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Abstract

Antibiotics have long been used to treat infections caused by pathogenic and multidrug-
resistant (MDR) bacteria. However, an increasing number of bacteria, including pathogenic
bacteria, have developed resistance against most antibiotics. As a consequence, there is now
a great need for the development of novel antimicrobial agents that can be utilized in clinical
settings. One potential option is a subgroup of antimicrobial peptides known as bacteriocins,
which have many advantageous properties which make them viable and very attractive
alternatives to conventional antibiotics in the fight against pathogenic bacteria. In this study,
the newly designed and bioengineered hybrid bacteriocin EntK1EJ97, which interacts with
the Zn-dependent RseP receptor and causes pore formation in the bacterial cell membrane,
revealed a relatively broad-spectrum of activity against a sizable collection of Gram-positive
bacterial species from various genera and was very active against the clinically important
and biofilm producing opportunistic pathogen Staphylococcus haemolyticus. The bacterial
species S. haemoyticus is a member of the coagulase-negative staphylococci (CoNS) and may
cause both local and systemic infections in humans. Comparative antimicrobial susceptibility
with conventional antibiotics and EntK1EJ97 showed that EntK1EJ97 could be an attractive
alternative treatment against S. haemolyticus, although EntK1EJ97-resistant mutants was
generated. Microtiter plate biofilm assay with crystal violet staining of biofilm producing
sessile cells revealed that S. haemolyticus was a very strong in vitro biofilm producer under
optimal conditions. For the purpose of preventing the generation of planktonic and sessile
biofilm producing EntK1EJ97-resistant mutants, various single and combinatorial bacteriocin
treatments were applied in vitro in which the triple combinatorial EntK1EJ97/GarKS/MP1
treatment was most effective. The EntK1EJ97-resistant phenotype was investigated through
temperature-stress assay, sequencing of the rseP gene encoding the RseP receptor, and by
evaluating any morphological differences with the use of TEM. The temperature-stress assay
and sequencing indicated that the RseP was functional and that no mutations had occurred
at the DNA-level of the RseP. However, interesting differences in the thickness and structure
of the EntK1EJ97-sensitive and resistant mutants cell wall was observed which might

perhaps explain the phenotype of the EntK1EJ97-resistant S. haemolyticus mutants.



Sammendrag

Antibiotika har lenge vaert brukt til & behandle infeksjoner forarsaket av patogene og
multiresistente (MDR) bakterier. Imidlertid har et gkende antall bakterier, inkludert
patogene bakterier, utviklet resistens mot de fleste antibiotika. Som en konsekvens er det na
et stort behov for utvikling av nye antimikrobielle midler som kan brukes i kliniske
omgivelser. Et potensielt alternativ er en undergruppe av antimikrobielle peptider, kjent som
bakteriociner, som har mange fordelaktige egenskaper som gj@gr dem levedyktige og veldig
attraktive alternativer til konvensjonelle antibiotika i kampen mot sykdomsfremkallende
bakterier. | denne studien avslgrte den nylige designede og bioingenierte hybride
bakteriocinet EntK1EJ97, som interagerer med den Zn-avhengige RseP-reseptoren og
forarsaker poredannelse i bakteriecellemembranen, et relativt bredt spekter av aktivitet mot
en betydelig samling av Gram-positive bakteriearter fra forskjellige slekter og var veldig aktiv
mot den klinisk viktige og biofilmproduserende opportunistiske patogenen Staphylococcus
haemolyticus. Den bakterielle arten S. haemoyticus er medlem av de koagulase-negative
stafylokokkene (CoNS) og kan forarsake bade lokale og systemiske infeksjoner hos
mennesker. Sammenlignende antimikrobiell mottakelighet med konvensjonelle antibiotika
og EntK1EJ97 viste at EntK1EJ97 kan veere en attraktiv alternativ behandling mot S.
haemolyticus, selv om EntK1EJ97-resistente mutanter ble generert. Mikrotiterplate-
biofilmanalyse med krystallfiolett farging av biofilm-produserende sessile celler avslgrte at S.
haemolyticus var en veldig sterk in vitro biofilmprodusent under optimale forhold. For a
forhindre generering av planktoniske og sessile biofilm-produserende EntK1EJ97-resistente
mutanter, ble forskjellige enkelt- og kombinatoriske bakteriocinbehandlinger brukt in vitro
der den tredobbelte kombinatoriske EntK1EJ97/GarKS/MP1-behandlingen var mest effektiv.
Den EntK1EJ97-resistente fenotypen ble undersgkt gjennom temperatur-stressanalyse,
sekvensering av rseP-genet som koder for RseP-reseptoren, og ved a evaluere eventuelle
morfologiske forskjeller ved bruk av TEM. Temperatur-stressanalysen og sekvenseringen
indikerte at RseP var funksjonelt og at ingen mutasjoner hadde skjedd pa DNA-nivaet til
RseP. Imidlertid ble det observert interessante forskjeller i tykkelsen og strukturen til
celleveggen hos EntK1EJ97-sensitive og resistente mutanter, noe som kanskje kan forklare

fenotypen til de EntK1EJ97-resistente S. haemolyticus mutantene.
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1. Introduction

1.1. Antibiotics and the issue with resistant pathogenic bacteria

Antibiotics are secondary antibacterial metabolites produced by microorganisms; a variety of
bacteria and fungi produce these compounds to inhibit or kill competing microorganisms.
Today, thousands of different antibiotics are known, but less than 1% of them are clinically
useful. Undoubtedly, the discovery of antibiotics is one of the greatest revolutions in
chemotherapy and medicine in recent times. The huge impact that the use of antibiotics had

on medicine turned them into “miracle drugs” which the medical world was craving for.

However, with the intensive use of antibiotics in clinical settings, veterinary and in the
agriculture an increasing number of bacteria, including pathogenic bacteria, have developed
resistance against their antimicrobial effects [89]. The history of antibiotic-resistant bacteria
is as old as antibiotics themselves, and there are many theories on how and why antibiotics
arose. Some of today’s scientists within this field believe that evolution of genetic elements
encoding antibiotics and genes making the microbes intrinsically resistant against the
antibiotics they produce is the result of random genetic mutations. These random genetic
mutations gave the microorganisms carrying the mutation a competitive advantage in
environments with limited macronutrients (such as carbon, oxygen, hydrogen, nitrogen,
sulfur, phosphorus, potassium, calcium, magnesium, and iron) and micronutrients (such as
manganese, zinc, cobalt, molybdenum, nickel, and copper). Eventually, other bacterial
species with different genetic mutations arose, some of which also led to resistance against
these antibiotics. This in turn led to a selection of these resistant bacteria rather than

bacteria without this genetic mutation [25].

As seen in Figure 1.1, it was becoming harder to identify new naturally-occurring effective
antibiotics by the mid-1960s, and an ever-increasing resistance to already established
antibiotics was observed in clinically-relevant pathogens. These issues spawned the era of
medicinal chemistry, the next period of innovation in the antibiotic discovery; where the
focus was largely on creating synthetic versions of the natural occurring antibiotics. These
derivatives led to outstanding improvements in the application of antibiotics, which included

lower doses, expanded antimicrobial spectrum and the bypass of bacterial resistance



mechanisms, at least in the first stages of their clinical use [14]. However, we are now
entering an era where most of the antibiotics that could be easily developed using this

method have been acquired.

1953: Glycopeptides, Nitroimidazoles, Streptogramins < P> 1955: Cycloserine, Novobiocin

1952: Macrolides < P 1957: Rifamycins
1950: Pleuromutilins < P 1961: Timethoprim
1948: Cephalosporins < P 1962: Quinolones, Lincosamides, Fusidic acid
1947: Polymyxins, Phenicols < P 1969: Fosfomycin

1946: Nitrofurans <« P 1971: Mupirocin

1945: Tetracyclines <« P 1976: Carbapenems

1943: Aminoglycosides, Bacitracin (topical) < P 1978: Oxazolidinones
1932: Sulfonamides » 1979: Monobactams
1928: Penicillins <« P 1987: Lipopeptides

1920 SaEs 1930 gus 1940 gugs 1950 i 1960 gugs 1970 gugs 1980 gugy 1990 8000 °EEH—>

DISCOVERY VOID

Figure 1.1. History of major antibiotic discovery. “The discovery void” refers to the period from 1987 until today, as the last

antibiotic class that has been successfully introduced as treatment was discovered in 1987. The figure is adapted from [99].

Antibiotics are being utilized worldwide in several different fields including the food
production chain, agriculture, and the health sector. They have become an important
remedy in the fight against disease and infections, and the greatest daily effect we as
individuals experience of antibiotics is their contribution to improving human health [76].
Antibiotics save lives, so there is no doubt that antibiotic-resistance is a problem for every
individual, society and the world in general. It has been estimated that around 100 000 — 200
000 metric tons of various antibiotics are being produced and utilized annually worldwide.
The overuse of antibiotics greatly contributes to the increased antibiotic-resistance that we

see at the present time.

As seen in Table 1.1, there are many different types of antibiotics known that each have
their specific mode of action [70]. They are generally classified according to the bacterial
structures or processes in which they interact with, as well as their chemical structure. These
can be divided into two main categories; synthetic antibiotics and natural occurring
antibiotics, where these are again subdivided further into different subgroups of antibiotics.
Antibiotics and other antimicrobial agents can also be classified according to whether their

effect on the bacteria is deadly or merely hinders growth and reproduction. Antibiotics and



other antibacterial agents that kill bacteria are known as bactericides, while the substances

that affect their growth and reproduction are known as bacteriostatic compounds [70].

Table 1.1. The different classes of antibiotics including their distinctive features and mode of action.

Class of antibiotics

Distinctive feature

Mode of action

Examples

B-lactams

Aminoglycosides

Chloramphenicol

Glycopeptides

Quinolones

Oxazolidinones

Sulfonamides

Tetracyclines

Macrolides

Ansamycins

Streptogramins

Lipopeptides

All contain a beta-lactam ring

All contain aminosugar

substructures

Distinct individual compound

Consist of carbohydrate linked
to a peptide formed of amino
acids

All contain fused aromatic
rings with a carboxylic acid
group attached

All contain 2-oxazolidone
somewhere in their structure
All contain the sulfonamide

group

All contain 4 adjacent cyclic
hydrocarbon rings
All contain a 14-, 15-, or 16-

membered macrolide ring

All contain an aromatic ring
bridged by an aliphatic chain
Combination of two
structurally different
compounds from groups
denoted A & B

All contain a lipid bonded to a

peptide

Inhibit bacterial cell wall

biosynthesis

Inhibit the synthesis of proteins
by bacteria, leading to cell
death

Inhibit synthesis of proteins,
preventing growth

Inhibit bacteria cell wall

biosynthesis

Interfere with bacteria DNA

replication and transcription

Inhibit synthesis of proteins by
bacteria, preventing growth
Do not kill bacteria but prevent
their growth and
multiplication.

Inhibit synthesis of proteins by
bacteria, preventing growth
Inhibit protein synthesis by
bacteria, occasionally leading
to cell death

Inhibit the synthesis of RNA by
bacteria, leading to cell death
Inhibit the synthesis of proteins
by bacteria, leading to cell

death

Disrupt multiple cell membrane

functions, leading to cell death

Penicillins such as amoxicillin
and flucloxacillin;
Cephalosporins such as
cefalexin

Streptomyci, neomycin,

kanamycin, paromomycin

Vancomycin, taicoplanin

Ciprofloxacin, levofloxacin,

trovafloxacin

Linezolid, posizolid, tedizolid,
cycloserine
Prontosil, sulfanilamide,

sulfadiazine, sulfisoxazole

Tetracycline, doxycycline,
lymecycline, oxytetracycline
Erythromycin, clarithromycin,

azithromycin

Geldanamycin, rifamycin,
naphthomycin
Pristinamycin IIA, pristinamycin

1A

Daptomycin, surfactin



Antibiotics and other antimicrobial agents generally attack bacterial cells, not the host
organism’s cells. This is due to the fact that bacterial cells and the host organism’s cells have
different cellular structures and different metabolic pathways. This allows antibiotics and
other antimicrobial agents to have a selective toxicity towards bacterial cells [9]. The
susceptibility of some bacteria to individual antibiotics varies considerably, for instance,
Gram-positive bacteria and Gram-negative bacteria differ in their sensitivity towards
different types of antibiotics. An example of this is that Penicillin G generally affects Gram-
positive bacteria, while most Gram-negative bacteria are naturally resistant to this type of
antibiotic. Certain broad-spectrum antibiotics, such as tetracycline, are generally effective
against both groups [70]. As seen in Figure 1.2, typical bacterial targets for antibiotics
includes cell wall synthesis, disruption of cell membrane integrity and function, inhibition of
both the 50S and 30S subunits forming a functional bacterial ribosome, various metabolic
pathways and the enzymes involved in them and inhibition of nucleic acid synthesis so that
replication and transcription do not occur, are some of the major effects these drugs have

on bacteria [9].

DNA-directed RNA

Cell wall synthesis | DNA gyrase | RNA elongat polymerase

Cycloserine Quinolones-[ Nalidixic acid Actinomycin Rifampin

Vancomycin Ciprofloxacin Streptovaricins

Bacitracin Novobiocin

Penicillins Protein synthesis

Cephalosporins (505 inhibitors)

Monobactams . .
Eryth |

Carbapenems rythromycin (macrolides)

Chloramphenicol
Clindamycin
Lincomycin

Protein synthesis
(30S inhibitors)

Tetracyclines
Spectinomycin
Streptomycin

I3 ' mat
L id me! ¢
Trimethroprim
Sulfonamides

Cytoplasmic membrane Gentamicin
structure Kan'am)fcln

Polymyxins Armkacm
Daptomycin Nitrofurans

Cytoplasmic Cell wall

membrane e
Mupirocin

Puromycin
Figure 20-14 Brock Biology of Microorganisms 11/e
© 2006 Pearson Prentice Hall, Inc.

Figure 1.2. Bacterial targets of major antimicrobial agents. Agents are classified according to their target structures in the

bacterial cell. THF = tetrahydrofolate; DHF = dihydrofolate; mRNA = messenger RNA. The figure is adapted from [70].



Antimicrobial resistance is a growing problem worldwide, and in 2014 the World Health
Organization (WHO) proclaimed the expanding issue of antibiotic resistant pathogens as one
of the largest challenges human society will face in the coming decades [114]. In 2015, it was
estimated that approximately 33 000 people die annually just in Europe alone, as a direct
consequence of pathogenic bacteria resistant towards antibiotics [18]. Antimicrobial
resistance is defined as the innate or acquired property of a microorganism to be resistant or
insensitive to the effect of one or more antimicrobial agents [70], and mechanisms of
resistance is broadly divided into three categories: i) inactivation of the antimicrobial agent,
ii) removal of the antimicrobial agent from the bacterial cell, and iii) modification of the anti-
bacterial target in such degree that the antimicrobial agent no longer binds with high

enough affinity to be effective [112].

Genes encoding antimicrobial resistance are present in any organism that produces the
specific antibiotic agent, where these genes can be transmitted between bacteria by lateral
or horizontal gene transfer. Lateral gene transfer occurs between microorganisms of the
same species, while horizontal gene transfer occurs between microorganisms of different
species. As seen in Figure 1.3, Conjugation, transduction and transformation are the
mechanisms by which bacteria transfer genetic material between themselves. Conjugation is
a mechanism for transmission of genetic material, where the donor and acceptor bacteria
are dependent on cell-cell contact to transfer the genetic material. In transduction, the
genetic material is transmitted by bacteriophages (bacterial viruses) that only infect bacteria
and transmits genetic material that it has picked up from another bacteria, whereas
transformation allows bacteria to take up free DNA located in their extracellular

environment [70].

Antibiotic resistance among microorganisms can be genetically encoded on their circular
chromosome or, in most cases, on a plasmid. These plasmids are often referred to as R-
plasmids (“R” for resistance) and most of the genes encoding resistance are located on these
horizontally transmitted plasmids. These genes may encode enzymes that modify and
inactivate the antimicrobial agent, genes that encode enzymes that inhibit the uptake of the
antibiotic agent, or that encode enzymes that actively pumps them out of the cell such as
efflux-pumps [70]. These plasmids may contain several different genes for resistance and

duplicated plasmids containing these genes can be transmitted to bacteria previously



sensitive to the antimicrobial agent, thus rendering this bacterium resistant or insensitive

towards the particular antimicrobial agent.
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Copyright © 2006 Nature Publishing Group
Nature Reviews | Microbiology

Figure 1.3. Mechanisms of horizontal gene transfer between bacteria. The figure is adapted from (Furuya and Lowy (2006),

Nat Rev Microbiol. 4: 36-45. http://dx.doi.org/10.1038/nrmicro1325).

Bacteria have the ability to develop resistance towards any antimicrobial agents that relies
solely upon a bacteriostatic or bactericidal mechanisms of action, and resistance towards a
new antibiotic in clinical settings can develop within a period of just months to years after
being introduced into clinical settings [70]. A relatively recent database has shown the
existence of more than 20 000 potential resistance genes that emerged from nearly 400
different types of sequences of different available bacterial genomes. This is a clear danger
signal, and scientists are now warning of a fallback to the pre-antibiotic era if this resistance
development continues. In addition, long and costly production time as well as low prices no
longer makes antibiotics a profitable investment for pharmaceutical companies. Thus,
alternative approaches to antibiotics in the fight against resistant pathogenic bacteria are in

great need [34].


http://dx.doi.org/10.1038/nrmicro1325

1.2. Bacteriocins as an alternative treatment to conventional antibiotics

As a consequence of the increasing antibiotic-resistance seen in pathogenic bacteria, there is
now a great need for the development of new antimicrobial agents that can be utilized in
clinical settings. One of such potential options is a subgroup of antimicrobial peptides known
as bacteriocins. Contrary to conventional antibiotics, which are synthesized through complex
multi-enzyme pathways, bacteriocins are ribosomally synthesized antimicrobial peptides
[26][63] that are active against other bacteria and against which the producer has a specific
immunity mechanism system [30]. The antimicrobial inhibition spectra and potency
(strength) of bacteriocins differ greatly with the majority displaying a narrow spectrum of
activity, and are normally most active against closely related bacteria that are likely to occur
in the same ecological niche, but some are also known to display a broad spectrum of
activity and targets bacteria from several different genera [78]. Bacteriocins are synthesized
as precursors on the bacterial ribosome and the mature peptides usually consist of 20 — 60
amino acid residues. The variation among these peptides are quite large in terms of length,
amino acid sequence and composition, hydrophobicity, secretion and processing machinery
and post-translational modifications; all of which ultimately influence their spectrum of

antimicrobial activity [64][79][77][72].

Bacteriocins are most commonly classified based on their mechanism of action, mode of
synthesis, structure and size. For example, bacteriocins produced by the Gram-positive lactic
acid bacteria (LAB) are now classified in three different classes, as seen in Figure 1.4. Class |
comprises small peptides with a high degree of post-transcriptional modification, and as
such they are divided in subclasses according to what modified amino acids they contain.
Class Il consists of small and heat stable unmodified peptides, subdivided according to
several criteria such as size, shape and whether it consists of one or more peptides. Class Il
is made up of larger and heat liable peptides, subdivided based on their ability to cause

cellular lysis or not [7].
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Many of these bacteriocins have a high specific activity against clinically relevant pathogens,
including antibiotic-resistant strains. Importantly, bacteriocins have mechanisms of action
that are distinct from those of the antibiotics and, given their protein nature, are amenable
to genetically-based peptide bioengineering [31]. As opposed to conventional antibiotics,
which often function as enzyme inhibitors, bacteriocins mechanism of action is that they
generally create pores in the cell membrane of their target cells by either inserting
themselves within the cell membrane or by interacting with specific membrane-associated
receptors, as seen in Figure 1.5. This has critical effects on the affected bacterial cell leading
to loss of cell membrane integrity, dissipation of proton motive force, ATP depletion and

leakage of nutrients and metabolites out of the cell, thus killing the bacterial cell [24][15][1].

In order to disrupt the cell membrane and form pores, bacteriocins must interact with the
cell membrane of the target cells and insert themselves into the membrane. This process is
partly facilitated by electrostatic interactions between the positively charged peptide and
anionic lipids that are abundantly present in the Gram-positive bacterial cell membranes
[17]. This is also a process that is influenced by factors such as the membrane potential in
the target cell and the pH in the environment, this means that a bacterial cells sensitivity

towards a bacteriocin depends to some extent on the physiological state of the bacterial cell
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Figure 1.5. LAB bacteriocin class I, Il and Ill mechanism of action. GlcNac = N-acetylglucosamine; MurNac = N-acetylmuramic

acid. The figure is adapted from [31][6].



