MAPDOLPC 279137 |snp  [C A lA:14 C:0 cos |- Bas/a26  |115/141 ;‘g?ﬁﬁ;ﬂ’s&;‘““'}“‘}” IMAPDOLPC_02474 Ihypothetical protein
IMAPDOLPC 279212 |snp [T c IC:15 T:0 cos |- R70/426  [90/141 ;’x‘l’;‘go“ms—""‘““‘ 204G IMAPDOLPC_02474 Ihypothetical protein
[MAPDOLPC 283[126 |snp __|A O [T174 A0
[MAPDOLPC_ 283|185 |snp [T G 622010
[MAPDOLPC 283238 |sp |G A [A219Go
[MAPDOLPC 283325 |snp [T G 621910
MAPDOLPC 284|141 |snp |G r 34 Gt
[MAPDOLPC 284213 |snp |G O [T46 G6
[MAPDOLPC_284[291 |snp |G O 4563
IMAPDOLPC 2841309  lsnn IG IT IT:35 G:3
[MAPDOLPC 284[333 |sap |G O [t3162
[MAPDOLPC_ 284338 |sap __ |A c [c36 A0
[MAPDOLPC 284351 [sap [T G G300
[MAPDOLPC_286[104 [sap [T G G261
[MAPDOLPC_286[140 [sap [T c [C30T0
[MAPDOLPC_286[248 [sap [T G G261
[MAPDOLPC_286287 [sap |G A a1 Go
[MAPDOLPC_286[299 [snp N G IG:35 AL
TGA19
MAPDOLPC 286338 fcomplex|GGC  [TGA  [LOAH
[MAPDOLPC 286[353 [sp _ |A G [G:15 A0
JAATCA:11
MAPDOLPC_286[358 [complex [CATCT  [aATCA  [AATCA!
[MAPDOLPC 286[367 [sp _ |A c c:1a A0
[MAPDOLPC_286[371 [sap _ [A G G AL
[MAPDOLPC_286375 [sap __|A G [G:13 A0

A22: WGS annotation for variant detection of S. haemolyticus LMG4115M2
using Snippy algorithm

CHROM | POS [TYPE | REF ALT | EVIDENCE |[FTYPE [STRAND|NT_POS [AA_POS| EFFECT LOCUS_TAG |GENE|  PRODUCT
IMAPDOLPC_ 2 [65953|snp  |C T T:43 C:0 ‘CDS - 347/807  [116/268 g‘:ii;ﬁeﬁai"‘a“‘°'34m>" MAPDOLPC,00150| lysozyme
[MAPDOLPC_3 [5644 [snp  |A [T [T:45 A0
IMAPDOLPC_5  [26501[snp  |C T T:30 C:0 ‘CDS ’+ ’49/192 ’17/63 ;yfg“l‘i’;“&‘:f*v“"a“‘°“‘gc>T ‘MAPDOLPC,(70290| ‘hypolhelica] protein
MAPDOLPC_8 [21436[snp |G A A12G0
MAPDOLPC_10 [2037 |snp  |C T T:18 C:0 ‘CDS ’ ’1/180 ’1/59 ;)“‘\‘,‘j‘l"q‘*c"d""f"a"“"'“'IC’>A ‘MAPDOLPC,00438| ‘hypolhclica]pmlcin

[ACCTC:17
IMAPDOLPC_10 (2044 |complex TCCTT  [ACCTC R pci!
IMAPDOLPC_10 [24508|snp  |C G G:36 C:0 cps |+ 49/3036  [17/1011 g‘giﬁ'l‘;f}*]‘:l“"““'c‘m)G MAPDOLPC_00463 SMC family ATPase
IMAPDOLPC_12 [13175|snp  [A G G:30 A0 cps |+ 659/1011  [220/336 g‘::ii’;;%—s";"““’c‘“%ﬁ MAPDOLPC_00503 lealactose mutarotase
[MAPDOLPC_12 [16357[snp |G A [A24 G0
GTAGTTG:28
IMAPDOLPC_IS (26102 complex TTATTTT GTAGTTG 1 0 o
IMAPDOLPC_16 |11183 |snp c T T:31 C:0
TAAA:11
MAPDOLPC_19 (065 |complex|AAAG  [TAAA [ SO0
MAPDOLPC_19 (975 [snp A T T:13 A:0
MAPDOLPC_19 (980 [snp A T T:13 A:0
(CTAT:13
MAPDOLPC_19 (986 |complex|ATAG  (CTAT {1
TTA:13
IMAPDOLPC_19 (998  |complex |GTT ITTA G110
MAPDOLPC_19 [1007 [snp A T T:10 A:0
MAPDOLPC_19 [1022 [snp T c (C:10 T:0
MAPDOLPC_19 [1030 [snp A G G:11 A:0
MAPDOLPC_19 [1036 [snp A T T:11 A:0
MAPDOLPC_19 [1053 [snp A T T:11 A:0
TGT:12
IMAPDOLPC_19 (1070 |complex|[AGC ~ [TGT A