Bacteriocins have also been known to interact with specific receptors in the target cell
membrane which leads to disruption of proper cell membrane function and eventually
leading to cell death by its affinity and binding to the receptor. The presence of these
membrane receptors has been supported by several functional studies where class Il
bacteriocins were only active against whole cells or vesicles containing cellular proteins, but
not against protein-free vesicles, suggesting the presence of a receptor in the cell membrane
with which it interacts [42]. These receptors have functions that are important to the cells
survivability, for example involvement in key processes in the cells metabolism such as the
mannose phosphotransferase system (Man-PTS) which is a four-domain membrane complex
involved in the uptake of sugars in bacteria. Two of these domains, IIC and IID, are involved
in the binding of several bacteriocins, such as the lactococcins, among others [38]. In
addition, they have also been found to exert intracellular inhibitory activity by disrupting
essential biological processes such as protein biosynthesis, cell division, biosynthesis of the

cell wall and nucleic acid metabolism [38][29][10].

Although several broad-spectrum bacteriocins exist that can be used to target infections of
unknown pathogens, potent narrow-spectrum bacteriocins have also been identified that
can control targeted pathogens without negatively affecting commensal populations of
bacteria [93][13]. Although these antimicrobial peptides show efficiency in killing pathogenic
bacteria, the emergence of resistant bacteria is very much still a possibility, although it might
be minimized through a detailed understanding of bacteriocin mechanisms of action and

through peptide bioengineering [31].

Bacteriocins have many advantageous properties which makes them viable and very
attractive alternatives to antibiotics in the fight against pathogenic bacteria. These
properties includes their potency (as determined in vitro and in vivo), their low toxicity, the
availability of both broad- and narrow-spectrum peptides, the possibility of in situ
production by probiotics and the fact that these peptides can be bioengineered to increase
their spectrum of activity and their potency [31]. In addition, bacteriocins display strong
activity against target bacteria at pico- and nanomolar concentrations, making them even
more potent than some antibiotics. Because of their peptide nature and because they are
directly encoded by genes, bacteriocins are often more amenable to bioengineering than

classical antibiotics. Bioengineering of bacteriocins can be carried out by bacteriocin gene
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manipulation, can involve in vitro harnessing of the biosynthetic enzymes required for
peptide production and/or can rely on partial or complete chemical synthesis of the
antimicrobial. Bioengineering of these peptides have been important for furthering the
understanding of the fundamentals of bacteriocin activity and structure-function

relationships. There is also an increasing number of bioengineered peptides that exhibit

enhanced functionalities such as activity and/or stability, which makes them more attractive

from a clinical perspective. Bacteriocins are known to work through many distinct
mechanisms of action that differ from those of antibiotics. These mechanisms can be
broadly divided into those that function primarily at the cell membrane and those that are

active primarily within the cell, affecting gene expression and protein synthesis [31].

Another advantage of bacteriocins is that they are generally less likely to induce resistance
as most of them have several different targets and rarely interact with a specific receptor
and among those that act on a single target, most act on the cell membrane where
resistance development is more unlikely to occur [97]. However, as this study shows, the
potential emergence of resistant pathogens is an issue for any antimicrobial to be used in

clinical setting and one that must be addressed.

1.3. The bacteriocins used in this study

The antimicrobial activity of a handful different bacteriocins was investigated during this
study. Special attention was given to the non-modified antimicrobial peptides of the LsbB-
like bacteriocin family in class lld leaderless bacteriocins. The LsbB-like bacteriocin family
presently contains four sequence related members which includes LsbB, EntK1, EntQ and
EntEJ97. As seen in Figure 1.6, these peptides have a quite conserved C-terminal region
which contains a characteristic KXXXGXXPWE motif, this might indicate the same receptor
binding site for these bacteriocins and that the C-terminal part is responsible for the
receptor interaction. Their mechanism of action is that they interact with the
transmembrane protein Zn-dependent metallopeptidase YvjB (also known as RseP) which
belongs to the site-2 protease (S2P) protein family, serving as the receptor for these
bacteriocins and that their interaction leads to pore formation in the bacterial cell

membrane [106][75][85]. RseP is also known to be involved in bacterial stress response in

11



several species and deletion of rseP cause sensitivity towards extracytoplasmic stress, such
as variation in temperature conditions and pH-levels in the environment [5][67][109][4]. The
antimicrobial peptides of the LsbB-like bacteriocin family are effective against numerous

Gram-positive bacteria including pathogenic strains of staphylococci and enterococci [86].
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Figure 1.6. Multiple sequence alignment (MSA) of the four members from the LsbB-like bacteriocin family. Predicted by
CLUSTALW alignment tool and exhibited using Unipro UGENE software v33.0. Consensus of identity is displayed above the
sequences. Less conserved residues are colored light violet while highly conserved amino acids are highlighted with dark
violet with KXXXGXXPWE motif at the C-terminal part (marked in red). N-terminal end vary in length and contain fewer

conserved residues.

1.3.1. Enterocin K1

Enterocin K1 (EntK1) is a small linear and non-modified leaderless peptide which belongs to
the LsbB-like bacteriocin family. EntK1 is produced by the bacterium Enterococcus faecium
and has a relatively broad spectrum of activity against Gram-positive bacteria and especially
effective against the strains of E. faecium. The peptide is composed of 37 amino acid
residues with local folding within the peptide forming an a-helix structure from residue

8 — 24. The N-terminal part is amphiphilic and unsaturated in 1:1 tetrafluoroethylene (TFE)

and water solution. However, EntK1 does not form secondary structure in water [85].
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1.3.2. Enterocin EJ97

Enterocin EJ97 (EntEJ97) is a small linear and non-modified leaderless peptide which belongs
to the LsbB-like bacteriocin family. EntEJ97 is a cationic bacteriocin produced by the
bacterium Enterococcus faecalis and has a relatively broad spectrum of activity against
Gram-positive bacteria, including Listeria monocytogenes. The peptide is composed of 44

amino acid residues and has a conserved C-terminal motif [50][85].

1.3.3. Hybrid bacteriocins Enterocin K1EJ97 and Enterocin EJ97K1

The newly bioengineered bacteriocins Enterocin K1EJ97 (EntK1EJ97) and Enterocin EJ97K1
(EntEJ97K1) are hybrids constructed by combining the N-terminal and C-terminal parts of the
bacteriocins EntK1 and EntEJ97, designed at the Laboratory of Microbial Gene-technology
(LMG). The hybrid bacteriocin EntK1EJ97 contains 37 amino acid residues and is composed
of the N-terminal part of EntK1 and the C-terminal part of EntEJ97, while the opposite hybrid
bacteriocin EntEJ97K1 contains 44 amino acid residues and is composed in the opposite
fashion with the N-terminal part of EntEJ97 and the C-terminal part of EntK1. As seen in
Figure 1.7, these two hybrid bacteriocins share a high degree of sequence identity and the

common KXXXGXXPWE motif of the LsbB-like bacteriocin family.
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Figure 1.7. Multiple sequence alignment (MSA) of four bacteriocins used in this study. Predicted by CLUSTALW and showed
in Unipro UGENE software v33.0. percentage identity is displayed above the sequences. Less conserved residues are
colored light violet while highly preserved amino acids are highlighted with dark violet. Conserved KXXXGXXPWE motif is
highlighted in red.
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1.3.4. Nisin Z

Nisin Z belongs to the lantibiotic group of class | bacteriocins and is a well-known broad-
spectrum polycyclic bacteriocin effective against many Gram-positive bacteria. Nisin Z is a
bacteriocin produced by the bacterium Lactococcus lactis; it contains 34 amino acid residues
and is often used as a food preservative during production to extend shelf lifetime of food
products by suppressing spoilage by Gram-positive and pathogenic bacteria [98]. Its
mechanism of action is that it creates pores in the bacterial cell membrane due to lipid Il

interactions [41].

1.3.5. Garvicin KS

Garvicin KS (GarKS) is a recently discovered leaderless multi-peptide (three peptide)
bacteriocin produced by Lactococcus garvieae and belongs to the group of leaderless
peptides of class Il. GarKS contains the three unmodified peptides: GakA composed of 34
amino acid residues, GakB composed of 34 amino acid residues and GakC composed of 32
amino acid residues. These peptides have similar properties, displaying a slight antimicrobial
effect alone. However, in combination, they are effective against a wide selection of
bacterial pathogens in the genera Listeria, Staphylococcus, Streptococcus, Bacillus and
Enterococcus [84]. Its mechanism of action is that it inhibits bacterial growth by pore

formation in the bacterial cell membrane by a yet unknown mechanism.

1.3.6. Micrococcin P1

Micrococcin P1 (MP1) is a macrocyclic bacteriocin produced and post-translationally
modified by Staphylococcus equorum and belongs to a group of heavily modified peptides
known as thiopeptides. This antimicrobial peptide contains 14 amino acid residues with
sulphur and nitrogen rich heterocyclic rings. MP1 is extremely hydrophobic and its
mechanism of action is that it functions as an acceptor-site-specific inhibitor of ribosomal
protein synthesis, effectively preventing the growth of pathogenic Gram-positive bacteria,
including methicillin-resistant Staphylococcus aureus (MRSA), but little or no effect against

Gram-negative bacteria [37].
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1.4. Staphylococci biofilms

Life within a biofilm probably represents the predominate mode of growth for
microorganisms in most environments. Biofilms in general are the transition from free
floating planktonic cells to sessile cells within biofilms and generally consist of cells that
adhere to each other and often also to an abiotic or biotic surface and becomes embedded
within an extracellular polymeric substance (EPS) which forms a gel-like matrix around the
cell cluster. The extracellular matrix is generally composed of polysaccharides, proteins,
lipids and nucleic acids (DNA and RNA) which provides structure and protection to the

bacterial community within the biofilm [46][28][12][115][11][53][3].

In contrast to the planktonic cells, biofilms constitute a distinct growth phase [69]. Most
microbes produce biofilms as a means of response to their unfavorable environmental
conditions. Biofilms are produced as a result of coordinated gene expression of the
individual cells via quorum sensing [2]. Quorum sensing regulation leads to an overall change
in gene expression, increased virulence, and accelerating the gaining of antibiotic-resistance
[102]. The sessile cells growing within a biofilm are physiologically distinct from the
planktonic cells of the same species [80] and the microorganisms produce biofilms in
response to several different factors such as cellular recognition of specific or non-specific
attachment sites on a surface. In addition, nutritional factors and in some cases exposure of
planktonic cells to subinhibitory concentrations of antimicrobial agents and environmental
stress may also influence the transition from planktonic cells to sessile cells and subsequent

biofilm production [61][55].

Biofilm-associated infections with staphylococci are usually not mixed with other bacterial
species, this in contrast to many other medical biofilms such as multi-species dental plaque
formation [8]. In addition, it is rare to find more than one strain in an infection. A possible
explanation for this phenomenon is interspecies communication by quorum-sensing signals,
which in staphylococci leads to interspecies inhibition of virulence factor expression [59].
Staphylococcal biofilms have a physiological status that is characterized by a general down-
regulation of active cell processes, such as protein, DNA, and cell wall biosynthesis, which is
typical of slow growing cells. Other metabolic changes can be interpreted as a switch to

fermentative processes such as acetoin metabolism, resulting from the low oxygen
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concentration in biofilms. Finally, the up-regulation of urease and the arginine deiminase
pathway, which ultimately produce ammonia compounds, has been explained as a switch to
limit the deleterious effects of the reduced pH associated with anaerobic growth conditions

[11].

As seen in Figure 1.8, staphylococcal biofilm production and maturation has been proposed
to develop through a two-step process involving an initial attachment and a subsequent
maturation phase. These phases are physiologically distinct from each other and require
phase-specific factors. The final detachment phase involves detachment and dispersal of
single cells or cell clusters which may again colonize and produce biofilms at another

location [83].

dissemination
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@

colonization

Attachment Maturation Detachment

Figure 1.8. Proposed illustration for the different phases responsible for biofilm development in staphylococci. The figure
shows the initial attachment of planktonic cells to a surface, which can occur on tissues or after covering of an abiotic
surface by host matrix proteins in the human body (specific, protein-protein interaction), or directly to an abiotic surface
(non-specific). The initial attachment phase is followed by biofilm growth, maturation and finally detachment. The figure is

adapted from [83].
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The sessile cells within the biofilm have the ability to share nutrients and genes by lateral or
horizontal gene transfer. In addition, the cells are sheltered and protected from harmful
factors in the environment such as desiccation, antimicrobial agents and the host’s immune
system [27][58]. Biofilm increase antibiotic resistance and often leads to persistent
infections with a significant prolongation of the patient remission time [100]. The degree of
observed resistance of the sessile cells within biofilms has been reported to be up to 10 to

1000-fold greater compared to planktonic cells of the same bacterial strain [21].

The ability to adhere to medical devices and subsequently produce biofilm is one of the
major virulence factors associated with S. haemolyticus [36][35][20][48]. However, there is
only limited knowledge about the initial attachment and the nature of S. haemolyticus
biofilms. The initial attachment to a solid abiotic or biotic surface is thought to be facilitated
by surface hydrophobicity [56][57], dedicated surface attachment proteins
[32][40][54][66][103][110] and teichoic acid structure [52]. Several surface proteins have
been identified which is associated with Staphylococcus ability to attach themselves to inert

surfaces.

The initial step of Staphylococcus biofilm production within the human body is mediated
through the attachment to human matrix proteins. Dozens of so-called microbial surface
components recognizing adhesive matrix molecules (MSCRAMMs) are expressed by S.
epidermidis and S. aureus. These MSCRAMMIs have affinity towards human matrix proteins
such as fibrinogen or fibronectin and often combine binding capacity for several different
matrix proteins [88]. These MSCRAMMIs also share a common structure that includes an
exposed binding domain, a cell wall spanning domain, which often has a repeat structure,
and a domain that facilitates the covalent or non-covalent attachment to the bacterial
surface [73]. The covalent attachment is catalyzed by a family of enzymes called sortases

which links a conserved motif of the MSCRAMM s to peptidoglycan [71].
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1.5. Staphylococcus haemolyticus

The bacterial species S. haemoyticus is a member of the genus Staphylococcus which consists
of Gram-positive bacteria in the family staphylococcaceae in the order bacillales. Species
within this genus are common pathogens of humans and other animals and are historically
divided into two groups based on their ability to clot blood plasma (the coagulase reaction).
The coagulase-positive staphylococci include S. intermedius, S. hyicus and S. aureus which is
the most pathogenic of all known Staphylococcus species. The coagulase-negative
staphylococci (CoNS) are now known to comprise over 30 species. The CoNS are generally
common commensals of the bacterial skin flora, although some species can cause infections

[47].

S. haemolyticus is a member of the CoNS [87] and is the second most clinically isolated of the
CoNS from hospital-acquired human blood cultures, after S. epidermidis [35][101]. They are
very much considered as an opportunistic pathogen which is part of the normal bacterial
skin flora of humans, primates and domestic animals [36][44]. Infections caused by S.
haemolyticus can be both local or systemic often associated with the insertion and
implantation of medical devices during surgical procedures [43][91][111]. Human infections
often include native valve endocarditis, sepsis, peritonitis and urinary tract, wound, bone,
and joint infections [36][44][35][45]. Infrequent soft-tissue infections usually occur in

immunocompromised patients [94].

S. haemolyticus has the highest level of antibiotic-resistance among the CoNS and multidrug
resistance (MDR) against several different antibiotics is a very common property among
them [48][49][23]. Various strains have been shown to possess resistance against one or
more of these common classes of antibiotics: enicillins, cephalosporins, macrolides,
guinolones, tetracyclines, aminoglycosides, and fosfomycin. Although resistance against
vancomycin and teicoplanin is uncommon, glycopeptide-resistant strains has been reported
[35][101][49][92]. The highly antibiotic-resistant phenotype among them and their ability to

produce biofilms makes infections caused by S. haemolyticus quite difficult to treat [19].
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1.6. The goal of this study

In this study the aim was to evaluate if the newly designed and bioengineered hybrid
bacteriocin EntK1EJ97 could be applied as an effective alternative antimicrobial treatment to
conventional antibiotics for the treatment of infections and biofilms caused by S.
haemolyticus. As part of a collaboration with researchers from both India and Norway, we
obtained six clinically isolated S. haemolyticus strains from India and seven clinically isolated
S. haemolyticus strains from Norway. New knowledge was gained about the antimicrobial
activity of EntK1EJ97 against S. haemolyticus and several other Gram-positive bacterial
species from numerous genera. Throughout this study, it was observed that all the S.
haemolyticus strains generated EntK1EJ97-resistant mutants which complicated the further
bacteriocin treatment. For the purpose of preventing the generation of EntK1EJ97-resistant
mutants and decrease the bacteriocin concentration needed to inhibit growth of S.
haemolyticus, it was decided to apply combinatorial bacteriocin treatments with
bacteriocins eliciting different mechanisms of action. Since S. haemolyticus is known to
produce biofilms, it was important to determine the in vitro biofilm producing abilities of the
strains and the degree of bacteriocin resistance going from free planktonic cells to sessile
cells within biofilms. Through the work of Karolina Teresa Bartkiewicz (Master student,
LMG), the transmembrane protein RseP was confirmed as the receptor for EntK1EJ97
(unpublished data). We hypothesized that the EntK1EJ97-resistant phenotype of the S.
haemolyticus mutants was due to some mutations in the rseP gene encoding the RseP
receptor. Because of the RseP receptors involvement in bacterial stress responses, it was
interesting to investigate the temperature-stress responses of the EntK1EJ97-resistant
mutants and perform sequencing of the rseP gene in order to determine if any mutations
had occurred. In addition, morphological differences of the cell wall and cell membrane
between the EntK1EJ97-sensitive wildtypes and the EntK1EJ97-resistant mutants was
evaluated. We hypothesized that these investigations might perhaps explain the resistant

phenotype of the S. haemolyticus mutants.
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2. Materials and methods

2.1. Cultivation of bacterial strains and the bacteriocins used

All the bacterial strains used during this study was identified and verified by 16S rRNA
sequencing. Cultivation of all the bacterial strains was done in liquid Brain Heart Infusion
(BHI) medium (Oxoid) and incubated at 37°C without shaking in an incubation cabinet. All
work with live bacteria was performed in a sterile flow hood. The supplied strains had been
streaked out on BHI agar plates, and single colonies from these plates were picked with a
sterile toothpick and used to inoculate 5 ml of liquid overnight (o/n) cultures. From each of
these o/n cultures, a frozen stock was made by mixing 500 pl of 45% sterile glycerol (Sigma-
Aldrich) with 1000 pl of o/n culture in cryotubes. The frozen stocks were stored at -80°C and
served as the base of all subsequent cultivation of the strains which were performed in the

following way:

A sterile toothpick was dipped in the still frozen stock and dropped into a new tube with 5 ml
BHI. The tube was vortexed and incubated o/n at 37°C without shaking. These fresh o/n

bacterial cultures were then used for the different experimental purposes during this study.

All the bacteriocins used during this study are listed in Table 2.1 together with some general
information about them and Table 2.2 with their amino acid sequences. The bacteriocins
EntK1, EntEJ97, EntK1EJ97, EntEJ97K1, nisin Z and GarKS was produced by Pepmic Co., LTD,
China with > 95% purity. These bacteriocins were solubilized to the desired concentrations in
0.1% (vol/vol) trifluoroacetic acid (TFA). MP1 was purified to 95% purity at LMG from B.
altitudens cell-free cultural liquid (1 L), applied to a Resource reverse-phase chromatography
(RPC) column (1 ml) (GE Healthcare Biosciences) and connected to an AKTA purifier system
(Amersham Pharmacia Biotech). A linear gradient of isopropanol (Merck) with 0.1% (vol/vol)
TFA (buffer B) at a flow rate of 1.0 ml/min was used for elution. The identity of MP1 was
confirmed by mass spectroscopy (MS) analysis with Ultraflex MALDI-TOF/TOF (Bruker
Daltonics, Bremen, Germany). The concentration of MP1 was confirmed by HPLC (Dionex
Ultimate 3000 LC system) using a commercial sample of known concentration (Cayman

Chemical, Michigan USA) as a standard. All the bacteriocins were stored at -20°C until use.
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Table 2.1. List of bacteriocins used in this study with their abbreviation (used in this thesis), spectrum of activity, a

simplified mechanism of action associated with the bacteriocins and their stock concentration.

Bacteriocins Abbreviation Spectrum of activity Mechanism of  Stock concentration
action

Enterocin K1 EntK1 Narrow-spectrum Pore formation 10.0 mg/ml
due to RseP
interactions

Enterocin EJ97 EntEJ97 Narrow-spectrum Pore formation 10.0 mg/ml
due to RseP
interactions

Enterocin K1EJ97 EntK1EJ97 Unknown Pore formation 10.0 mg/ml
due to RseP
interactions

Enterocin EJ97K1 EntEJ97K1 Unknown Unknown 10.0 mg/ml

Nisin Z - Broad-spectrum Pore formation 1.0 mg/ml
due to lipid Il
interactions

Garvicin KS Garks Broad-spectrum Unknown 10.0 mg/ml

Micrococcin P1 MP1 Broad-spectrum Inhibit bacterial 1.0 mg/ml

translation due
ribosome

interactions

Table 2.2. List of the bacteriocins with their number of amino acid residues and amino acid sequences. The colored

sequences indicate which part of the bacteriocins EntK1 and EntEJ97 and in which manner the hybrid bacteriocin EntK1EJ97

and the opposite hybrid bacteriocin is constructed. The sequences of nisin Z and MP1 are shown as their amino acid

sequences before multiple post-translational modifications.

Bacteriocins Amino acid Amino acid sequence Reference
residues
EntK1 37 YE| (Ovchinnikov et al.,
2017)
EntEJ97 44 MLAKIKAMIKKFPNPYTLAAKLTTYEINWYKQQYGRYPWERPVA  (Galvez et al., 1998
EntK1EJ97 37 VIKFKFNPTGTIVKKLTAYEINWYKQQYGRYPWERPVA -
ENtEJ97K1 44 MLAKIKAMIKKFPNPYTLAAKLTQYE [AWEKNKHGYYPWEIPRG -

Nisin Z 34 ITSISLCTPGCKTGALMGCNMKTATCNCSIHVSK (Shin et al., 2016)
Garks: GakA 34 MGAIIKAGAKIVGKGVLGGGASWLGWNVGEKIWK (Ovchinnikov et al.,
GakB 34 MGAIIKAGAKIIGKGLLGGAAGGATYGGLKKIFG 2016)

GakC 32 MGAIIKAGAKIVGKGALTGGGVWLAEKLFGGK
MP1 14 SCTTCVCTCSCCTT (Degiacom et al., 2016)
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2.2. Spectrum of activity against 51 strains-different genera and phylogenetic tree
construction

The 51 strains-different genera listed in Table 2.3 were cultivated and prepared by
inoculating the strains in 5 ml of sterile BHI and allowed to grow o/n at 37°C without shaking.
For each strain, a 50 pl aliquot of o/n culture (~1x108 CFU) was transferred in test tubes
containing 5 ml of preheated (50 — 55°C) BHI soft agar. Tubes were vortexed for 3 seconds
before they were poured on freshly made BHI agar plates. After the soft agar solidified, 3 pl
of the bacteriocins EntK1, EntEJ97, EntEJ97K1, EntK1EJ97 and nisin Z were spotted with an
equal distance between each other on the plates, as illustrated in Figure 2.1. Three
concentrations of the bacteriocins were tested: 0.04 mg/ml, 0.2 mg/ml, and 1.0 mg/ml. The
plates were incubated at 30°C for 24 h and the diameter of the inhibition zones where
measured the next day. This work was performed in collaboration with Karolina Teresa
Bartkiewicz (Master student, LMG). This experiment was reproduced in three independent

experiments and the results are based on average values.

Indicator

0.04 mg/ml 0.2 mg/ml 1.0 mg/ml

EntK1

EntEJ97

EntK1EJ97

EntEJ97K1

Nisin Z

Figure 2.1. Schematic illustration of bacteriocin placement on the BHI agar plates against the indicators at concentrations of

0.04 mg/ml, 0.2 mg/ml and 1.0 mg/ml.
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The average diameter of the inhibition zones where calculated and a scoring system was also

implemented to show the degrees of bacterial inhibition by the different bacteriocins.

Scoring system:

0 = No inhibition

1 =Un-clear zone

2 = Clear small zone (<1.0 cm)

3 = Clear big zone (>1.0 cm)

“uxn

= |ndicates zones with resistant mutant colonies

A Neighbor-joining phylogenetic tree was constructed by uploading the 16S rRNA sequences

of the different bacterial species collected from the National Center for Biotechnology
Information (NCBI) database and was uploaded to the software Molecular Evolutionary
Genetics Analysis Version 10.1.6 (MEGA-X). Alignment was done by Muscle algorithm and

Neighbor-joining constructed the best fitting tree based on the similarities within the 16S

rRNA sequences of all the different bacterial species.

Table 2.3. List of bacterial indicator strains used during the spectrum of activity assay.

Species Strain

Bacillus cereus LMGT2805
Bacillus cereus LMGT2711
Bacillus cereus LMGT2731
Staphylococcus haemolyticus LMGT4068
Staphylococcus simulans LMGT3233
Staphylococcus arlettae LMGT4134
Staphylococcus homonis LMGT3129
Staphylococcus epidermidis LMGT3522
Staphylococcus aureus LMGT3023
Staphylococcus aureus LMGT3263
Staphylococcus aureus LMGT3325
Staphylococcus aureus LMGT3326
Staphylococcus aureus LMGT3328
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Staphylococcus aureus LMGT3329
Carnobacterium divergens LMGT2738
Carnobacterium pisciola LMGT2332
Enterococcus avium LMGT3465
Enterococcus faecalis LMGT2333
Enterococcus faecalis LMGT3088
Enterococcus faecalis LMGT3330
Enterococcus faecalis LMGT3331
Enterococcus faecalis LMGT3332
Enterococcus faecium LMGT2763
Enterococcus faecium LMGT2772
Enterococcus faecium LMGT2783
Enterococcus faecium LMGT2876
Lactobacillus curvatus LMGT2353
Lactobacillus curvatus LMGT2355
Lactobacillus plantarum LMGT2352
Lactobacillus plantarum LMGT3125
Lactobacillus sakei LMGT2361
Lactobacillus sakei LMGT2380
Lactobacillus salivarius LMGT2787
Lactococcus garvieae LMGT3390
Lactococcus lactis L1403

Lactococcus lactis LMGT2081
Leuconostoc gelidum LMGT2386
Listeria innocua LMGT2710
Listeria innocua LMGT2785
Listeria ivanovii LMGT2813
Listeria monocytogenes LMGT2604
Listeria monocytogenes LMGT2650
Listeria monocytogenes LMGT2651
Listeria monocytogenes LMGT2652
Listeria monocytogenes LMGT2653
Streptococcus dysgalactiae LMGT3890
Streptococcus thermophilus LMGT3555
Streptococcus uberis LMGT3912
Streptococcus uberis LMGT3918
Escherichia coli LMGT3590
Escherichia coli LMGT3591
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2.3. Antimicrobial susceptibility test and generation of EntK1EJ97-resistant S.
haemolyticus mutants

O/n cultures of six Indian S. haemolyticus strains together with one S. aureus (MRSA) strain

were prepared by the same procedure as for the strains in the spectrum of activity assay and

poured out on freshly made BHI agar plates. After the soft agar solidified, Antibiotic discs

with antibiotics listed in Table 2.4, were placed with an equal distance from each other in a

circle on top of the soft agar using a disc dispenser, whereas 3 ul of the hybrid bacteriocin

EntK1EJ97 (diluted to concentrations of 0.2 mg/ml, and 1.0 mg/ml) were spotted in the

middle of the plates. The BHI agar plates were then incubated at 37°C for 24 h; the next day

the appearance of inhibition zones was confirmed visually, and their diameter was

measured. This experiment was reproduced in three independent experiments and the

results are based on average values.

Table 2.4. List of antibiotics used in this study and often used in treating infections caused by various pathogenic bacteria

including staphylococci with their abbreviation, spectrum of activity, a simplified mechanism of action associated with the

antibiotics and their stock concentration.

Antimicrobial agent

Abbreviation

Spectrum of activity

Mechanism of

Antimicrobial

action concentration

Teicoplanin Tec Narrow-spectrum Inhibit bacterial cell ~ 30.0 pg/ml
wall synthesis

Ciprofloxacin Cip Broad-spectrum Inhibit bacterial 5.0 pg/ml
DNA replication

Erythromycin E Broad-spectrum Inhibit bacterial 15.0 pg/ml
protein synthesis

Rifampicin Rd Broad-spectrum Inhibit bacterial 5.0 ug/ml
RNA synthesis

Vancomycin Va Narrow-spectrum Inhibit bacterial cell 5.0 ug/ml
wall synthesis

Penicillin G P Broad-spectrum Inhibit bacterial cell  10.0 pg/ml

wall synthesis
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EntK1EJ97-resistant S. haemolyticus mutant colonies that appeared within the EntK1EJ97
(1.0 mg/ml dilutiuon) inhibition zones were picked. As illustrated in Figure 2.2, three
resistant mutant colonies from each of the six Indian S. haemolyticus strains were selected
and streaked on fresh BHI agar plates for isolation of pure cultures before frozen cultures

were made and the mutant colonies were stored at -80°C until further use.

Strain

©

EntK1EJ97
0.2 mg/ml 1.0 mg/ml

Figure 2.2. Schematic illustration of antimicrobial susceptibility test and method for isolating EntK1EJ97 resistant mutant

colonies on BHI agar plates.

2.4. Mutant confirmation test

As illustrated in Figure 2.3, a 10 ul aligiot of bacteriocin hybrid EntK1EJ97 (1.0 mg/ml) was

streaked vertically in three lines across freshly made BHI agar plates and sterile toothpicks

were used to transfer o/n wildtype S. haemolyticus strains and their respective mutants and

streaked them horizontally across over the bacteriocin hybrid EntK1EJ97. The plates were

then incubated at 37°C for 24 h to be observed the next day. This experiment was

reproduced in three independent experiments and the results are based on average values.
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Figure 2.3. Schematic illustration of the mutant confirmation test showing vertical lines where the EntK1EJ97 at 1.0 mg/ml

was streaked and horizontal lines where wildtypes with their respective mutants was streaked on BHI agar plates.

2.5. Microtiter plate biofilm assay

For the premise of determining S. haemolyticus biofilm producing abilities, a modified
protocol of [81] was used. O/n cultures of six S. haemolyticus strains from India and six S.
haemolyticus strains from Norway, together with one S. aureus (MRSA) strains as a positive
control for biofilm formation and one S. arlettae strain as a negative control was tested. The
strains were cultivated in BHI and were diluted 1:10 in 3% Tryptic Soy Broth (TSB) containing
1% glucose and 150 pl of the diluted strains were then transferred to the wells of a flat-
bottom 96-well microtiter plate (one column for each strain) and the microtiter plates were
incubated at the desired temperature at 37°C for 24 h with a transparent plastic cover tape
over the wells of the microtiter plates to avoid evaporation of the medium. The next day, the
planktonic cells in each of the wells were removed, by discarding the o/n medium and
washing the biofilms with 160 pl saline solution (0.9% NaCl) at room temperature (RT) twice.
The microtiter plates were then incubated at 55°C for 1 hour in order to fix the biofilms to
the wells. After fixation, biofilms were stained by adding 150 pl 0.5% crystal violet solution in
dH>0 to the wells and incubated for an additional 10 minutes at RT. Subsequently, the
crystal violet solution was removed from the wells and the biofilms were washed twice with
0.9% NaCl. The biofilm-bound crystal violet was then eluted by adding 100 ul of absolute
ethanol to the wells, and the plates were placed on a shaker for 10 minutes at 5 RPM. After

the 10 minutes, the solution in the wells were transferred to a new microtiter plate and the
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elution step was repeated once more. The amount of dye released by the biofilms, which is
an indirect measure of the bacterial cell density, was measure spectrophotometrically at 600
nm using a SPECTROstar nano plate reader (BMG LABTECH) and pictures of the plates were
also taken. This experiment was reproduced in three independent experiments and the
results are based on average values. An average ODggo Value <1.0 implies that the bacterial
strain under investigation is a weak biofilm producer and an average OD value >1.0 implies

that the bacterial strain is a strong biofilm producer.

2.6. Minimum inhibitory concentration (MIC) with single and combinatorial
bacteriocin treatments against planktonic S. haemolyticus cells

Determination of the minimum inhibitory concentration (MICsg) which refers to the
concentration of antimicrobial agent causing 50% growth inhibition for the various single
and combinatorial bacteriocin treatments against planktonic cells of the six Indian S.
haemolyticus was performed by a modified version of the protocol [22]. The bacteriocins
EntK1EJ97 and GarKS was diluted to a starting concentration of 100 pug/ml while MP1 was
diluted to a starting concentration of 10 pg/ml. The various single and combinatorial
bacteriocin treatments are listed in Table 2.5 with the starting concentrations of each of the

bacteriocins.

As seen in Figure 2.4, In flat-bottom 96-well microtiter plates, 135 ul sterile liquid BHI was
transferred to the wells of the 2t — 10" column with a multichannel pipette, leaving the 1t
column medium-free. 150 pl BHI was transferred to the 12 column and served as a
negative control for planktonic cell growth (sterile medium) and 135 ul BHI with the
appropriate amount of antimicrobial vehicle (TFA) was transferred to the wells of the 11t
column and served as a positive control for planktonic cell growth. 270 pl of the diluted
bacteriocins was transferred to the appropriate wells of the 1" column before starting serial
diluting them 1:1 by gently pipetting up and down 10 times (without making bubbles) before
transferring 135 pl of the diluted bacteriocins to the wells of the 2™ column and so on all the
way to the wells of the 10™ column. Then, o/n bacterial cultures cultivated in BHI was

diluted 1:5 in sterile BHI before transferring 15 ul of each bacterial strain to the appropriate
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wells which already contained 135 pl diluted bacteriocin solution and TFA (positive control)

and thus diluting the strains further 1:10 (so a total dilution of 1:50 for the strains).

The microtiter plates were then incubated at 37°C for the appropriate amount of time (5-,
24-, and 48 h) before measuring the ODggo in the SPECTROstar nano plate reader (BMG
LABTECH) with shaking and determining the MICso values for each of the strains. This
experiment was reproduced in three independent experiments and the results are based on

average values.

[Antimicrobial]
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Figure 2.4. Minimum inhibitory concentration (MIC) assay in flat-bottom 96-well microtiter plate. Serial dilution of the
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single and combinatorial bacteriocin treatments started in the 1th column (red) and was serial diluted 1:1 until the 10th
column. The 11t column (green) contained TFA and served as the positive control while the 12t column (blue) contained

only BHI and served as a negative control.
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Table 2.5. Single and combinatorial bacteriocin treatments against planktonic cells with 1:1 serial dilution starting

concentrations.

Bacteriocin treatments Start concentration (ug/ml)
EntK1EJ97 100
Garks 100
MP1 10
EntK1EJ97 100
Garks 100
Garks 100
MP1 10
EntK1EJ97 100
MP1 10
EntK1EJ97 100
Garks 100
MP1 10

2.7. Biofilm-oriented antimicrobial test (BOAT) with single and combinatorial
bacteriocin treatments against sessile S. haemolyticus cells within biofilms

Performance of the biofilm-oriented antimicrobial test (BOAT) with single and combinatorial
bacteriocin treatments was conducted by a modified version of the protocol [51]. The
various bacterial strains were allowed to produce biofilms at 37°C for 24 h with the same
procedure as for the biofilm assay. Preparation of the challenge plates was performed the
following day and started with transferring 175 ul sterile liquid tryptic soy broth (TSB)
medium in the appropriate numbers of wells in the microtiter plates, leaving the 1™ row
medium-free and a second set of wells was prepared for the controls. Then, in order to find
a good starting concentration for the bacteriocin treatments, the highest average MICioo
value of EntK1EJ97 against the planktonic S. haemolyticus strains after 5 h incubation which
refers to the concentration of antimicrobial agent causing 100% growth inhibition and the
highest average MICso value of the combinatorial EntK1EJ97/GarKS/MP1 against the
planktonic S. haemolyticus strains after 48 h incubation was multiplied 100-fold and mixed in
falcon tubes. Preparation of a control mix with the same medium and the appropriate
amount of antimicrobial vehicle 0.001% (vol/vol) TFA was performed in another falcon tube.

Once the bacteriocins and control mix was ready, 350 pl of each mix was dispensed in the
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appropriate number of wells in the 1% row of the challenge plates, as indicated in Figure 2.5.
A 175 pl aliquot of the bacteriocins and control mix was then transferred from the 1*" row to
the 2™ row and mixed by gently pipetting up and down 10 times and avoiding making

bubbles. The bacteriocins and control mix was serially diluted 1:1 in this way until the 8" row

of the challenge plates with a multichannel pipette.

The microtiter plates containing the 24 h biofilms were then removed from the incubator
and the medium (100 pl) was aspired. The biofilms in all the wells was washed once with 100
ul of sterile saline solution (0.9% NacCl) at RT prior adding 150 ul of the bacteriocins and
control mix to the appropriate wells of the plates. In this step, the bacteriocins and control
mix was pipetted from the last row of the challenge plates (lowest concentration) and
progressed up to the top using the same set of tips. Then, the plates containing the biofilm
was placed back in the incubator at 37°C for the appropriate amount of time (5 h and 24 h
for the single EntK1EJ97 bacteriocin treatment and 5-, 24-, and 48 h for the combinatorial
EntK1EJ97/GarKS/MP1 bacteriocin treatment).
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Figure 2.5. Biofilm-oriented antimicrobial test (BOAT) assay in flat-bottom 96-well microtiter plate. One column for the 1:1
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serial diluted bacteriocin treatment (red) and one column for the control (blue) for each of the bacterial strains.

31



After the incubation with the single and combinatorial bacteriocin treatments, the residual
metabolic activity of each strain was determined by using the metabolic indicator 2,3,5-
triphenyltetrazolium chloride (TTC). In order to do this, the plates were removed from the
incubator and the medium with the bacteriocins and control mix was removed, taking care
to start from the first row of the plates (highest bacteriocin concentration, lowest theoretical
viability) and moving towards the bottom. The biofilms were then washed twice with 150 pl
sterile saline solution (0.9% NaCl) at RT. After the second wash, the residual saline buffer
was completely removed prior adding 100 pl of TSB containing 0.025% (w/v) TTC before the
plates were incubated at 37°C for an additional 5 h. The plates were then removed from the
incubator and visually inspected for the development of red color (red formazan). The
TTC:TSB solution was then removed and 200 pl of an ethanol:acetone mixture (70:30) was
added to each well in order to extract the red formazan from the cells. The ethanol:acetone
mixture was also added to the wells that developed no color. The plates were then wrapped
in parafilm and left on the lab bench o/n at RT. The following day, ODa4s2 was measured in
the SPECTROstar nano plate reader (BMG LABTECH) and pictures of the plates was taken.
The single bacteriocin treatment was replicated in three independent experiments and the
results are based on average values. Due to the COVID-19 pandemic and the lab restrictions
that followed, the combinatorial bacteriocin treatment was only performed once, although
with a higher number of clinically isolated S. haemolyticus strains than the single bacteriocin

treatment.
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2.8. Temperature-stress assay with S. haemolyticus wildtypes vs. their respective
EntK1EJ97-resistant mutants

The growth rate of S. haemolyticus wildtypes and their respective EntK1EJ97-resistant
mutants was evaluated and performed in flat-bottom 96-well microtiter plates. O/n cultures
of wildtype strains and their respective resistant mutants was diluted 1:100 in sterile BHI
medium. A 200 pl aliquot for each of the strains (wildtypes and resistant mutants) was
transferred to the wells of the microtiter plate and a transparent plastic cover tape was then
placed over the wells to avoid evaporation of the medium. Next, the plates were placed in a
Synergy H1 Hybrid reader (BioTek®) set to the desired temperature (37°C, 40°C, and 45°C)
and the ODggo Was measured every 30 minutes for 24 h with shaking. This experiment was

reproduced in three independent experiments and the results are based on average values.

2.9. DNA isolation and rseP sequencing

The rseP was initially the point of interest as the RseP receptor has been established as the
putative receptor for the bacteriocin EntK1EJ97 like the other bacteriocins of the LsbB-like
bacteriocin family. DNA isolation from two o/n cultures of EntK1EJ97-sensitive S.
haemolyticus strains as well as one of their respective resistant mutants was accomplished
by combining FastPrep shaker with E.Z.N.A.® Plasmid Miniprep kit | (Omega Bio-Tek)
according to the manufacturer’s instruction. Cell lysis and DNA extraction was performed
through alkaline SDS lysis assisted by mechanical bead-beating and by spin-columns
specifically but reversibly binding DNA under optimized conditions. This allowed for
contaminants and proteins to be washed away before eluting the extracted DNA. The rseP
was amplified by PCR using species-specific rseP primers which was checked in silico using
the primer sequence as a query in a nucleotide Basic Local Alignment Search Tool (BLAST) to
ensure specificity towards S. haemolyticus. All the primers used in the PCR and sequencing
was constructed by Karolina Teresa Bartkiewicz (Master student, LMG) during her work on S.

haemolyticus and the primers was ordered from Invitrogen (Thermo Fisher Scientific).
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The PCR reaction setup in this study followed the protocol for making the master mix, listed
in Table 2.6. Primers was dissolved in DEPC treated Milli-Q, to a final concentration of 100
UM. From this stock, 20 pl was aliqguoted and diluted 10-fold to a working solution of 10 uM

for direct use in the PCR master mix.