MAPDOLPC_19 [1078 [snp A T T:13 A:0
MAPDOLPC_19 |1087 |[snp T A A:13 T:0
MAPDOLPC_19 [1092 |complex [ATA TTT TTT:11 ATA:0
MAPDOLPC_19 |1104 |snp G A A:14 G:0
TGATAA:16
IMAPDOLPC_19 (1119 |complex | GGAGAG [TGATAA |48
IMAPDOLPC_19 |1134 [complex |AA e ITC:20 AA0 ‘CDS ‘+ ‘5/741 ‘2/246 missense_variant ¢.5_6del AAinsTC MAPDOLPC,00666| INAD-dependent
Ip.Gln2Leu protein deacylase
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MAPDOLPC_19 (1140 [snp |G T T:20 G:0 cps |+ 11741 |4ae  [Missense_variant c.1IG>T IMAPDOLPC_00666 INAD-dependent
lp TrpdLeu [protein deacylase
MAPDOLPC_19 [1154 |snp  |A G G23A0  [cDS |+ 25741 lopae  [missense_variant ¢25A>G MAPDOLPC_00666 NAD-dependent
Ip-Lys9GIu lprotein deacylase
IMAPDOLPC_21 14760 |snp A C IC:30 A:0
MAPDOLPC_21 [17382fsnp [T A A48 T:0 ‘CDS ’ ‘18/2]6 ‘6/7] :‘gl":‘;;‘;;‘“““‘c"“” ‘MAPDOLPC,UOMO‘ |hypo(helicﬂl protein
MAPDOLPC_24 [20481np |G A [A43GO
MAPDOLPC 31 [22127)snp __|A T 33 A0
MAPDOLPC_33 16098 [snp __[C A [A26C0
MAPDOLPC_37 [6898 [snp _ |A T T34 A0
MAPDOLPC_37 [14850snp  |C T T:74 C:0 ‘CDS ’ ‘1253/1761 ’418/586 g‘g;fﬁz:rvya‘"“"‘“zsmﬁ ’MAPDOLPc,omsz’ :‘y‘;"'lﬁ’e‘:;‘:’e‘e
IMAPDOLPC_56 (8759 |snp G A A:40 G:0
MAPDOLPC 57 [13800[sp _|C T r10 o
MAPDOLPC_61 |14726smp |G A A0 G0
MAPDOLPC_62 |14100[snp [T G G200
MAPDOLPC_63 [3770 [snp [T A [A20T0
MAPDOLPC_63 [3776 [snp [T A A21T0
MAPDOLPC_63 [6368 |snp  |C T T:54 C:0 cps |- 1415/1428 |472/475 [Tissense_variant ¢ 1415G>A IMAPDOLPC_01484 (rypsin-like serine
b Glyd72Asp [protease
MAPDOLPC_63 (6384 |snp [T Gs6T0  [cDs |- 1399/1428 |467/475 g‘g:f:g;—;;“““‘“”gbc MAPDOLPC_01484 ;‘r{]‘:::‘e]‘ke serine
IMAPDOLPC_64 [3045 |snp G A A:47 G:0
IMAPDOLPC_69 13199 |snp G A A:17 G:0
MAPDOLPC_69 13238 fms [T A TAT4T0
MAPDOLPC_73 [09 np  |A T T:15 A0
MAPDOLPC_73 [2807 |snp [T A AS6TO  [cDS |+ 821762 |94/253 ;@ﬁ;‘gg‘l"‘:‘f"a‘““‘c'z”b“ MAPDOLPC_01604 VOC family protein
teichoic acids export
MAPDOLPC_76 (7767 |snp  [A T T:17 A0 cps |- 47795 [2264  |missense_variant c 4T>A p.Cys2Ser [MAPDOLPC_01648 fragh | -BC transporter
|ATP-binding subunit
ITagH
IMAPDOLPC_76 |11245 |snp T (o C:38 T:0
IMAPDOLPC_80 |63 snp G A A:12 G:0
MAPDOLPC_80 [8493 [snp _[C T [ra8 co
MAPDOLPC_87 (8799 [snp (G A A:25 G0 ‘CDS + ‘952/1869 ‘318/622 :‘g;’z‘;;’;ﬁ;":“““-gﬂG)“‘ MAPDOLPC_UHGI‘ |hypmhe[ical protein
MAPDOLPC_99 [8475 [np __|A T 19 A0
MAPDOLPC_99 [8483 [snp  [A T 19 A0
MAPDOLPC_101 (8447 |snp iC A IA:10 C:0
- ) YihA family
MAPDOLPC_105(7248 [snp  |C A A23Cc0 DS |- s795588  [103/195 [MpSsense_variant €579G>T MAPDOLPC_01920 ribosome biogenesis
p-LysiZaAsn GTP-binding protein
) YihA family