Table 2.6. Reagents used to make the PCR master mix.

Components 25 pl RXN Final Concentration
5X Q5 Reaction Buffer 5ul 1X
10 mM dNTPs 0.5ul 200 uMm
10 uM Forward Primer 1.25 pl 0.5 uM
10 uM Reverse Primer 1.25 ul 0.5 uM
Template DNA 2.0l < 1.000 ng
Q5 High-Fidelity DNA Polymerase 0.25 ul 0.02 U/l
Nuclease-Free Water 14.75 ul

The PCR reaction was based on the program, shown in Table 2.7 and was performed on a
MyCycler™ thermal cycler (Bio-Rad). 2 ul of isolated gDNA was used as template. Following
PCR, DNA quality and concentration were measured using NanoDrop 2000 (Thermo
Scientific) before storing the samples at -20°C until further use. A minimal nucleic acid

concentration of 50 ng/ul was desired, but the yield was usually well beyond this.

Table 2.7. PCR program used on a MyCycler™ thermal cycler (Bio-Rad).

Step Temperature Duration Cycles
Initial denaturation 98 °C 1 min

Denaturation 98 °C 30s

Annealing 60 °C 30s 30
Elongation 72°C 20 s/kb

Final elongation 72°C 2 min

Hold 4°C oo
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The PCR results was analyzed on 1% Tris-acetate-EDTA (TAE) agarose gel using 2 pl
PeqGREEN (Peqglab) DNA/RNA dye per 50 ml gel. Purple loading Dye (NEB) was used when
loading samples on the gel and 1 kb Ladder (NEB) was used to estimate fragment size. The

gel was run at 90 V for approximately 60 minutes.

PCR amplicons was purified using the NucleoSpin® Gel and PCR clean-up kit according to the
manufacturer’s instruction. Concentrations of the purified amplicons was measured by
NanoDrop and diluted to within a range of 80 — 20 ng/ul in a nuclease free Eppendorf tube.
Sequencing primers listed in Table 2.8 was added to the purified amplicons for a final primer
concentration of 2.5 nM, one primer per tube. The tubes were then sent to Eurofins
Genomics for sequencing. The sequences were downloaded from the Eurofins Genomic
website, and the corresponding chromatogram (in PDF format) was visually checked for any
unambiguity in the sequence. The online bioinformatics tool Reverse Complement (Stothard

2000) (https://bioinformatics.org/sms/rev_comp.html) was used to generate a reverse

complementary sequence from the reverse sequencing reaction. The online multiple
sequence alignment tool ClustalW was then used to align the forward and reverse
complement sequence. This consensus sequence was then used as a query in a nucleotide

BLAST search.

Table 2.8. Primers used in PCR and sequencing of the rseP gene with their length as well as Tp,.

Primer name Sequence in 5’ --> 3’ Length Comments Tm Annotation
direction (nt)

SH_LMGT4105_RseP_Seq_F1 5’-TTG AGT GCA CAT TIG 22 139 nt 57°C Forward primer for S.
ACT AGA C-3' upstream haemolyticus rseP

amplification and
sequencing

SH_LMGT4105_RseP_Seq_R1 _ 21 84 nt 59.6°C  Reverse primer for S.

downstream haemolyticus rseP

amplification and

sequencing

SH_LMGT4105_RseP_Seq_F2 5’-ATC GCT CCA CGA CAT 19 62.4°C  Forward primer for S.
CGA C-3’ haemolyticus rseP

sequencing
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SH_LMGT4105_RseP_Seq_R2 20 58.6°C Reverse primer for S.

haemolyticus rseP

sequencing

SH_LMGT4105_RseP_Seq_F3 5-GAA CGA AACTTT 24 57.5°C  Forward primer for S.
GTATAC CAT CCG-3’ haemolyticus rseP
seqeincing
SH_LMGT4105_RseP_Seq_R3 5-ATG TAC TGG CAC 22 57°C Reverse primer for S.
TAA CAA ACT G-3’ haemolyticus rseP
sequencing
SH_LMGT4105_RseP_Seq_R4 ENANCIGACOACION 22 59.6°C  Reverse primer for S.
CAA GTG C-3' haemolyticus rseP

sequencing

LMGT4105 WT; ERS066291.7067_4_49.1

TTGAGTGCACATTTGACTAGACATAGTAGATGATGTAATTCTTAACTCCTTTTATTAAAAGTAAAATTCTTGAAT
AATTTAACCAAATCATAGATAATCTACATCGTTCTAATGAAAAAAGTAGAAATTTAATTTAATTGAGGTGTATCA
TGTGAGCTATTTAATCACTATTGTCTCATTTATGATCGTGTTTGGTGTACTTGTTACGGTACATGAATATGGTCA

CATGTTCTTTGCTAAGCGTGCTGGAATAATGTGTCCTGAATTCGCGATAGGTATGGGACCAAAAATATTTAGTT
TCCGTAAGAACGAAACTTTGTATACCATCCGTTTATTACCTGTAGGTGGTTATGTAAGAATGGCTGGAGACGGT
TTAGAAGAGCCACCAGTTGAACCAGGTATGAATGTTAAAGTAAAACTTAATGATAAAGATGAGATTACGCACA
TAATTTTAGATGATCAGCATAAATTTCAAAAGATAGAAGCAATTGAAGTTAAACAATGTGACTTCAAGGATGAT
TTGTACATTGAAGGTATTACTTCATATGATAATGAGCGACATCATTTTAATATTGCTGAAAAAGCATATTTTGTT
GAGAATGGTAGTTTAATTCAAATCGCTCCACGACATCGACAATTTGCACATAAGAAACCTTTACCCAAATTTTTA
ACGTTATTTGCAGGACCATTATTTAACTTTATATTAGCCTTAATATTATTTATCGCATTAGCTTATTTCCAAGGAA
CACCTACTACCTCAGTGGGGCAATTAGCTGATCACTATCCAGCTCAACAAGCAGGATTAAAATCCGGAGATAA

AATCGTTCAAGTAGGTCAATATAAAACAAAGAGTTTTEATGACATICAGTCTGOAGEAAATAAAATTAAAGATA
ATAAAACAACTATAAAATTTGAAAGAGATAATCAAACAAAGACAGTGGACATAACTCCTAAAAAGCAAGTTAT

TAAGCAAACTAAATTAAATTCTGAGACGACGTACATTTTAGGTTTCCAACCAGAGAAAGAACATACTTTAATAA
AACCAATTGCGCTAGGATTTGATCAGTTTGTTAGTGCCAGTACATTAATCTTTAAAGCTGTAGGAACAATGATT

GCAAGTATATTCACAGGTCAATTCTCATTTGATATGTTAAATGGTCCAGTGGGTATTTATCATAATGTTGACTCT
GTAGTTAAGCAGGGTATCATTGCTTTAACATACTACACTGCACTATTAAGTGTTAACTTAGGTATAATGAACTTA
TTACCAATTCCA OGN CGIMAIT TATTTGTTATCTATGAAGCAATTTTCAGAAGACCAGTTAAT
AAAAAAGCAGAAACAATTATAATAGCTGCTGGTGCTATTTTTGTCTTAATTATAATGGTTCTAGTAACTTGGAA

CGATATACAACGTTATTTCTTGTAAAATAAGGAGGATTAAGTGATGAAACAATCGAAAGTTTTCATACCAACTA

GGAGAGATGTCCCTCIGANGCAGARGOATTGAGH
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2.10. Transmission electron microscopy (TEM) images of S. haemolyticus wildtypes
and their respective EntK1EJ97-resistant mutants

TEM is a microscopy technique in which a beam of electrons is transmitted through an
ultrathin specimen and interacts with the structures of the specimen as it passes through it
to form an image. TEM was applied in order to observe possible morphological differences
between S. haemolyticus wildtypes and their respective EntK1EJ97-resistant mutants. The
work was conducted in collaboration with Lene Cecilie Hermansen (Senior Engineer at IPV —
imaging center, NMBU), Sofie S. Kristensen (PhD Candidate) and Karolina Teresa Bartkiewicz
(Master student, LMG). The bacterial strains were picked for preparation in their stationary

growth phase.

Preparation of planktonic S. haemolyticus wildtypes and their respective EntK1EJ97-resistant
mutants and pictures taken with TEM was performed at the NMBU imaging center by the

following procedure:
e Fixation

A 1.0 ml o/n bacterial suspension was transferred to Eppendorf tubes and centrifuged at 1.4
RPM for 10 minutes prior to discarding the supernatant. The cell pellet was washed with 1.0
ml PBS by pipetting up and down a few times and then centrifuged again at 1.4 RPM for 10
minutes. The supernatant was discarded, and the step was repeated once again. The cells

were resuspended in 0.5 ml fixative solution and stored at 4°C until the next day.
e Washing

After o/n fixation, the fixative solution from the sample was collected in a waste bottle and
the fixed cells was added 0.5 ml 0.04 M CaCo buffer which was discarded, and another 0.5

ml of the same buffer was added again.
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e Post fixation

The 0.5 ml 0.04 M CaCo buffer was discarded from the cell sample and 2 drops of low
melting agarose (warmed up until melting) was added in order to encapsulate the cells
within agarose. After the agarose had solidified, the agarose containing the cell sample was
transferred to a glass bottle and incubated in a mixed solution containing 1% OsO4 and 0.1 M
CaCo buffer for 70 minutes at RT. Then, the specimen was washed three times with 0.1 M

CaCo buffer and incubated with shaking for 15 minutes each time.
e Dehydration

The buffer was discarded from the cell sample and 5.0 ml ethanol was added in different
concentrations: 50%, 70%, 90%, 96% and 4 X 100%. The specimen was incubated for 15

minutes with shaking between discarding old and adding new ethanol solution.
¢ Infiltration

After discarding the last 100% ethanol solution from the specimen, 1.0 ml mixed solution
containing LR White and 100% ethanol in ratio 1:3 was added and the specimen was
incubated o/n at RT with shaking. The next day, the mixed solution was discarded and a new
mixed solution in ratio 2:2 was added and incubated o/n at RT with shaking. The following
day, the mixed solution was discarded and a new mixed solution in ratio 3:1 was added and
incubated o/n at RT with shaking. Later the same day, the mixed solution was discarded, and

100% Resin was added and incubated o/n at RT with shaking.
e Embedding

The next day, the specimen was cleaved in two pieces and transferred into a capsule and
completely covered with LR White. Then, the specimen was polymerized at 60°C for three

days.
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e Sectioning and staining

The process of ultramicrotomy was performed by cutting the specimen in slices of 60 nm
thickness with a diamond knife. The selected slices were then collected onto a grid and
stored in a grid cassette. The grid containing the sample was stained on a drop of mixed
solution containing potassium permanganate and 40% uranyl acetate and incubated at RT
for 10 minutes. Then, the grid was washed for 5 minutes on a drop of water which was

repeated 10 times.
e Imaging

Imaging of the specimen was done in collaboration with Lene Cecilie Hermansen, Sofie S.
Kristensen and Karolina Teresa Bartkiewicz. The specimen was observed under the

transmission electron microscope with the use of the iTEM FEI software.
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3. Results

3.1. The hybrid bacteriocin EntK1EJ97 is active against clinically important
pathogenic bacteria in the genera Staphylococcus and Enterococcus

The bacteriocins spectrum of activity was determined against a sizable collection of 51
bacterial strains from 26 species of bacteria from various genera. The bacteriocin spectrum
of activity as well as their potency against the indicators differed greatly both between

genera and bacterial species within the same genera.

As seen in Figure 3.1, the antimicrobial activity of EntK1 and EntEJ97 was active against a
broad spectrum of Gram-positive bacteria showing the second and fourth broadest
spectrum of activity, respectively. The hybrid bacteriocin EntK1EJ97 showed the third
broadest spectrum of activity with a slight change in its activity compared to EntK1 and
EntEJ97. EntK1EJ97 was especially active against clinically important human pathogens
within the Enterococcus genera and the Staphylococcus genera, particularly the S.
haemolyticus. The opposite hybrid bacteriocin EntEJ97K1 showed the fifth broadest
spectrum of activity and was mostly active against bacterial species within the Lactobacillus
genera very similar to the activity of EntK1EJ97. Due to its broad spectrum of activity against
Gram-positive bacteria, nisin Z served as a positive control and as expected was active
against all but one bacterial species of the Gram-positive bacteria. Neither of the
bacteriocins was active against the Gram-negative bacterium Escherichia coli which was also

used to root the phylogenetic tree.
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Figure 3.1. Graphical representation of spot-on-lawn spectrum of activity assay plotted onto the phylogenetic tree. This
figure shows average scores for inhibitory activity of bacteriocin EntK1, EntEJ97, EntK1EJ97, EntEJ97K1 and nisin Z at
concentrations of 0.2 mg/ml and 1.0 mg/ml correlated to evolutionary relationship among 26 different bacterial species
(obtained in collaboration with Karolina Teresa Bartkiewicz). The result was observed after incubation at 30°C for 24 h. Nisin

Z served as an inhibitory control due to its broad spectrum of activity. Scoring system: 0 = no inhibition (blue); 1 = unclear

uxn

zone; 2 = small zone (<1 cm) (yellow); 3 = big zone (21 cm) (orange); indicate zones containing resistant mutant

colonies. Complete spectrum of activity results can be found in Appendix Al. The phylogenetic tree was generated by

neighbor-joining algorithm.

As seen in Table 2.2, the hybrid bacteriocin EntK1EJ97 is composed of the N-terminal part of
the bacteriocin EntK1 amino acid sequence and the C-terminal part of the bacteriocin
EntEJ97 amino acid sequence while the opposite hybrid bacteriocin EntEJ97K1 is composed
in the opposite fashion. Whether the N-terminal part of EntK1 is located on the hybrid
bacteriocins N-terminus and the C-terminus part of the hybrid bacteriocins or vice versa
seems to be crucial for the hybrid bacteriocins activity and affinity against the RseP receptor

in which it interacts with.

41



3.2. EntK1EJ97 was most active against S. haemolyticus compared to various
members of the LsbB-like bacteriocin family

Comparative study of EntK1EJ97 against various members of the LsbB-like bacteriocin family
which included EntK1, EntEJ97, EntK1EJ97 and EntEJ97K1 was determined by the means of a
spot-on-lawn assay in order to assess differences in susceptibility towards these bacteriocins
after incubation at 37°C for 24 h. As part of a collaboration between LMG and researchers at
the Blue Peter Public Health and Research Center in Hyderabad, India, we obtained six
clinically isolated S. haemolyticus strains isolated from leprosy-associated plantar skin ulcers.
These included the strains LMGT4068, LMGT4069, LMGT4070, LMGT4071, LMGT4072 and
LMGT4073.

As seen in Figure 3.2 and Table 3.1, EntEJ97 and EntK1EJ97 was most active against the six S.
haemolyticus strains with EntK1EJ97 showing antimicrobial activity at all concentrations
whereas EntEJ97 was really only active at the highest concentration. EntK1 and EntEJ97K1

did not show any antimicrobial activity at any of the concentrations.

EntK1
EntEJ97

EntK1EJ97

EntEJ97K1

EntK1
EntEJ97
EntK1EJ97
EntEJ97K1

Figure 3.2 Representative spot-on-lawn results with 3 pl of the bacteriocins EntK1, EntEJ97, EntK1EJ97 and EntEJ97K1 at

concentrations of 0.04 mg/ml, 0.2mg/ml and 1.0 mg/ml in the same orientation against the six Indian S. haemolyticus

strains on BHI agar plates. The results were observed after incubation at 37°C for 24 h.



Table 3.1. The average score of inhibition zones produced by 3 pl spotted EntK1, EntEJ97, EntEJ97K1 and EntK1EJ97 at
concentrations of 0.04 mg/ml, 0.2 mg/ml and 1.0 mg/ml against the six Indian S. haemolyticus strains. The results were
observed after incubation at 37°C for 24 h. Scoring system: 0 = no inhibition (blue); 1 = unclear zone (green); 2 = small zone

“wkn

(<1 cm) (yellow); 3 = big zone (21 cm) (orange), indicate zones containing resistant mutant colonies.

Bacteriocin [EntK1] [EntEJ97] [EntEJ97K1] [EntK1EI97]
(mg/ml) (mg/ml) (mg/ml) (mg/ml)
Concentration 0.04 0.2 .0 004 0.2 .0 004 0.2 .0 004 0.2 1.0
Strain
LMGTA068
LMGTA069
LMGTA070
LMGTA071
LMGTA072
LMGTA073

Although EntEJ97 and EntK1EJ97 was quite active at inhibiting growth in all the strains, with
EntK1EJ97 being the most potent bacteriocin, they both generated resistant mutant colonies
within the inhibition zones. A particularly large number of resistant mutants was generated
within the inhibition zones of EntK1EJ97. EntK1 and the opposite hybrid EntEJ97K1 did not
display any activity against the tested S. haemolyticus strains. All these bacteriocins belongs
to the LsbB-like bacteriocin family and their mechanism of action is believed to be the same
in that they interact with the RseP receptor with various degree of affinity which leads to

pore formation in the bacterial cell membrane [106][75][85].

3.3. EntK1EJ97 is a potential alternative to conventional antibiotics against S.
haemolyticus

Comparative study of EntK1EJ97 as a possible alternative to conventional antibiotics against
S. haemolyticus was determined by the means of an antimicrobial susceptibility test. A Kirby-
Bauer antibiotic disc diffusion test was performed on the S. haemolyticus strains in order to
compare the produced inhibition zones and antimicrobial activity of well-established
antibiotics listed in Table 3.2 often used in treating infections caused by various pathogenic
bacteria including staphylococci with that of bacteriocin EntK1EJ97 after incubation at 37°C

for 24 h. A methicillin-resistant Staphylococcus aureus (MRSA) strain (USA300) resistant
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against beta-lactam antibiotics (penicillin derivatives such as methicillin and oxacillin) was

also included as an antibiotic-resistant control strain.

Table 3.2. List of the various conventional antibiotics often used against pathogenic bacteria including staphylococci as well
as bacteriocin EntK1EJ97 with some general information of their spectrum of activity, mechanism of action and

concentrations.

Antimicrobial agent Spectrum of activity Mechanism of action Concentration

Teicoplanin Narrow-spectrum Inhibit bacterial cell wall 30.0 pug/ml
synthesis

Ciprofloxacin Broad-spectrum Inhibit bacterial DNA 5.0 pg/ml
replication

Erythromycin Broad-spectrum Inhibit bacterial protein 15.0 pg/ml
synthesis

Rifampicin Broad-spectrum Inhibit bacterial RNA 5.0 ug/ml
synthesis

Vancomycin Narrow-spectrum Inhibit bacterial cell wall 5.0 pg/ml
synthesis

Penicillin G Broad-spectrum Inhibit bacterial cell wall 10.0 pg/ml
synthesis

EntK1EJ97 Narrow-spectrum Inhibit proper integrity and 0.2 mg/ml
function of bacterial cell 1.0 mg/ml
membrane

As seen in Figure 3.3 and Table 3.3, the antimicrobial susceptibility towards the various
antimicrobial agents differed greatly. Among the tested antibiotics, all the strains resulted
resistant to penicillin G and moderately susceptible to vancomycin and teicoplanin; whereas
they showed a more heterogeneous pattern of susceptibility to the other antibiotic agents.
As expected, the antibiotic-resistant S. aureus (MRSA) USA300 control strain showed only a
weak susceptibility or complete resistance to the tested antibiotics. On the other hand,
EntK1EJ97 was consistently showing the appearance of a clear inhibition zone for all the
strains except S. aureus (MRSA) USA300 which was not susceptible to EntK1EJ97, although
resistant mutants readily appeared which was also the case for some of the antibiotics. This
is rationale basis for going into exploring the activity of EntK1EJ97 in combination with other

bacteriocins.
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EntK1EI97

Figure 3.3. Comparative susceptibility of antimicrobial agents. Inhibition zones produced by discs of the antibiotics

teicoplanin (TEC), ciprofloxacin (CIP), erythromycin (E), rifampicin (RD), vancomycin (VA), penicillin G (P) and 3 pl spotted
EntK1EJ97 in the middle at concentrations of 0.2 mg/ml (left) and 1.0 mg/ml (right) against the six Indian S. haemolyticus
strains together with S. aureus (MRSA) strain (USA300) on BHI agar plates. The results were observed after incubation at

37°Cfor 24 h.