IMAPDOLPC_105[7260 |snp |G A A23Go  |cps |- 567/588  [189/195 ”X‘?“{g‘&’”“”“‘“ﬂﬂcg IMAPDOLPC_01920 Iribosome biogenesis
P-ASPISIAsP GTP-binding protein
[MAPDOLPC_106[8022 [snp |G c C20G0
MAPDOLPC_1231887 [snp [ A A:49 C:0 ’CDS + ’502“170 ‘168/389 ‘;"gf:’l‘g;ﬁl "S"‘a“‘ ©€302C>A |MAPDOLPC_(\2046| ;‘:,’é:;:“m" resistance
[MAPDOLPC_124[6434 [snp _|C T fr27c0
MAPDOLPC_125[4980 |snp  [C T 138 C:0 ‘cns + ‘752/1731 ‘25[/576 ‘p‘“iﬁgﬁé‘;r‘m‘ e7526T |MAPDOLPC_02058| |hypolhelical protein
[MAPDOLPC_129[51 |snp T G G10T0
[MAPDOLPC_143[3693 [snp |G A A31GO
[MAPDOLPC_147[805 [snp  |A c c27A0
IMAPDOLPC_147[2794 |snp T G G:38 T:0 ‘CDS + ‘121/573 ‘41/190 et c121T>G ’MAPDOLPC,OZIBI’ ’hypo!heucal protein
MAPDOLPC_156 (48 snp T c C:10 T:0
- [phosphocnolpyruvate-
IMAPDOLPC_156(87  |snp T A A9TO  |cDs |- 1698/1716566/571 Sy\","l';yﬁ“gg“lsfv“““"‘°"693A>T IMAPDOLPC_02221 [ptsP ~ |-protein
p-Valb ooV Iphosphotransferase
[MAPDOLPC_158]1516 [sop [T A A41TO
MAPDOLPC_I58]1630 [snp |G A A3 GO
[MAPDOLPC_158]1642 [snp |G T [E11Go
[MAPDOLPC_158[4239 [snp _|C T fF22c0
MAPDOLPC_166(1297 fsnp  |C T 13 C:0 ‘CDS ’ ‘443/1074 ‘143/357 pmiifz’]‘zfy“s"“"‘““u(})“ |MAPDOLPC_02261| |hypolhelical protein
[MAPDOLPC_1692632 [snp _|A c c23A0
MAPDOLPC_I69[3728 [snp |G T T24G:0
[MAPDOLPC_190[2940 [snp __|C T T co
MAPDOLPC_213 (83 snp T G G:12 T:0
IMAPDOLPC_230 (539  |snp T G G:14 T:0
MAPDOLPC_231 (1472 |ins c ICA ICA:21 C:0
IMAPDOLPC 2321255 [snp [T G G:42 T:0 cps |- 120399 [40/132 ;y;:‘()':{o"l:’:s-"““a“”‘m“ IMAPDOLPC_02440 [comEA ]C‘"“E operon protein
MAPDOLPC 232(1303 |snp |G T IT:33 G:0 cps |- 72399 4132 :‘;?3%:“"5‘“’ eT2CA IMAPDOLPC_02440 [comEA ]C°"‘E operon protein
. missense_variant .
IMAPDOLPC_232[1348 |complex [GTCATTG |ATCTTTT gﬁ%m&? cps |- 275399 1132 |c21_27deICAATGACinsAAAAGAT [MAPDOLPC_02440 lcom:A (O™ operon protein
i b AsnSLys
[MAPDOLPC_232[1414 [snp |G T 126 G:0
[MAPDOLPC 232[1426 [snp _|A T T26 A0
MAPDOLPC 234|493 |snp  |C T 15 C:o ‘CDS ‘ ‘22/498 ‘8/165 pmgfsgf;g”‘“‘"‘“‘ e226>A MAPDOLPC,OZAA3| |hypnlhelical protein
[MAPDOLPC 240953 [snp  |A G G:13 A0
MAPDOLPC_254 (751 snp iC T [T:18 C:0
MAPDOLPC_283 (126  |snp A T [T:88 A:0
IMAPDOLPC_283 (185 |snp T G G:102 T:0
MAPDOLPC 283238 |snp |G A [A101 il
[MAPDOLPC 283325 |snp T G G99 T0
[MAPDOLPC 284[141 [sop |G T F23 G0
[MAPDOLPC 284213 [snp |G T [T26 G0
[MAPDOLPC 284[291 [snp |G O F22G:1
[MAPDOLPC 284338 [snp _|A c C15A0
MAPDOLPC_ 284351 |snp [T G 3T
[MAPDOLPC 286[104 [snp [T G G712
[MAPDOLPC 286]140 |snp [T c CI7 T
[MAPDOLPC 286287 [snp |G A ARG
TGA T
MAPDOLPC_286/338 [complex|GGC  [TGA  [10&0
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