Table 3.3. The average score of inhibition zones produced by discs of the antibiotics teicoplanin, ciprofloxacin,
erythromycin, rifampicin, vancomycin, penicillin G and 3 pl spotted EntK1EJ97 at concentrations of 0.2 mg/ml and 1.0
mg/ml against the six Indian S. haemolyticus strains together with S. aureus (MRSA) strain (USA300). The results were
observed after incubation at 37°C for 24 h. Scoring system: 0 = no inhibition (blue); 1 = unclear zone (green); 2 = small zone

wukn

(<1 cm) (yellow); 3 = big zone (=1 cm) (orange), indicate inhibition zones containing resistant mutant colonies.

Antimicrobial Teicoplanin Ciprofloxacin Erythromycin Rifampicin Vancomycin Penicillin G EntK1EI97
Concentration 30 pg/ml 5 pg/ml 15 pg/ml 5pg/ml 5 pg/ml 10pg/ml 02mg/ml LOmg/ml
Strain
LMGT4068
LMGT4069
LMGT4070
LMGT4071
LMGT4072
LMGT4073
USA300
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Three of the EntK1EJ97-resistant mutant colonies within the 1.0 mg/ml inhibition zone from
each of the six Indian S. haemolyticus strains was picked and re-streaked out on fresh BHI
agar plates for the premise of isolating single EntK1EJ97-resistant mutant colonies for later

use.

3.4. Resistance test confirms that the mutants from the S. haemolyticus strains are
resistant against EntK1EJ97

The picked mutant colonies from the six Indian S. haemolyticus strains in previous
experiment was subjected to a mutant confirmation test in which three lines was streaked
with EntK1EJ97 at concentration of 1.0 mg/ml (vertical lines) and the six S. haemolyticus
wildtypes together with their respective mutants was streaked (horizontal lines) across the
lines containing EntK1EJ97. As seen in Figure 3.4, all the S. haemolyticus wildtypes was
sensitive towards EntK1EJ97 indicated here by the separation in their lines across EntK1EJ97
and all their respective mutants was resistant indicated here by no separation in their lines

across EntK1EJ97.
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Figure 3.4. Visual representation of mutant confirmation test with EntK1EJ97 (1.0 mg/ml) streaked out vertically in three

Mut #2

Mut #3

lines (white) against the six Indian S. haemolyticus wildtype (Wt) strains (bottom lines) with each of their respective
EntK1EJ97 resistant mutants (Mut) (top three lines) on BHI agar plates. The results were observed after incubation at 37°C

for 24 h.
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3.5. Combinatorial bacteriocin treatment with GarKS and/or MP1 together with
EntK1EJ97 might prevent generation of EntK1EJ97-resistant S. haemolyticus
mutants

For the premise of minimizing the probability and prevent the generation of EntK1EJ97-
resistant S. haemolyticus mutants, a spot-on-lawn assay was performed in which garvicin KS
(GarKS) and micrococcin P1 (MP1) was chosen as good bacteriocin candidates especially
considering that their mechanism of action differ from the bacteriocins of the LsbB-like
family. EntK1, EntEJ97 and EntK1EJ97 was also included as a visual comparison and the
evaluation was done after incubation at 37°C for 24 h. GarKS is a member of the leaderless
bacteriocin family discovered at LMG and its mechanism of action is not yet fully
understood, however what is known is that it like other leaderless bacteriocins causes pore
formation in the bacterial cell membrane [84]. The mechanism for the thiopeptide MP1 is
that it functions as a potent inhibitor of the bacterial ribosome and subsequently the

translation of essential proteins for survival and reproduction [82][33].

As seen in Figure 3.5 and Table 3.4, both GarKS and especially MP1 was quite effective
against all the six Indian S. haemolyticus strains with MP1 showing antimicrobial activity at
all concentrations whereas GarKS was really only effective at the highest concentration.
However, there was no visual generation of either GarkS- or MP1-resistant mutant colonies
within any of the inhibition zones. These results showed much promise for application of
these two bacteriocins in various combinatorial bacteriocin treatments against S.

haemolyticus and in preventing the generation of EntK1EJ97-resistant mutants.
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EntK1

EntEJ97
EntK1EJ97

GarkS

MP1

Figure 3.5. Representative spot-on-lawn results with 3 pl of the bacteriocins EntK1, EntEJ97, EntK1EJ97, GarKS and MP1 at
concentrations of 0.04 mg/ml, 0.2mg/ml and 1.0 mg/ml in the same orientation against the six Indian S. haemolyticus

strains on BHI agar plates. The results were observed after incubation at 37°C for 24 h.

Table 3.4. The average score of inhibition zones produced by 3 pl spotted EntK1, EntEJ97, EntK1EJ97, GarKS and MP1 at
concentrations of 0.04 mg/ml, 0.2 mg/ml and 1.0 mg/ml against the six Indian S. haemolyticus strains. The results were
observed after incubation at 37°C for 24 h. Scoring system: 0 = no inhibition (blue); 1 = unclear zone (green); 2 = small zone

“wxn

(<1 cm) (yellow); 3 = big zone (21 cm) (orange), indicate zones containing resistant mutant colonies.

Bacteriocin [EntK1] [EntEJ97] [EntK1E197] [Garks] [MP1]
(mg/ml] (mg/ml) (mg/ml] (mg/ml] (mg/ml]
Concentration 0.04 02 10 004 02 10 004 02 10 004 02 10 004 02 10
Strain

LMGT4068
LMGT4069
LMGT4070
LMGT4071
LMGT4072
LMGT4073
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3.6. Planktonic S. haemolyticus cells was most effectively inhibited with triple
combinatorial bacteriocin treatment without the generation of EntK1EJ97-resistant
mutants

In an attempt to increase the antimicrobial potency, prevent the generation of EntK1EJ97-
resistant mutants and lower the bacteriocin concentrations needed to inhibit growth of the
planktonic cells of the six Indian S. haemolyticus strains, we explored the possibility to use
the three bacteriocins in a combinatorial manner. In order to assess this, a 1:1 dilution series
was applied with single and combinatorial treatments containing the bacteriocins EntK1EJ97,
GarKS and MP1. The S. haemolyticus strains were exposed to the various single and
combinatorial bacteriocin treatments at 37°C for 5-, 24-, and 48 h after which the in vitro
minimum inhibitory concentration (MICso) was determined for each time period. Because
the bacteriocins was used in different starting concentrations in the dilution series, an
equivalent minimum inhibitory concentration (EMICsg) value was implemented which
directly correlates to the bacteriocin concentrations listed in Table 3.5. By analyzing the data
using the ggplot package in Rstudio, box plots were generated to visualize any difference in

the measured EMICsp among the strains.

Table 3.5. Equivalent concentration ([Eq]) in the 1:1 dilution series in which the values directly correlates to the

concentration for each of the bacteriocins EntK1EJ97, GarKS and MP1 in pug/ml.

EntK1EJ97 [EntK1EJ97] GarKs [GarKs] MP1 [MP1]
[Eq] (ug/ml) [Eq] (ng/ml) [Eq] (ug/ml)
11 100.00 11 100.00 11 10.00
10 50.00 10 50.00 10 5.00
9 25.00 9 25.00 9 2.50
8 12.50 8 12.50 8 1.25
7 6.25 7 6.25 7 0.63
6 3.13 6 3.13 6 0.31
5 1.56 5 1.56 5 0.16
a 0.78 4 0.78 4 0.08
3 0.39 3 0.39 3 0.04
2 0.20 2 0.20 2 0.02
1 0.00 1 0.00 1 0.00
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As seen in Figure 3.6, the various single and combinatorial bacteriocin treatments shows
that the degree of inter-strain MICsg variability displayed by the various treatments differed
considerably. The MICsq for all the strains after 5-, 24-, and 48 h incubation with the various
single and combinatorial bacteriocin treatments are listed in Appendix A2, A3 and A4,
respectively. The strains displayed a decrease in susceptibility towards the treatments with
increasing incubation time. EntK1EJ97 was only effective against all the strains after 5 h
incubation with an average MICso of 0.78 pg/ml and was not effective after a prolonged
incubation (24 h and 48 h) with an average MICso that exceeded the highest concentration of
100 pg/ml due to the generation and growth of the EntK1EJ97-resistant mutants. As for
EntK1EJ97, neither of the GarKS and MP1 treatments was particularly effective after a
prolonged incubation. Their effectiveness was significantly increased by applying them in
various double combinations and displayed a strong synergistic effect towards the strains.
However, the triple EntK1EJ97/GarKS/MP1 combination with all the bacteriocins was by far
the most effective treatment after 5-, 24-, and 48 h with an average MICsp ranging between
<0.78/0.78/0.08 pug/ml after 5 h incubation and <6.25/6.25/0.63 pg/ml after 48 h incubation
for the least sensitive strain LMGT4069. Not only did this treatment decrease the inter-strain
MICso variability considerably, but it also reduced the concentration of each bacteriocin
needed to inhibit bacterial growth and prevented the generation of EntK1EJ97-resistant S.

haemolyticus mutants.
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Figure 3.6. Box plot representation of average EMICsp values for planktonic cells of the six Indian S. haemolyticus strains
after incubation at 37°C for 5-, 24-, and 48 h against a 1:1 dilution series with the bacteriocins EntK1EJ97, GarKS and MP1 in
single and combinatorial bacteriocin treatments. “*” indicate that all the strains were sensitive at [EntK1EJ97] = 0.78 pg/ml
([Eq] = 4), “**” indicate that only the LMGT4069 strain showed inhibition at [EntK1EJ97] = 0.78 pug/ml and “***” indicate

that all the strains were resistant.
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3.7. S. haemolyticus is a strong in vitro biofilm producer

Having used the six S. haemolyticus clinical strains to determine the susceptibility of
planktonic cells to the three bacteriocins and their combinations, we were now interested in
analyzing the effects in an in vitro biofilm setting. To do this we extended the pool of S.
haemolyticus strains included in the analysis to six more clinical strains obtained from the
University Hospital in Tromsg, Norway (LMGT4106, LMGT4097, LMGT4103, LMGT4113,
LMGT4105 and LMGT4115). Since the ability to produce biofilms is one of the main virulence
factors associated with S. haemolyticus that makes infections caused by S. haemolyticus
difficult to treat [35], it was important to evaluate the biofilm producing capacities of our S.
haemolyticus strains. The S. aureus (MRSA) strain USA300 served as a control for a known
strong biofilm producer [110] and the S. arlettae strain LMGT4059 served as a control for a

known weak biofilm producer and was also included.

The in vitro determination of the strains ability to produce biofilms was performed by the
means of a biofilm assay incubated at 37°C for 24 h with liquid sterile TSB1%cLu medium
which has been reported to enhance S. haemolyticus biofilm production [48]. The sessile
cells within the biofilms was stained with 0.5% crystal violet which was extracted from the
cell’s peptidoglycan composed cell wall and measured at ODsgo Which corresponds to the

amount of biofilm produced by each strain.

A representative result of the strains biofilm producing abilities in which the determination
was based on can be seen in Figure 3.7 were all the extracted crystal violet was measured.
An ODgoo threshold of >1.0 was set as a standard value and if the strains had an average
ODeoo >1.0 they were considered as strong biofilm producers, but if the strains had an
average ODeoo <1.0 they were considered as weak biofilm producers. All the strains mainly
produced biofilms at the bottom and at the air-liquid interface within the wells of the

microtiter plates as seen in Figure 3.8.
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Figure 3.7. Representative result of crystal violet 0.5% extraction from biofilm assay at 37°C for 24 h with the six Indian S.
haemolyticus strains (1 — 6), the Norwegian S. haemolyticus strains LMGT4113 and LMGT4105 (7 — 8), the S. aureus (MRSA)
strain USA300 (9), the S. arlettae strain LMGT4059 (10) and negative control (11) in a flat-bottom 96-well microtiter plate

viewed in a top-down perspective.

Figure 3.8. Representative result of S. haemolyticus biofilms stained with crystal violet 0.5% before extraction of the dye

showing that the S. haemolyticus strains mainly produced biofilms at the bottom and at the air-liquid interface within the

wells of the microtiter plates viewed in a top-down perspective.
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As seen in Figure 3.9, all the S. haemolyticus strains from both India and Norway was
determined to be very strong in vitro biofilm producers under optimal growth conditions
with an overall average ODeoo of 3.18. Almost all the strains except LMGT4106 was as strong
as or slightly stronger biofilm producers than the S. aureus (MRSA) strain USA300 which was
confirmed to be a very strong biofilm producer with an average ODggo of 3.27 and much
stronger than the S. arlettae strain LMGT4059 which was confirmed to be a weak biofilm

producer with an average ODeoo of 0.49.
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Figure 3.9. Biofilm assay performed in flat-bottom 96-well microtiter plates with TSBixcLu incubated at 37°C for 24 h
showing average ODggo Of extracted crystal violet 0.5% from the six Norwegian S. haemolyticus strains (red), the six Indian S.
haemolyticus strains (blue), the S. aureus (MRSA) strain USA300 as a control for a strong biofilm producer (green) and the S.

arlettae strain LMGT4059 as a control for a weak biofilm producer (green).

In addition to the previous biofilm assay, it was also interesting to determine whether the
respective EntK1EJ97-resistant S. haemolyticus mutants isolated from the Indian strains
were also capable of producing biofilms as their wildtypes. The biofilm assay was replicated
and as seen in Figure 3.10, all the EntK1EJ97-resistant mutants was also very strong biofilm
producers with the same ability to produce biofilms as their respective wildtypes with an

overall average ODggo of 3.08.
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Biofilm assay wildtypes and mutants OD > 1 = Strong biofilm producer
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Figure 3.10. Biofilm assay performed in flat-bottom 96-well microtiter plates with TSB1%cLu incubated at 37°C for 24 h
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showing average ODgqo of extracted crystal violet 0.5% from the six Indian S. haemolyticus wildtype (Wt) strains (blue) with
their respective EntK1EJ97-resistant mutants (Mut) (light blue), the S. aureus (MRSA) strain USA300 as a control for a strong

biofilm producer (green) and the S. arlettae strain LMGT4059 as a control for a weak biofilm producer (green).

3.8. Growth of EntK1EJ97-resistant sessile S. haemolyticus mutants within biofilms
after prolonged incubation with EntK1EJ97 treatment.

Determining the in vitro MICs for the single EntK1EJ97 bacteriocin treatment against sessile
S. haemolyticus cells within biofilms was performed by the means of a biofilm-oriented
antimicrobial test (BOAT) [51] with a 1:1 dilution series. The S. haemolyticus strains was
exposed to the EntK1EJ97 treatment at 37°C for 5 h and 24 h after which the in vitro
minimum inhibitory concentration (MICso) was determined for each strain after these time
periods. In addition to the six Indian S. haemolyticus strains, the Norwegian S. haemolyticus
strain LMGT4115, the S. aureus (MRSA) strain USA300 and the S. arlettae strain LMGT4059

were also included.

Because sessile cells within biofilms are known to display a higher degree of antimicrobial
resistance than their planktonic cells [21], it was decided to multiply the average MIC1qo of
1.56 pg/ml after 5 h EntK1EJ97 exposure of the planktonic cells in the previous MIC assay

100-fold in order to find a suitable bacteriocin starting concentration for the dilution series
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listed in Table 3.6. For the premise of determining the strains MICsp after 5 h and 24 h listed
in Appendix A5, the residual metabolic activity for each strain was determined by using the
metabolic indicator 2,3,5-triphenyltetrazolium chloride (TTC) which is metabolized by living
cells and develops a red colored compound (red formazan) which again can be used as a

measure of the strains metabolic activity and viability at ODao;.

Table 3.6. Dilution numbers in the 1:1 bacteriocin EntK1EJ97 dilution series with their corresponding concentrations

(ng/ml).
Dilution nr. [EntK1EJ97]
(ng/ml)
DO 160.00
D1 80.00
D2 40.00
D3 20.00
D4 10.00
D5 5.00
D6 2.50
D7 1.25

As seen in Figure 3.11, EntK1EJ97 was only effective against the S. haemolyticus strains after
the 5 h incubation with an inter-strain MICso variability ranging between >5.00 ug/ml for the
most sensitive strain LMGT4068 and >80.00 pg/ml for the least sensitive strain LMGT4069.
These results show that the sessile cells of the least sensitive strain LMGT4069 was
approximately 102.4-fold more resistant than its planktonic cells after 5 h incubation with
the EntK1EJ97 treatment. However, EntK1EJ97 was not effective against any of the S.
haemolyticus strains after the prolonged 24 h incubation with an average MICsg that
exceeded the highest concentration. This was due to the generation and growth of the
EntK1EJ97-resistant mutants at a prolonged incubation time period which is consistent with
the results of the EntK1EJ97 treatment against the planktonic S. haemolyticus cells in which

they were treated with EntK1EJ97 for 24 h and 48 h.
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The results also show that the strains LMGT4069, LMGT4071 and LMGT4072 displayed a

slightly enhanced ability to grow in the presence of both subinhibitory EntK1EJ97
concentrations of 2.50 ug/ml and 1.25 pg/ml after 5 h and the highest EntK1EJ97

concentrations of 160.00 pg/ml and 80.00 pg/ml after 24 h compared to the other strains

and the control only treated with TFA.

The S. aureus (MRSA) strain USA300 and the S. arlettae strain LMGT4059 was not inhibited

at any of the EntK1EJ97 treatment exposures with an average MICsp that exceeded the

highest concentration of 160.00 pug/ml and could not be determined. This might be

explained by the lower susceptibility of these strains which was also demonstrated for the S.

aureus (MRSA) strain in the comparative antimicrobial susceptibility test with the various

conventional antibiotics and bacteriocin EntK1EJ97.
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Figure 3.11. Box plot representation of average ODao; for the sessile cells of the six Indian S. haemolyticus strains, the

Norwegian S. haemolyticus strain LMGT4115, the S. aureus (MRSA) strain USA300 and the S. arlettae strain LMGT4059 after

5 h (left) and 24 h (right) exposure to a 1:1 dilution series with bacteriocin EntK1EJ97.
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3.9. Sessile S. haemolyticus cells within biofilms was effectively inhibited with triple
combinatorial bacteriocin treatment without the generation of EntK1EJ97-resistant
mutants

Determining the in vitro MICs for the triple combinatorial EntK1EJ97/GarkKS/MP1
bacteriocin treatment against sessile S. haemolyticus cells within biofilms was performed by
following the exact procedure as for the previous BOAT experiment. The S. haemolyticus
strains was exposed to the EntK1EJ97/GarKS/MP1 treatment at 37°C for 5-, 24-, and 48 h
after which the in vitro minimum inhibitory concentration (MICso) was determined for each

strain after these time periods.

For the premise of treating the sessile cells, the EntK1EJ97/GarKS/MP1 bacteriocin
treatment which was most effective against the planktonic cells of the S. haemolyticus
strains was chosen. In addition to the six Indian strain, the seven Norwegian S. haemolyticus
strains LMGT4106, LMGT4097, LMGT4103, LMGT4113, LMGT4105, LMGT4115 and
LMGT4132 were also included in this experiment. In order to find a suitable starting
concentration for the 1:1 dilution series listed in Table 3.7, the highest average MICs of
<6.25/6.25/0.63 pug/ml for the same bacteriocin treatment against the planktonic cells after
48 h was multiplied 100-fold.

Table 3.7. Dilution numbers in the 1:1 triple combinatorial EntK1EJ97/GarKS/MP1 bacteriocin treatment dilution series with

their corresponding concentrations (ug/ml).

Dilution nr. [EntK1EJ97] Dilution nr. [GarKS] Dilution nr. [MP1]
(ug/ml) (ng/ml) (ug/ml)

DO 625.00 DO 625.00 DO 62.50

D1 312.50 D1 312.50 D1 31.25

D2 156.25 D2 156.25 D2 15.63

D3 78.13 D3 78.13 D3 7.81

D4 39.06 D4 39.06 D4 3.91

D5 19.53 D5 19.53 DS 1.95

D6 9.77 D6 9.77 D6 0.98

D7 4.88 D7 4.88 D7 0.49
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As seen in Figure 3.12 and Figure 3.13 the EntK1EJ97/GarKS/MP1 treatment displayed a
strong synergistic effect against the sessile cells as for the planktonic cells although the
degree of inter-strain MICso variability differed considerably. The strains displayed a
decrease in susceptibility towards the treatment with increasing incubation time.
EntK1EJ97/GarKS/MP1 was highly effective against the S. haemolyticus strains after 5-, 24-,
and 48 h treatments with an average MICso ranging between >19.53/19.53/1.95 ug/ml after
5 h incubation and >78.13/78.13/7.81 pg/ml after 48 h incubation for the least sensitive
strain LMGT4069. The MICso for all the strains after 5-, 24-, and 48 h incubation with the

triple combinatorial EntK1EJ97/GarKS/MP1 bacteriocin treatment are listed in Appendix A6.

These results show that the sessile cells of the least sensitive strain LMGT4069 was
approximately 12.5-fold more resistant than its planktonic cells after 48 h incubation with
the EntK1EJ97/GarKS/MP1 treatment. In comparison to the single EntK1EJ97 treatment,
EntK1EJ97GarKS/MP1 was approximately 4.1-fold more effective after 5 h incubation and
reduced the concentration of each bacteriocin needed to inhibit bacterial growth

considerably and prevented the generation of EntK1EJ97-resistant S. haemolyticus mutants.
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1:1 dilution series with the triple combinatorial EntK1EJ97/GarKS/MP1 bacteriocin treatment.
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Figure 3.13. Representative result of the biofilm-oriented antimicrobial test (BOAT) with the triple combinatorial
EntK1EJ97/GarkKS/MP1 bacteriocin treatment and control with TFA in a 1:1 dilution series against the six Indian S.
haemolyticus strains in which they were treated to for 5-, 24-, and 48 h. Red colored wells indicate the strains TTC

metabolic activity and viability at decreasing bacteriocin concentrations.

3.10. S. haemolyticus wildtypes and their respective EntK1EJ97-resistant mutants
adapt equally well under stressful temperature conditions

As a standard preliminary phenotypical test for mutant strains, since the RseP receptor has
been found to be the receptor for bacteriocin EntK1EJ97 and also known to be involved in
stress response in various bacteria [5]. A mutation in this Zn-dependent protease may
putatively convert bacterial sensitivity to increasing temperature conditions. Therefore, it
was interesting to investigate whether there were any significant differences in the growth
rate of the EntK1EJ97-sensitive S. haemolyticus wildtypes and their respective EntK1EJ97-
resistant mutants at increasing temperatures. For the premise of this temperature-stress
assay, it was decided that the six Indian S. haemolyticus wildtype strains with their
respective EntK1EJ97-resistant mutants were to be exposed to temperature conditions of

37°C, 40°C, and 45°C for a 24 h time period while the ODgoo was measured every 30 minutes.

As seen in Figure 3.14, Figure 3.15 and Figure 3.16, the result shows that there were no
significant differences in the growth rate and the adaptive ability of the wildtypes and their
respective mutants at either the lag-, exponential-, or stationary growth phase. These results
were not expected had there been any significant mutation within the rseP gene which
probably would had led to a decreased ability to deal with the stressful temperature
conditions.
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Figure 3.14. Graphical representation of average growth rate measured at ODggoo every 30 minutes for 24 h including the six

Indian S. haemolyticus wildtype strains (blue) with each of their respective EntK1EJ97-resistant mutants (red, yellow and

green) in 200 pl BHI at 37°C.
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Figure 3.15. Graphical representation of average growth rate measured at ODggo every 30 minutes for 24 h including the six

Indian S. haemolyticus wildtype strains (blue) with each of their respective EntK1EJ97-resistant mutants (red, yellow and

green) in 200 ul BHI at 40°C.
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Figure 3.16. Graphical representation of average growth rate measured at ODggo every 30 minutes for 24 h including the six

Indian S. haemolyticus wildtype strains (blue) with each of their respective EntK1EJ97-resistant mutants (red, yellow and

green) in 200 ul BHI at 45°C.
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3.11. S. haemolyticus wildtypes and their respective EntK1EJ97-resistant mutants
show 100% sequence identity within their RseP receptor

Although the previous temperature-stress assay revealed no significant phenotypical
difference in the wildtypes and their respective mutant’s ability to adapt and grow under
stressful temperature conditions, it was nevertheless decided to perform sequencing of the
rseP gene in order to confirm that no mutations had occurred. For this purpose, it was
decided to pick and sequence the rseP from one random Indian wildtype strain LMGT4068
and one random Norwegian wildtype strain LMGT4105 together with one random mutant

from each of them.

Sequencing was performed on amplicons of mutants and subsequently aligned with
respective wildtypes. Concentration and purity of the rseP PCR amplicons gave good enough
yield when measured by NanoDrop and a small amplicon sample from both wildtypes and

mutants were subsequently run on a 1% agarose gel electrophoresis.

As seen in Figure 3.17, the result gave good indication that the rseP at size ~ 1511 bp was
successfully isolated by matching well with the 1500 bp fragment from the 1 kb ladder and
the amplicons was ready to be sent for GATC sanger sequencing. Reads were assembled to
contig which were translated to amino acids and analyzed by pairwise sequence alignment.
As seen in Figure 3.18 and Figure 3.19, there were no mutations at DNA-level of the RseP in
neither of the resistant mutant isolates LMGT4068 and LMGT4105 compared to their

respective wildtypes by showing 100% amino acid sequence identity.
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Figure 3.17. Amplified rseP DNA fragments from the two S. haemolyticus wildtype strains LMGT4068 and LMGT4105
together with one EntK1EJ97-resistant mutant from each strain. 10 pl PCR product was run on a 1.0% TAE gel at 90 V for 60

minutes. 1 kb ladder (NEB) was used as a marker.
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Figure 3.19. RseP amino acid sequence alignment of Norwegian S. haemolyticus wildtype strain LMGT4105 aligned with the
amino acid sequence from one of its EntK1EJ97-resistant mutants using CLC sequence viewer 8.0 showing 100% sequence

identity.

3.12. S. haemolyticus wildtypes and their respective EntK1EJ97-resistant mutants
may have some morphological differences

Enhanced resistance against antimicrobials might be explained by reduced accessibility of
the antimicrobial agent through the cell wall and/or cell membrane in order to reach its
target [90]. As concluding the further investigation into the EntK1EJ97-resistant phenotype
of the S. haemolyticus mutants in this study, morphological differences in the cell wall and
cell membrane between the EntK1EJ97-sensitive wildtypes and their respective EntK1EJ97-
resistant mutants was evaluated by transmission electron microscopy (TEM). Differences in
antimicrobial susceptibility suggested that the resistant isolates might have visible variations
on cell surface compared to their wildtypes [50][31]. For the premise of this investigation
and in collaboration with Karolina Teresa Bartkiewicz (Master student, LMG) and her work
on the Norwegian strains, it was decided to pick the two Norwegian S. haemolyticus wildtype
strains LMGT4115 and LMGT4105 together with one EntK1EJ97-resistant mutant from each
of them. In order to avoid a lot of cells dividing by binary fission when observed in the TEM,
each specimen was picked for preparation when they were well within the stationary growth
phase approximately 15 h after cultivation based on the growth rates in the temperature-
stress assay.
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As seen in Figure 3.20 and Figure 3.21, obtained micrographs showed no notable variation in
the cell membranes of the wildtypes and their respective mutants. However, the
morphology and thickness of the resistant isolate’s peptidoglycan composed cell wall
differed visually compared to their wildtypes although no measurement of the thickness was
performed in this experiment. The cell walls of the resistant isolates seemed to be much
thicker and more rough-looking in their contour compared to the thinner and much
smoother looking cell walls of their respective wildtypes. Also, it looked like the resistant
isolates had a much higher content of the wall teichoic acid (WTA) and lipoteichoic acid
(LTA), which are attached to the peptidoglycan layer and the cell membrane, respectively in

Gram-positive bacteria.

However, whether these variations in cell wall morphology can be attributed to the
observed EntK1EJ97-resistant phenotype of the S. haemolyticus mutants by perhaps
preventing diffusion and binding access of EntK1EJ97 towards the RseP receptor or merely a
consequence of sectioning or embedding error of the specimen is quite difficult to state at

this point without any further investigation.
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Figure 3.20. Transmission electron microscopy (TEM) micrographs showing the cell morphology of two random wildtype
cells from the Norwegian S. haemolyticus strains LMGT4105 (top) and LMGT4115 (bottom) magnified 110Kx (left) and
180KXx (right).
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Figure 3.21. Transmission electron microscopy (TEM) micrographs showing the cell morphology of two random resistant
mutant cells from the Norwegian S. haemolyticus strains LMGT4105 (top) and LMGT4115 (bottom) magnified 110Kx (left)
and 180Kx (right).
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4. Discussion

4.1. Main findings during this study

Some of the main findings during this study was that the hybrid bacteriocin EntK1EJ97 was
active against the clinically important pathogen S. haemolyticus which was also found to be a
strong in vitro biofilm producer under optimal conditions. However, EntK1EJ97-resistant
planktonic and sessile S. haemolyticus mutant cells were generated. For the purpose of
preventing the generation of EntK1EJ97-resistant mutants, various single and combinatorial
bacteriocin treatments were applied with the bacteriocins EntK1EJ97, GarKS and MP1 in
which the triple combinatorial treatment EntK1EJ97/GarKS/MP1 was the most effective
treatment. Contrary to the single EntK1EJ97 treatments which was only effective after a
short treatment (5 h), EntK1EJ97/GarKS/MP1 was also effective over extended time

(24 — 48 h) without the generation of resistant mutants in both the planktonic cells and the
sessile cells within the biofilms. In addition, the sessile cells within their biofilms was found
to display a much higher degree of resistance towards the bacteriocin treatments compared
to the planktonic cells. Several comparative studies were performed in order to perhaps
explain the EntK1EJ97-resistant phenotype of the resistant mutants. However, temperature-
stress assay and rseP sequencing indicated that the resistant mutants RseP receptor was
functional in their regards to the cells ability to adapt and grow at stressful temperature
conditions and that no mutations was found at the DNA-level of their RseP receptor. In
concluding the further investigation into the resistant phenotype of the EntK1EJ97-resistant
S. haemolyticus mutants, transmission electron microscopy (TEM) images were taken of
both the EntK1EJ97-sensitive and resistant cells in which interesting morphological
differences in the thickness and structure of the EntK1EJ97-resistant mutants cell walls

compared to their EntK1EJ97-sensitive counterparts was observed.
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4.2. The hybrid bacteriocin EntK1EJ97 was highly active against S. haemolyticus

The spectrum of activity assay performed with the bacteriocins EntK1, EntEJ97, the hybrid
EntK1EJ97 and the opposite hybrid EntEJ97K1 showed that EntK1EJ97 had a relatively broad
spectrum of activity resembling the activity of EntEJ97. EntK1EJ97 was especially active
against clinically important species within the genera Staphylococcus and Enterococcus,
displaying well-defined inhibition zones against S. haemolyticus although resistant mutant
colonies were generated. The opposite hybrid bacteriocin EntEJ97K1 had the narrowest

spectrum of activity and was mostly active against species within the Lactobacillus genera.

The observed similarities in the spectrum of activity displayed by EntEJ97 and EntK1EJ97
might suggest that the part of the LsbB-like bacteriocins which interacts with the RseP
receptor is located at their C-terminal part which has been previously suggested [86]. The
observed variation in spectrum of activity among the bacteriocins may in addition to the
highly conserved residues of the KXXXGXXPWE motif, also indicate that other amino acid
residues such as the last alanine amino acid residue located at the C-terminal might play an

important role in interaction with the RseP receptor which has also been suggested [86].

The result of the comparative susceptibility of S. haemolyticus against various antibiotics
often used to treat infections caused by staphylococci made it apparent that EntK1EJ97 was
very active and an attractive alternative to conventional antibiotics. EntK1EJ97 gave some of
the most consistent results for all the tested S. haemolyticus strains, although a large
amount of EntK1EJ97 resistant mutant colonies were generated. The antimicrobial activity of
erythromycin and ciprofloxacin displayed strain dependent activity while all the strains were
resistant towards penicillin G. Bacteriocins have not yet been extensively used in clinical
settings in the same degree as conventional antibiotics [31]. This might suggest that
mutations within the gene encoding the specific bacteriocin target receptor or in genes that
influence the expression or function of the receptor are less prevalent in clinically important
pathogens, while mutations responsible for resistance against well-established antibiotics is
already an issue in clinically isolated strains [19]. In this study however, resistance against

EntK1EJ97 developed very quickly in all the S. haemolyticus strains.
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4.3. Evaluation of S. haemolyticus as a strong biofilm producer

The S. haemolyticus strains from Norway and India, together with the Indian EntK1EJ97-
resistant mutants, was determined to be strong in vitro biofilm producers when cultivated in
plastic microtiter plates containing TSBixcLu. Previous studies on S. haemolyticus biofilms has
revealed that the ability to produce biofilms is significantly enhanced in TBSgLu compared to
TSBnaci, suggesting that the particular nutritional medium as well as sugar and salt
concentration has a strong effect on biofilm production by S. haemolyticus and perhaps

other pathogenic biofilm producing bacteria as well [48].

The classical microtiter plate biofilm assay with crystal violet staining of the cellsis a
common method for evaluating various bacterial species ability to produce biofilms in vitro
[83]. Staphylococci has long been known for their strong ability to attach to plastic surfaces
like these. However, less is known about their production of biofilms on other surfaces such
as those on medical devices and in vivo on living tissue. Perhaps the classical microtiter plate
assay for estimating biofilms in addition to medium known to enhance biofilm production
might give an over-estimation of their biofilm producing abilities on other surfaces such as
on medical devices which soon after insertion is covered by host matrix proteins, various

biological molecules and gives access to different nutritional factors in the environment [83].

4.4. The effectiveness of combinatorial bacteriocin treatments against planktonic
and sessile S. haemolyticus cells

The comparative study with single and combinatorial bacteriocin treatments against both
the planktonic and the sessile cells within their biofilms showed that the single bacteriocin
treatments was most effective after a short incubation and when the incubation was
prolonged, their average MICso increased considerably. However, their effectiveness was
significantly increased by applying them in various combinations in which the triple
combinatorial EntK1EJ97/GarKS/MP1 bacteriocin treatment was most effective and
displayed the strongest synergistic effect against the strains. This treatment decreased the

inter-strain MICsg variability, reduced the concentration of each bacteriocin needed to
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inhibit bacterial growth and successfully prevented the generation of EntK1EJ97-resistant S.

haemolyticus mutants.

Several studies previously done on combinatorial antimicrobial treatments confirms the
outcome of these results. In contrast to treatments with single antimicrobials, combinations
of different antimicrobials with their own specific mechanism of action mainly leads to
synergism or antagonism. The synergistic response has a much greater effect than the single
antimicrobial treatment would and more than just an additive effect. Combinatorial
antimicrobial treatments have also been shown to greatly reduce the probability of the
target bacteria evolving resistance due to the different targets involved and since it is
considerably more unlikely that pathogenic bacteria simultaneously develop resistance
against multiple antimicrobial agents [117][74]. Studies have revealed the benefits and
advantageous of combinatorial treatments which includes effective inhibition of multidrug-
resistant (MDR) and biofilm producing pathogenic bacteria such as S. aureus (MRSA),
reducing the possibility of resistance development, reduction of single doses and decreasing
the chance of potential off-target side effects [69]. However, possible pitfalls to this
approach may include drug-drug interactions and inhibition of harmless or beneficial
commensal bacterial communities and it is of utmost importance to take this into
consideration when developing the combinatorial treatment with cocktails of different

antimicrobial agents [116].

4.5. Evaluation of the increased degree of bacteriocin resistance in sessile S.
haemolyticus cells within biofilms

The single EntK1EJ97 and the triple combinatorial EntK1EJ97/GarKS/MP1 bacteriocin
treatments against the sessile cells within their biofilms revealed a much higher degree of
resistance against these treatments compared to their planktonic cells. Biofilms have long
been known to dramatically increase the degree of resistance against antimicrobials and
even though the defense mechanism of biofilms against antimicrobials are not yet entirely
understood, several possible mechanisms have been suggested to contribute to the

increased biofilm resistance [62][95]. In case of this study, one or more of these suggested
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mechanisms may attribute to the increased resistance observed for the S. haemolyticus

biofilms.

Some of the possible explanation for the increased resistance observed may first and
foremost be the structure of the biofilm such as its 3-dimensional shape and thickness
together with the physical nature of the biofilm producing bacteria which has been shown to
confer an inherent resistance against antimicrobials [39]. Other suggested mechanisms
include an altered gene expression in biofilm-specific resistance genes compared to the
planktonic cells such as those encoding efflux pumps or antimicrobial destroying enzymes
such as proteases, an altered microenvironment inside the biofilm matrix such as pH-levels
which might cause the antimicrobial to be less effective, slow growth and metabolism of the
cells within the biofilm [104][105] and prevention of the antimicrobial from reaching its
target by limited diffusion through the biofilm or repulsion. These are all examples of
possible reasons which might limit the effectiveness of the antimicrobial against the biofilm

[62].

4.6. Evaluation of the EntK1EJ97-resistant phenotype of the S. haemolyticus
mutants

The EntK1EJ97-resistant S. haemolyticus mutants were observed throughout this study and
several comparative experiments were performed on both the EntK1EJ97-sensitive
wildtypes and their respective resistant mutants. The MIC assay against the planktonic cells
and the BOAT against the sessile cells within the biofilms made it particularly obvious that
there was a difference in the susceptibility for EntK1EJ97 between the wildtypes and their
resistant mutants. The growth of the wildtypes was effectively inhibited after a short
incubation with the EntK1EJ97 treatment, while EntK1EJ97-resistant mutants was generated

after a prolonged incubation.

Several different factors may be responsible for the observed EntK1EJ97-resistant phenotype
of the mutants. One possible reason for bacteriocin resistance may be that the cellular
receptor, in this case the RseP receptor, that the bacteriocin interacts with have mutated to
such degree that the affinity to the bacteriocin is reduced or completely lost [42]. However,

this reason may be eliminated for the observed EntK1EJ97-resistance since both the
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temperature-stress assay and the rseP sequencing of the wildtypes and their respective
resistant mutants showed that there was no significant difference in their ability to adapt
and grow at increasing temperature conditions and that there had not occurred any

mutations at the DNA-level of their RseP receptor.

A second possible reason for bacteriocin resistance could be that both the composition of
the cell wall and the cell membrane may hinder diffusion of the bacteriocin and making it
physically unable to reach its target site [42]. Possible resistance mechanisms for those
bacteriocins that primarily targets the cell membrane have been identified. For example,
previous studies on S. aureus with intermediate resistance against vancomycin have
indicated that enhanced resistance to lipid ll-targeting lantibiotics could emerge as a

consequence of reduced accessibility to the cell membrane receptor [90].

Observation of the S. haemolyticus wildtypes and their respective EntK1EJ97-resistant
mutants by applying transmission electron microscopy (TEM), indicated that there perhaps
were some interesting morphological differences in the composition and structure of their
cell walls. It seemed that the cell walls of the resistant mutants were much thicker and had a
higher content of the wall teichoic acid (WTA) and lipoteichoic acid (LTA) protruding from
the surface of the cell walls compared to their wildtypes. However, no comparative and
statistical measurements of the thickness of the cell walls was performed in this study so
whether these morphological differences may be the cause of the observed resistant
phenotype of the mutants or perhaps due to some errors in the processing of the specimen
are just speculations at this point and more research into this matter needs to be done in

order to confirm or disconfirm these findings.

It has also been suggested that the presence of proteases may reduce or proteolytically
cleave the bacteriocin and thereby reduce its effectiveness against the target cell. Resistance
against bacteriocins may also be obtained by the expression of dedicated immunity genes.
For example, the Gram-positive bacteriocin-producing lactic acid bacteria (LAB) are resistant
to their own bacteriocins because they express cognate immunity genes, which are often co-

transcribed with the structural gene for the bacteriocin which they produce [79].
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Bacteriocin gene clusters also contain multiple genes whose products have not yet been
characterized and which thus have unknown functions. Such genes may play important roles
in unknown resistance mechanisms [42]. Reduction or loss of gene expression of cell
membrane-associated receptors might also be responsible for the observed enhanced

resistant phenotype against some bacteriocins [63].

Further research on the potential mechanisms behind bacteriocin resistance is of utmost
importance for minimizing the emergence of resistance when these antimicrobial peptides

are to be applied in clinical settings.

4.7. Final remarks and suggestions for further research

Unfortunately, due to the pandemic outbreak of COVID-19 and the laboratory restrictions
and regulations that followed, it was not possible to replicate all the experiments performed

in this study in three independent experiments.

However, this study revealed that the newly designed and bioengineered hybrid bacteriocin
EntK1EJ97 could be considered as an alternative for conventional antibiotics against both
planktonic cells and biofilm producing sessile cells of the clinically important pathogen S.
haemolyticus. However, EntK1EJ97-resistant mutants were generated. The EntK1EJ97-
resistant mutants were effectively inhibited by applying combinatorial bacteriocin
treatments of which the triple combinatorial EntK1EJ97/GarKS/MP1 treatment was most

effective.

Further investigation into the effectiveness of this combinatorial treatment against the S.
haemolyticus biofilms could be done by evaluating its effect on the sessile cells within the
biofilms and quantitatively analyzing the cells vitality through Live/Dead fluorescence
microscopy [60] and by performing comparative studies on treated/untreated biofilms with
scanning electron microscopy (SEM) in order to observe any differences in the appearance
and possible damages to the structure of the biofilms and damages to the sessile cells within
them. In addition, live animal models could be locally and systemically infected with S.
haemolyticus in order to apply the triple combinatorial bacteriocin treatment and assess the

minimum inhibitory concentration needed to completely treat the infections.
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The biofilm assay revealed that all the S. haemolyticus strains and their tested EntK1EJ97-
resistant mutants were strong in vitro biofilm producers within the wells of the microtiter
plates with TSBiycLu. However, the classical microtiter plate assay for evaluating bacterial
biofilm production under optimal conditions might not give an accurate depiction of their
abilities to produce biofilms on other abiotic or biotic surfaces and under other nutritional
and environmental conditions. Thus, biofilm assays should perhaps be accompanied with
more elaborate in vitro and in vivo methods for more accurate estimation of biofilm
production, such as flow cells, confocal laser scanning microscopy and animal models of

biofilm-associated infection [83].

In addition to the use of combinatorial treatments to prevent the generation of resistant
mutants, EntK1EJ97-resistance might also be prevented by further research and knowledge
of the mechanism of interaction between the RseP receptor and the bacteriocin, possibly
through the use of optical methods which can monitor protein interactions such as
fluorescence resonance energy transfer (FRET). By labeling EntK1EJ97 with a fluorescent tag
and the RseP receptor with another fluorescent tag such that the emission spectrum of one
fluorescent tag overlaps with the other, the energy of the absorbed light could be
transferred from one fluorescent protein to the other which might give more knowledge
about the EntK1EJ97-RseP interaction [16]. However, a much more detailed structural
investigation of the interaction at an atomic level could be provided by X-ray crystallography
and nuclear magnetic resonance (NMR) spectroscopy, although these methods are
expensive, much more difficult and quite laborious to perform [107]. The resistance could
perhaps also be overcome by slight structural modifications of the bacteriocin by the
application of the genetic modification technology CRISPR, perhaps without altering its

effectiveness against the S. haemolyticus in general [74].
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Another goal of this study was to investigate the mechanism of resistance in the isolated
EntK1EJ97-resistant mutants. However, temperature-stress assay and sequencing of the rseP
gene indicated that the RseP was functional and that no mutation had occurred at the DNA-
level for the RseP receptor which it interacts with. Although the mutants was confirmed to
contain the intact rseP gene, it would be interesting to perform western blotting of the RseP
receptor on both the wildtypes and their mutants to investigate whether any altered
expression of the rseP gene and the subsequent amount of the RseP receptor may explain
the observed resistance against EntK1EJ97. It would also be interesting to perform
comparative and statistical measurements of the thickness of the cell walls of the wildtypes

and their respective EntK1EJ97-resistant mutants.

77



References

1. AbeeT. (1995). Pore-forming bacteriocins of gram-positive bacteria and self-protection
mechanisms of producer organisms. FEMS Microbiol Lett. 129(1): 1-10.

2. Abraham W. -R. (2016). Going beyond the control of quorum-sensing to combat biofilm
infections. Antibiotics. 5: 3-16.

3.  Aggarwal S., Stewart P. S. & Hozalski R. M. (2016). Biofilm cohesive strength as a basis for
biofilm recalcitrance: are bacterial biofilms overdesigned?. Microbiol Insights. 8(2):
29-32.

4,  Akiyama K., Mizuno S., Hizukuri Y., Mori H., Nogi T. & Akiyama Y. (2015). Roles of the
membrane-reentrant B-hairpin-like loop of RseP protease in selective substrate
cleavage. Elife. doi: 10.7554/elLife.08928.

5. Alba B. M. & Gross C. A. (2004). Regulation of the Escherichia coli sigma-dependent
envelope stress response. Mol Microbiol. 52(3): 613-619.

6. AlvarezY., Sainz T., Wacher C., Fernandez F. & Ponce-Alquicira, Edit. (2011). Enterocins:
Bacteriocins with applications in the food industry. In book: Science against microbial
pathogens: Communicating current research and technological advances.
Microbiology Series N°3, Publisher: FORMATEX, Editors: A. Méndez-Vilas, pp. 1331-
1341.

7.  Alvarez-Sieiro P., Montalban-Lépez M., Mu D. & Kuipers O. P. (2016). Bacteriocins of
lactic acid bacteria: Extending the family. Appl Microbiol Biotechnol. 100(7): 2939-
2951.

8. ArciolaC.R,, AnY. H., Campoccia D., Donati M. E. & Montanaro L. (2005). Etiology of
implant orthopedic infections: A survey on 1027 clinical isolates. The International
Journal of Artificial Organs. 28(11): 1091-1100.

9. Bbosa G., Mwebaza N., Odda J., Kyygombe D & Ntale M. (2014). Antibiotics/antimicrobial
drug use, their marketing and promotion during the post-antibiotic golden age and
their role in emergence of bacterial resistance. Health. 6: 410-425.

10. Bechinger B. & Gorr S. U. (2017). Antimicrobial peptides: Mechanisms of action and
resistance. J Dent Res. 96(3): 254-260.

78



11.

12.

13.

14.

15.

16.

17.

18.

19.

Beenken K. E., Dunman P. M., McAleese F., Macapagal D., Murphy E., Projan S. J., Blevins
J. S. & Smeltzer M. S. (2004). Global gene expression in Staphylococcus aureus
biofilms. J Bacteriol. 186(14): 4665-4684.

Bjarnsholt T., Jensen P. @., Fiandaca M. J., Pedersen J., Hansen C. R., Andersen C. B.,
Pressler T., Givskov M. & Hgiby N. (2009). Pseudomonas aeruginosa biofilms in the
respiratory tract of cystic fibrosis patients. Pediatr Pulmonol. 44(6): 547-558.

Boakes S., Ayala T., Herman M., Appleyard A. N., Dawson M. J. & Cortés J. (2012).
Generation of an actagardine: A variant library through saturation mutagenesis. App/
Microbiol Boitechnol. 95(6): 1509-1517.

Brown E. D. & Wright G. D. (2016). Antibacterial drug discovery in the resistance era.
Nature. 529(7586): 336-343.

Bruno M. E. & Montville T. J. (1993). Common mechanistic action of bacteriocins from
lactic acid bacteria. App! Environ Microbiol. 59(9): 3003-3010.

Brzostwski J. A., Meckel T., Hong J., Chen A. & Jin T. (2009). Imaging protein-protein
interactions by Foster resonance energy transfer (FRET) microscopy in live cells. Curr
Protoc Protein Sci. Chapter 19, Unit 19,5.

Carvalho L. A., Remuzgo C., Perez K. R. & Machini M. T. (2015). Hb40-61a: Novel
analouges help expanding the knowledge on chemistry, properties and candidacidal
action of this bovine a-hemoglobin-derived peptide. Biochim Biophys Acta. 1848(12):
3140-3149.

Cassini A., Hogberg L. D., Plachouras D., Quattrocchi A., Hoxha A., Simonsen G. S.,
Colomb-Cotinat M., Kretzshmar M. E., Devleesschauwer B., Cecchini M., Ouakrim D.
A., Oliveira T. C., Struelens M. J., Suetens C. & Monnet D. L. (2019). Attributable
deaths and disability-adjusted life-years caused by infections with antibiotic-resistant
bacteria in the EU and the European Economic Area in 2015: A population-level
modelling analysis. Lancet Infect Dis. 19(1): 56-66.

Cavanagh J. P., Hjerde E., Holden M. T., Kahlke T., Klingenberg C., Flaegstd T., Parkhill J.,
Bentley S. D. & Sollid J. U. (2014). Whole-genome sequencing reveals clonal
expansion of multiresistant Staphylococcus haemolyticus in European hospitals. J

Antimicrob Chemother. 69: 2920-2927.

79



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Cerca N., Martins S., Cera F., Jefferson K. K., Pier G. B., Oliveira R. & Azeredo J. (2005).
Comparative assessment of antibiotic susceptibility of coagulase-negative
Staphylococci in biofilm versus planktonic culture as assessed by bacterial
enumeration or rapid XTT colometry. J Antimicrob Chemother. 56(2): 331-336.

Ceri H., Olson M. E., Stremick C., Read R. R., Morck D. & Buret A. (1999). The Calgary
biofilm device: New technology for rapid determination of antibiotic susceptibilities
of bacterial biofilms. J Clin Microbiol. 37(6): 1771-1776.

Chi H. & Holo H. (2018). Synergistic antimicrobial activity between the broad spectrum
bacteriocin garvicin KS and nisin, farnesol and polymyxin B against gram-positive and
gram-negative bacteria. Curr Microbiol. 75(3): 272-277.

Chiew Y. F., Charles M., Johnstone M. C., Thompson K. M., Parnell K. D. & Penno E. C.
(2007). Detection of vancomycin heteroresistant Staphylococcus haemolyticus and
vancomycin intermediate resistant Staphylococcus epidermidis by means of
vancomycin screening agar. Pathology. 39(3): 375-377.

Chikindas M. L., Garcia-Garcera M. J., Driessen A. J., Ledeboer A. M., Nissen-Meyer J., Nes
I. F., Abee T., Konings W. N. & Venema G. (1993). Pediocin PA-1, a bacteriocin from
Pediococcus acidilactici PAC1.0, forms hydrophilic pores in the cytoplasmic
membrane of target cells. Appl Environ Microbiol. 59(11): 3577-3584.

Clardy J., Fischbach M. A. & Currie C. R. (2009). The natural history of antibiotics. Curr
Biol. 19(11): R437-41.

Clardy J., Fischbach M. A. & Currie C. R. (2009). The natural history of antibiotics. Curr
Biol. 19(11): 437-441.

Costerton J. W., Stewart P. S. & Greenberg E. P. (1999). Bacterial biofilms: A common
cause of persistent infections. Science. 284(5418): 1318-1322.

Costerton W., Veeh R., Shirtliff M., Pasmore M., Post C. & Ehrlich G. (2003). The
application of biofilm science to the study and control of chronic bacterial infections.
J Clin Invest. 122(10): 1466-1477.

Cotter P. D. (2014). An ‘Upp’-turn in bacteriocin receptor identification. Mol Microbiol.
92(6): 1159-1163.

Cotter P. D., Hill C. & Ross R. P. (2005). Bacteriocins: Developing innate immunity for
food. Nat Rev Microbiol. 3(10): 777-788.

80



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cotter P. D., Ross R. P. & Hill C. (2013). Bacteriocins — a viable alternative to antibiotics?.
Nat Rev Microbiol. 11(2): 95-105.

Cucarella C., Solano C., Valle J., Amorena B., Lasa |. & Penades J. R. (2001). BAP a
Staphylococcus aureus surface protein involved in biofilm formation. J Bacteriol. 183:
2888-2896.

Cundliffe E. & Thompson J. (1981). Concerning the mode of action of micrococcin upon
bacterial protein synthesis. Eur J Biochem. 118: 47-52.

Davies J. & Davies D. (2010). Origins and evolution of antibiotic resistance. Microbiol Mol
Biol Rev. 74(3): 417-433.

De Allori M. C., Jure M. A., Romero C. & de Castillo M. E. (2006). Antimicrobial resistance
and production of biofilms in clinical isolates of coagulase-negative Staphylococcus
strains. Biol Pharm Bull. 29(8): 1592-1596.

De Silva G.D., Kantzanou M., Justice A., Massey R. C., Wilkinson A. R., Day N. P., &
Peacock S. J. (2002). The ica operon and biofilm production in coagulase-negative
Staphylococci associated with carriage and disease in a neonatal intensive care unit. J
Clin Microbiol. 40(2): 382-388.

Degiacomi G., Personne Y., Mondésert G., Ge X., Mandava C. S., Hartkoorn R. C., Boldrin
F., Goel P., Peisker K., Benjak A., Barrio M. B., Ventura M., Brown A. C., Leblanc V.,
Bauer A., Sanyal S., Cole S. T., Lagrange S., Parish T. & Manganelli R. (2016).
Micrococcin P1 — a bactericidal thiopeptide active against Mycobacterium
tuberculosis. Tuberculosis (Edinb). 100: 95-101.

Diep D. B., Skaugen M., Salehian Z., Holo H. & Nes I. F. (2007). Common mechanisms of
target cell recognition and immunity for class Il bacteriocins. Proc Natl Acad Sci USA.
104(7): 2384-2389.

Donlan R. M. & Costerton J. W. (2002). Biofilms survival mechanisms of clinically relevant
microorganisms. Clin Microbiol Rev. 15: 167-193.

Donlan R. M. (2001). Biofilm formation: A clinically relevant microbiological process. Clin
Infect Dis. 33: 1387-1392.

Egan K., Field D., Rea M. C., Ross R. P., Hill C. & Cotter P. D. (2016). Bacteriocins: Novel

solutions to age old spore-related problems?. Front Microbiol. 7: 461.

81



42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

Eijsink V. G., Axelsson L., Diep D. B., Havarstein L. S., Holo H. & Nes I. F. (2002).
Production of class Il bacteriocins by lactic acid bacteria; An example of biological
warfare and communication. Antonie Van Leeuwenhoek. 81(1-4): 639-654.

Falcone M., Giannella M., Raponi G., Mancini C. & Venditti M. (2006). Teicoplanin use
and emergence of Staphylococcus haemolyticus: is there a link?. Clin Microbiol Infect.
12(1): 96-97.

Fischetti A., Novick R. P., Ferretti J. J., Portony D. A,, Rood J. |., Lina G., Etienne J. &
Vandenesch F. (2000). Biology and pathogenicity of Staphylococci other than
Staphylococcus aureus and Staphylococcus epidermidis. Gram-positive pathogens.
Washington, D. C.: ASM Press. 450-462.

Flahaut S., Vinogradov E., Kelley K. A., Brennan S., Hiramatsu K. & Lee J. C. (2008).
Structural and biological characterization of a capsular polysaccharide produced by
Staphylococcus haemolyticus. J Bacteriol. 190(5): 1649-1657.

Flemming H. C. & Wingender J. (2010). The biofilm matrix. Nat Rev Microbiol. 8(9): 623-
633.

Foster T. (1996). In: Baron S., editor. Medical Microbiology. 4th edition. Galveston (TX):
University of Texas Medical Branch at Galverston. Chapter 12. Available from:

https://www.ncbi.nlm.nih.gov/books/NBK8448/.

Fredheim E. G., Klingenberg C., Rohde H., Frankenberger S., Gaustad P., Flaegstad T. &
Sollid J. E. (2009). Biofilm formation by Staphylococcus haemolyticus. J Clin Microbiol.
47(4): 1172-1180.

Froggatt J. W., Johnston J. L., Galetto D. W. & Archer G. L. (1989). Antimicrobial
resistance in nosocomial isolates of Staphylococcus haemolyticus. Antimicrob Agents
Chemother. 33(4): 460-466.

Galves A, Valdivia E., Abriouel H., Camafeita E., Mendez E., Martinez-Bueno M. &
Magqueda M. (1998). Isolation and characterization of enterocin EJ97, a bacteriocin
produced by Enterococcus faecalis EJ97. Arch Microbiol. 171(1): 59-65.

Grgnseth T., Vestby L. K., Nesse L. L., Thoen E., Habimana O., von Unge M. & Silvola J. T.
(2017). Lugol’s solution eradicates Staphylococcus aureus biofilm in vitro. Int J Pediatr

Otorhinolaryngol. 103: 58-64.

82


https://www.ncbi.nlm.nih.gov/books/NBK8448/

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Gross M., Cramton S. E., Gotz F. & Peschel A. (2001). Key role of teichoic acid net charge
in Staphylococcus aureus colonization of artificial surfaces. Infect Immun. 69: 3423-
3421.

Hall-Stoodley L., Costerton J. W. & Stoodley P. (2004). Bacterial biofilms: From the
natural environment to infectious diseases. Nat Rev Microbial. 2(2): 95-108.

Heilmann C., Hussan M., Peters G. & Gotz F. (1997). Evidence for autolysin mediated
primary attachment for Staphylococcus epidermidis to polystyrene surface. Mol
Microbiol. 24: 1013-1024.

Hoffman L. R., D’Argenio D. A., MacCoss M. J., Zhang Z., Jones R. A. & Miller S. . (2005).
Aminoglycoside antibiotics induce bacterial biofilm formation. Nat. 436(7054): 1171-
1175.

Hogt A. H., Dankart J., Hulstaert C. E. & Feijen J. (1986). Cell surface characterists of
coagulase negative Staphylococcus and their adherence to fluorinated
poly(ethylenepropylene). Infect Immun. 51: 294-301.

Hogt A. H., Dankart J., Vries J. A. & Feijen J. (1983). Adhesion of coagulase negative
Staphylococcus to biomaterials. J Gen Micro. 129: 2959-2968.

Hook A., Chang C., Yang J., Luckett J., Cockayne A., Atkinson S., Mei Y., Bayston R., Irvine
D., Langer R., Anderson D., Williams P., Davies M. & Alexander M. (2012).
Combinatorial discovery of polymers resistant to bacterial attachment. Nat Bacteriol.
30: 868-875.

Ji G., Beavis R. & Novick R. P. (1997). Bacterial interference caused by autoinducing
peptide variants. Science. 276(5321): 2027-2030.

Jorge P., Grzywacz D., Kamysz W., Lourenco A. & Pereira M. O. (2017). Searching for new
strategies against biofilm infections: Colistin-AMP combinations against
Pseudomonas aeruginosa and Staphylococcus aureus single- and double-species
biofilms. PLoS One. 12(3): e0174654.

Karatan E. & Watnick P. (2009). Signals, regulatory networks, and materials that build
and break bacterial biofilms. Microbiol Mol Biol Rev. 73(2): 310-347.

Keren I., Kaldalu N., Spoering A., Wang Y. & Lewis K. (2004). Persister cells and tolerance
to antimicrobials. FEMS Microbiol Lett. 230(1): 13-18.

Kjos M., Nes |. F. & Diep D. B. (2011). Mechanisms of resistance to bacteriocins targeting

the mannose phosphotransferase system. Appl Environ Microbiol. 77(10): 3335-3342.

83



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Klaenhammer T. R. (1993). Genetics of bacteriocins produced by lactic acid bacteria.
FEMS Microbiol Rev. 12(1-3): 39-85.

Klingenberg C., Rgnnestad A., Anderson A. S., Abrahamsen T. G., Zorman J., Villaruz A.,
Flaegstad T., Otto M. & Sollid J. E. (2007). Persistent strains of coagulase-negative
Staphylococci in a neonatal intensive care unit: Virulence factors and invasiveness.
Clin Microbiol Infect. 13(11): 1100-1111.

Knobloch J. K. M., Bartscht K., Sabottke A., Rohde H., Feucht H. & Mack D. (2001). Biofilm
formation by Staphylococcus epidermidis depends on functional RsbU. An activator of
the zyB operon: Differential activation mechanisms due to ethanol and salt stress. J
Bacteriol. 183: 2624-2633.

Koide K., Ito K. & Akiyama Y. (2008). Substrate recognition and binding by RseP, an
Escherichia coli intermembrane protease. J Biol Chem. 283(15): 9562-9570.

Lerch T. Z., Chenu C., Dignac M. F., Barriuso E. & Mariotti A. (2017). Biofilms vs.
planktonic lifestyle: Consequences for pesticide 2,4-D metabolism by Cupriavidus
necator. Front Microbiol. 8: 1-11.

Lewies A., Du Plessis L. H. & Wentzel J. F. (2019). Antimicrobial peptides: The achilles’
heel of antibiotic resistance?. Probiotics Antimicrob Proteins. 11(2): 370-381.

Madigan M., Martinko J., Bender K., Buckley D. & Stahl D. (2015). Brock Biology of
Microorganisms. 14th ed. 835-840.

Marraffini L. A., Dedent A. C. & Achneewind O. (2006). Sortases and the art of anchoring
proteins to the envelope of gram-positive bacteria. Microbiol Mol Biol Rev. 70(1):
192-221.

McAuliffe O., Ross R. P. & Hill C. (2001). Lantibiotics: Structure, biosynthesis and mode of
action. FEMS Microbiol Rev. 25(3): 285-308.

McCrea K. W., Hartford O., Davis S., Eidhin D. N., Lina G., Speziale P., Foster T. J. & H60k
M. (2000). The serine-aspartate repeat (Sdr) protein family in Staphylococcus
epidermidis. Microbiol. 146(7): 1535-1546.

Mijalis A., Thomas D., Simon M., Adamo A., Beaumont R., Jensen K. & Pentelute B.
(2017). A fully automated flow-based approach for accelerated peptide synthesis. Nat
Chem Biol. 13: 464-466.

84



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Miljkovic M., Uzelac G., Mirkovic N., Devescovi G., Diep D. B., Venturi V. & Kojic M.
(2016). LsbB bacteriocin interacts with the third transmembrane domain of the YvjB
receptor. App! Environ Microbiol. 82(17): 5364-5374.

Mojica E. & Aga D. S. (2011). Antibiotics pollution in soil and water: Potential ecological
and human health issues. Encyclopedia of Environmental Health. 97-110

Nes I. F. & Holo H. (2000). Class Il antimicrobial peptides from lactic acid bacteria. Peptide
Science. 55: 50-61.

Nes I. F., Diep D. B. & Ike Y. (2014). Enterococcal bacteriocins and antimicrobial proteins
that contribute to niche control. In: Gilmore M. S., Clewell D. B., lke Y. & Shankar N.
eds. Enterococci: From Commensals to Leading Causes of Drug Resistant Infection.
Boston: Massachusetts Eye and Ear Infirmary.

Nes I. F., Diep D. B., Havarstein L. S., Brurberg M. B., Eijsink V. & Holo H. (1996).
Biosynthesis of bacteriocins in lactic acid bacteria. Antonie Van Leeuwenhoek. 70(2-
4): 113-128.

O’Toole G. A. & Kolter R. (1998). Initiation of biofilm formation in Pseudomonas
fluorescens WCS365 proceeds via multiple, convergent signaling pathways: A genetic
analysis. Mol Microbiol. 28(3): 449-461.

O’Toole G. A. (2011). Microtiterplate dish biofilm formation assay. J Vis Exp. 47: 2437.

Otaka T. & Kaji A. (1974). Micrococcin: Acceptor-site specific inhibitor of protein
synthesis. Eur J Biochem. 50: 101-106.

Otto M. (2008). Staphylococcal biofilms. Curr Top Microbiol Immunol. 322: 207-228.
Ovchinnikov K. V., Chi H., Mehmeti |., Holo H., Nes |. F. & Diep D. B. (2016). Novel group
of leaderless multipeptide bacteriocins from gram-positive bacteria. Appl Environ

Microbiol. 82(17): 5216-5224.

Ovchinnikov K. V., Kristiansen P. E., Straume D., Jensen M. D., Aleksandrzak-Piekarczyk T.,
Nes I. F. & Diep D. B. (2017). The leaderless bacteriocin enterocin K1 is highly potent
against Enterococcus faecium: A study on structure, target spectrum and receptor.
Front Microbiol. 8: 774.

Ovchinnikov K. V., Kristiansen P. E., Uzelac G., Topisirovic L., Kojic M., Nissen-Mayer J.,
Nes I. F. & Diep D. B. (2014). Defining the structure and receptor binding domain of
the leaderless bacteriocin LsbB. J Biol Chem. 289(34): 23838-23845.

85



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

P., Garrity G., Jones D., Krieg N. R., Ludwig W., Rainey F. A., Schleifer K. -H. & Whitman
W. B., eds. (2009). Bergey’s Manual of Systematic Bacteriology. 3 The Firmicutes (2nd
ed.). Springer-Verlag. ISBN 978-0-387-95041-9.

Patti J. M., Allen B. L., Mcgavin M. J. & H60k M. (1994). MSCRAMM-mediated adherence
of microorganisms to host tissue. Annu Rev Microbiol. 48: 585-617.

Penesyan A., Gillings M. & Paulsen I. T. (2015). Antibiotic discovery: Combatting bacterial
resistance in cells and in biofilm communities. Molecules. 20(4): 5286-5298.

Piper C., Draper L. A., Cotter P. D., Ross R. P. & Hill C. (2009). A comparison of the lacticin
3147 and nisin against drug-resistant Staphylococcus aureus and Enterococcus
species. J Antimicrob Chemother. 64: 546-551.

Poyart C., Quesne G., Boumaila C. & Trieu-Cuot P. (2001). Rapid and accurate species-
level identification of coagulase-negative Staphylococci by using the sodA gene as a
target. J Clin Microbiol. 39(12): 4296-4301.

Raponi G., Ghezzi M. C., Gherardi G., Dicuonzo G., Caputo D., Venditti M., Rocco M.,
Micozzi A. & Mancini C. (2005). Antimicrobial susceptibility, biochemical and genetic
profiles of Staphylococcus haemolyticus strains isolated from the bloodstream of
patients hospitalized in critical care units. J Chemother. 17(3): 264-269.

Rea M. C,, Sit C. S, Clayton E., O’Connor P. M., Whittal R. M., Zheng J., Vederas J. C., Ross
R. P. & Hill C. (2010). Narrow spectrum of activity against Clostridium difficile. Proc
Natl Acad Sci USA. 107(20): 9352-9357.

Rolston K. V. & Bodey G. P (2003). Infections in patients with cancer. In Kufe DW, et al.
(eds.). Cancer medicine (6th ed.) BC Decker.

Sdnchez-Goémez S., Ferrer-Espada R., Stewart P. S., Pitts B., Lohner K. & Martinez de
Tejada G. (2015). Antimicrobial activity of synthetic cationic peptides and
lipopeptides derived from human lactoferricin against Pseudomonas aeruginosa
planktonic cultures and biofilms. BMC Microbiol. 15: 137.

Shin J. M., Gwak J. W., Kamarajan P., Fenno J. C., Rickard A. H. & Kapila Y. L. (2016).
Biomedical application of nisin. J Appl Microbiol. 120: 1449-1465.

Sierra J. M., Fusté E., Rabanal F., Vinuesa T. & Vinfias M. (2017). An overview of
antimicrobial peptides and the latest advances in their development. Expert Opin Biol

Ther. 17(6): 663-676.

86



98.

99.
100.

101.

102.

103.

104.

105.

106.

107.

108.

Silva C. C. G., Silva S. P. M. & Ribeiro S. C. (2018). Application of bacteriocins and
protective cultures in dairy food preservation. Front Microbiol. 9: 594.

Silver L. L. (2011). Challenges of antibacterial discovery. Clin Microbiol Rev. 24(1): 71-109.

Stewart P. S., & Costerton J. W. (2001). Antibiotic resistance of bacteria in biofilms.
Lancet. 358(9276): 135-138.

Takeuchi F., Watanabe S., Baba T., Yuzawa H., Ito T., Morimoto Y., Kuroda M., Cui L.,
Takahashi M., Ankai A., Baba S., Fukui S., Lee J. C. & Hiramatsu K. (2005). Whole-
genome sequencing of Staphylococcus haemolyticus uncovers the extreme plasticity
of its genome and the evolution of human-colonizing Staphylococcal species. J
Bacteriol. 187(21): 7292-7308.

Tang K. & Zhang X. H. (2014). Quorum quenching agents: Resources for antivirulence
therapy. Mar Drugs. 12(6): 3245-3282.

Timmerman C. P., Fleer A., Besnier L., DeGraff L., Cremers F. & Verhoef J. (1991).
Characterization of a proteinaceous adhesion of Staphylococcus epidermidis which
mediates attachment to polystyrene. Infect Immun. 59: 4187-4192.

Tuomanen E., Cozens R., Tosch W., Zak O. & Tomasz A. (1986). The rate of killing of
Escherichia coli by beta-lactam antibiotics is strictly proportional to the rate of
bacterial growth. J Gen Microbial. 132(5): 1297-1304.

Tuomanen E., Durack D. T. & Tomasz A. (1986). Antibiotic tolerance among clinical
isolates of bacteria. Antimicrob Agents Chemother. 30(4): 521-527.

Uzelac G., Kojic M., Lozo J., Aleksandrzak-Piekarczyk T., Gabrielsen C., Kristensen T., Nes
I. F., Diep D. B. & Topisirovic L. (2013). A Zn-dependent metallopeptidase is
responsible for sensitivity to LsbB, a class Il leaderless bacteriocin of Lactococcus
lactis subsp. Lactis BGMN1-5. J Bacteriol. 195(24): 5614-5621.

Valadares N. F., de Oliveira-Silva R., Cavini I. A., Marques Ide A., Pereira H. D., Soares-
Costa A., Henrique-Silva F., Kalbitzer H. R., Munte C. E. & Garratt R. C. (2013). X-ray
crystallography and NMR studies of domain-swapped canecystatin-1. FEBS J. 280(4):
1028-1038.

Vanhommering E., Moons P., Pirici D., Lammens C., Hernalsteens J. P., De Greve H.,
Kumar-Singh S., Goossens H. & Malhotra-Kumar S. (2014). Comparison of biofilm
formation between major clonal lineages of methicillin resistant Staphylococcus

aureus. PLoS One. 9(8): e104561.

87



109.

110.

111.

112.

113.

114.

115.

116.

117.

Varahan S., lyer V. S., Moore W. T. & Hancock L. E. (2013). Eep confers lysozyme
resistance to Enterococcus faecalis via the activation of the extracytoplasmic function
sigma factor SigV. J Bacteriol. 195(14): 3125-3134.

Veenstra G. C., Cremers F. F. M., van Dijk H. & Fleer H. (1996). Ultrastructural
organization and regulation of biomaterial adhesion of Staphylococcus epidermidis. J
Bacteriol. 178: 537-541.

Viale P. & Stefani S. (2006). Vascular catheter-associated infections: a microbiological
and therapeutic update. J Chemother. 18(3): 235-249.

Walsh. (2000). Molecular mechanisms that confer antimicrobial drug resistance. Nat Rev.
406(6797): 775-781.

Whitchurch C. B., Tolker-Nielsen T., Ragas P. C. & Mattick J. S. (2002). Extracellular DNA
required for bacterial biofilm formation. Science. 295(5559): 1487.

WHO. (2014). Antimicrobial resistance: Global report on surveillance. Geneva,
Switzerland, World Health Organization.

Wingender J., Strathmann M., Rode A,, Leis A. & Flemming H. C. (2001). Isolation and
biochemical characterization of extracellular polymeric substances from
Pseudomonas aeruginosa. Methods Enzymol. 336: 302-314.

Worthington R. J. & Melander C. (2013). Combinatorial approaches to combat multi-drug
resistant bacteria. Trends Biotechnol. 31(3): 177-184.

Xu X., Xu L., Yuan G., Eang Y., Qu Y. & Zhou M. (2018). Synergistic combination of two
antimicrobial agents closing each other’s mutant selection windows to prevent

antimicrobial resistance. Sci Rep. 8: 7237.

88



Appendix

A1: Complete collection of bacteriocin spectrum of activity for 51 strains-different genera. Scoring system: 0 = no inhibition;

wukn

1 = Unclear zone; 2 = small zone (< 1 cm); 3 = big zone (= 1 cm), indicate zones with resistant mutant colonies.

[EntK1] [EntEJIT] [EntK1EJS7] [EntEJITKT] [Misin Z]
[mgiml) [mgiml) [mgiml) [mgiml) [mglml)
|solate 0.04 0.2 1.0 0.04 0.2 1.0 0.04 0.2 1.0 0.04 0.2 1.0 0.04 0.2 1.0

Staphylococcus homonis (n=1)
Staphylococcus haemolyticus (n=1)
Staphylococcus epidermidis (n=1)
Staphylococcus aureus [n=6)
Staphylococcus arlettae [n=1)
Staphylococcus simulans [n=1)
Bacillus cereus (n=3)

Listeria ivanovii [n=1)

Listeria innocua [n=2)

Listeria monocytogenes [n=3]
Carnobacterium pisciola (n=1)
Carnobacterium divergens [n=1]
Enterococeus faecalis [n=3]
Enterococcus avium [n=1]
Enterococcus faecium [n=4)
Lactobacillus salivarius [n=1)
Lactobacillus plantarum [n=2]
Lactobacillus curvatus [n=1]
Lactobacillus sakei (n=2)
Lactococcus garvieae [n=1]
Lactococcus lactis (n=2]
Streptococcus thermophilus (n=1)
Streptococcus dysgalactiae (n=1)
Streptococcus uberis [n=2]
Leuconostoc gelidium [n=1)

Escherichia coli [n=2]

A2: Average minimum inhibitory concentration (MICs) in ug/ml after 5 h exposure to a 1:1 dilution series with single and
combinatorial bacteriocin treatments with the bacteriocins EntK1EJ97, GarKS and MP1 against planktonic cells of the six

Indian S. haemolyticus strains.

Treatment MICso MiICso MiICso MICso MICso MICso MICso
[EntK1EJ97]  [GarKS] [MP1] [EntK1EJ97/GarkS] [EntK1EJ97/MP1] [GarKS/MP1] [EntK1EJ97/GarKS/MP1]

(ug/ml) (ug/ml) (ug/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)

Duration 5h 5h 5h 5h 5h 5h 5h

Strain

LMGT4068 0.78 <12.50 0.02 <1.56/1.56 0.20/0.02 0.20/0.02 <0.39/0.39/0.04

LMGT4069 0.78 <6.25 <0.16 <1.56/1.56 <1.56/0.16 <3.13/0.31 <0.78/0.78/0.08

LMGT4070 0.78 <12.50 0.02 <0.78/0.78 <0.39/0.04 0.20/0.02 <0.39/0.39/0.04

LMGT4071 0.78 12.50 <0.08 <3.13/3.13 <0.78/0.08 <0.78/0.08 <0.78/0.78/0.08

LMGT4072 0.78 <25.00 0.04 <1.56/1.56 <0.39/0.04 <0.78/0.08 <0.78/0.78/0.08

LMGT4073 0.78 12.50 <0.04 <3.13/3.13 0.20/0.02 0.20/0.02 <0.39/0.39/0.04

89



A3: Average minimum inhibitory concentration (MICso) in pug/ml after 24 h exposure to a 1:1 dilution series with single and

combinatorial bacteriocin treatments with the bacteriocins EntK1EJ97, GarKS and MP1 against planktonic cells of the six

Indian S. haemolyticus strains. “R” indicates generation of resistant mutants and “NO” indicates that the MICso exceeded

the highest concentration in the dilution series and could not be determined.

Treatment MiICso MiICso MICso MICso MICso MiICso MICso
[EntK1EJ97] [GarKS] [MP1] [EntK1EJ97/GarKS] [EntK1EJ97/MP1] [GarKS/MP1] [EntK1EJ97/GarKS/MP1]
(ug/ml) (ug/ml) (ug/ml) (ug/ml) (ug/ml) (ng/ml) (ug/ml)
Duration 24 h 24 h 24 h 24 h 24 h 24 h 24 h
Strain

LMGT4068 R <25.00 <0.04 3.13/3.13 0.78/0.08 <0.39/0.04 0.78/0.78/0.08

LMGT4069 0.78 <25.00 NO <6.25/6.25 <25.00/2.50 <50.00/5.00 <6.25/6.25/0.63

LMGT4070 R <50.00 <0.63 <6.25/6.25 <3.13/0.31 <6.25/0.63 <3.13/3.13/0.31

LMGT4071 R <100.00 10.00 <12.50/12.50 <1.56/0.16 6.25/0.63 <3.13/3.13/0.31

LMGT4072 R <50.00 <0.31 <12.50/12.50 <1.56/0.16 <3.13/0.31 1.56/1.56/0.16

LMGT4073 R <100.00 0.04 6.25/6.25 <0.39/0.04 <0.78/0.08 <0.78/0.78/0.08

A4: Average minimum inhibitory concentration (MICso) in pg/ml after 48 h exposure to a 1:1 dilution series with single and

combinatorial bacteriocin treatments with the bacteriocins EntK1EJ97, GarKS and MP1 against planktonic cells of the six

Indian S. haemolyticus strains. “R” indicates generation of resistant mutants and “NO” indicates that the MICso exceeded

the highest concentration in the dilution series and could not be determined.

Treatment MICso MICso MICso MICso MICso MICso MiICso
[EntK1EJ97] [GarKS] [MP1] [EntK1EJ97/GarKS]  [EntK1EJ97/MP1] [GarKS/MP1]  [EntK1EJ97/GarKS/MP1]
(ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/mi) (ng/ml)
Duration 48 h 48 h 48 h 48 h 48 h 48 h 48 h
Strain
LMGT4068 R 25.00 0.08 <6.25/6.25 <0.78/0.08 <0.78/0.08 <3.13/3.13/0.31
LMGT4069 R <50.00 NO <12.50/12.50 <50.00/5.00 50.00/5.00 <6.25/6.25/0.63
LMGT4070 R <100.00 1.25 6.25/6.25 <6.25/0.63 6.25/0.63 <6.25/6.25/0.63
LMGT4071 R <100.00 10.00 <25.00/25.00 <3.13/0.31 <12.50/1.25 <6.25/6.25/0.63
LMGT4072 R <100.00 <0.63 <25.00/25.00 1.56/0.16 3.13/0.31 <6.25/6.25/0.63
LMGT4073 R <100.00 0.16 12.50/12.50 <1.56/0.16 <1.56/0.16 <1.56/1.56/0.16
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A5: Average minimum inhibitory concentration (MICsg) in pg/ml after 5 h and 24 h exposure to a 1:1 dilution series with

bacteriocin EntK1EJ97 against sessile cells within biofilms of the six Indian S. haemolyticus strains, the Norwegian S.

haemolyticus strain LMGT4115, the S. aureus (MRSA) strain USA300 and the S arlettae strain LMGT4059.

Treatment MiICso MiICso
[EntK1EJ97] [EntK1EJ97]
(ng/ml) (ug/ml)
Duration 5h 24 h
Strain
LMGT4068 >5.00 >160.00
LMGT4069 >80.00 >160.00
LMGT4070 >20.00 >160.00
LMGT4071 240.00 >160.00
LMGT4072 >20.00 >160.00
LMGT4073 210.00 >160.00
LMGT4115 210.00 >160.00
USA300 >160.00 >160.00
LMGT4059 >160.00 >160.00

A6: Average minimum inhibitory concentration (MICso) in ug/ml after 5-, 24-, and 48 h exposure time to a 1:1 dilution series

with the triple combinatorial EntK1EJ97/GarKS/MP1 bacteriocin treatment against sessile cells within biofilms of the six

Indian S. haemolyticus strains and the seven Norwegian S. haemolyticus strains.

Treatment MICso MICso MiICso
[EntK1EJ97/GarKS/MP1] [EntK1EJ97/GarKS/MP1] [EntK1EJ97/GarKS/MP1]
(ng/ml) (ng/ml) (ng/ml)
Duration 5h 24 h 48 h
Strain

LMGT4068 <4.88/4.88/0.49 <4.88/4.88/0.49 >9.77/9.77/0.98
LMGT4069 >19.53/19.53/1.95 >39.06/39.06/3.91 >78.13/78.13/7.81
LMGT4070 <4.88/4.88/0.49 >9.77/9.77/0.98 >19.53/19.53/1.95
LMGT4071 >4.88/4.88/0.49 <4.88/4.88/0.49 <4.88/4.88/0.49
LMGT4072 <4.88/4.88/0.49 <4.88/4.88/0.49 <4.88/4.88/0.49
LMGT4073 <4.88/4.88/0.49 <4.88/4.88/0.49 <4.88/4.88/0.49
LMGT4097 >9.77/9.77/0.98 >9.77/9.77/0.98 >19.53/19.53/1.95
LMGT4103 >9.77/9.77/0.98 >19.53/19.53/1.95 >39.06/39.06/3.91
LMGT4105 >9.77/9.77/0.98 <4.88/4.88/0.49 <4.88/4.88/0.49
LMGT4106 <4.88/4.88/0.49 <4.88/4.88/0.49 <4.88/4.88/0.49
LMGT4113 >4.88/4.88/0.49 >4.88/4.88/0.49 >39.06/39.06/3.91
LMGT4115 >9.77/9.77/0.98 >9.77/9.77/0.98 >19.53/19.53/1.95
LMGT4132 <4.88/4.88/0.49 >19.53/19.53/1.95 >39.06/39.06/3.91
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