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1. Introduction

I. Introduction

I.1. Enterococci

I.1.1 General characteristics about enterococci

Enterococci (from the Greek enteron: intestine, coccus: berry)! are gram-positive, catalase-
negative and facultative anaerobic bacteria, which have a wide temperature growth range
from 10 °C to 45 °C with maximum growth at 35 °C2 They belong to the lactic acid
bacteria®. Enterococci grow in broth containing 40 % of bile salts and 6.5 % NaCl*. The
ovoid or spherical bacteria are usually arranged in pairs or short chains, and their highest
abundance is in the human gut>®. Normally 10°-107 enterococci per gram of feces are found
in humans and animals, which is a very small percentage of all bacteria found in feces (10°-
102)’. Besides the human gut, smaller numbers of enterococci are also found sometimes in
vaginal and oropharyngeal secretions as well as on the skin’. Also, soils, foods (e.g. dairy

product), terrestrial and aquatic vegetation can be colonized by enterococci>’*.

Until 1984 enterococci were included to the group of Streptococci before they were placed
in their own genus, after revealing low identity in DNA-DNA and DNA-rDNA hybridization
between these two groups!. Nowadays there are more than 40 different species of
enterococci known*. Numerous studies have shown that the two most clinically important
enterococcal species are Enterococcus faecalis and Enterococcus faecium’®. In general, the
other species of enterococci are rarely responsible for healthcare-associated infections’. In
the 1990s 80 to 90 % of all clinical isolates from enterococci were E. faecalis and up to 10
to 20 % E. faecium’. In the last decades the proportion of E. faecium infections have
increased strongly, e.g. up to 43.2 % in Poland in 2011°. Nevertheless, E. faecalis is still
responsible for most of the serious and sometimes even life-threatening healthcare-
associated infections caused by enterococci’. Taking into account the aforementioned

information this thesis will focus especially on E. faecalis.
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1. Introduction

1.1.2. Pathogenicity of enterococci

E. faecalis and E. faecium are used as probiotic bacteria to treat diarrhea or improve host
immunity as described later in more detail (see chapter 1.1.3.)%. In contrast to this, other
studies show that up to 14 % of healthcare infections associated with common pathogens are
caused by enterococci'®. Other investigations have revealed a high virulence of the
enterococcal species in medical settings with a mortality rate up to 61 %°. That is why these
microorganisms present a dual behavior; they are not only harmless bacteria living primarily
in the human gut but are also associated with sometimes even life threatening infections''.
Beside endocarditis and bacteremia they can also cause urinary tract infections, meningitis,
surgical wound infections, hepatobiliary and neonatal sepsis as well as intra-abdominal,
pelvic and soft tissue infections®!2. These infections are mostly of endogenous origin starting
by translocation of enterococci trough the intestinal cell barrier®. Another characteristic that
makes enterococci as successful nosocomial pathogen is that they can survive for a long time
on hospital environmental surfaces like doorknobs, bed rails or medical equipment,
especially indwelling medical devices'?. Moreover, enterococci are also able to withstand
many chemicals, such as disinfectant in the hospitals e.g. chlorine or alcohol

preparations !4,

I.1.3. Enterococci as probiotics

By definition of the WHO/FAO, probiotics are “live microorganisms which when

administered in adequate amounts confer a health benefit on the host”!

. Apart from products
of the pharmaceutical industry, probiotics are mainly found in dairy products and in some
other food or beverages like granola bars and in some extend in meat®. But they not only
play an important role in food and its fermentation, but also in the human body>. Next to
improvement of host immunity and balance of the intestinal microbiome, probiotics are
claimed to have benefits in case of irritable bowel syndrome, diarrhea, or even to reduce

cholesterol levels>!®.
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1. Introduction

While some strains of enterococci are among the most common pathogens associated with
healthcare-associated infections, other strains of enterococci are well-known probiotics3’10.
Lactic acid bacteria which also include enterococci are, besides from Bifidobacteria, the best
studied and mostly used probiotics!”. Probably the best characterized representative of
probiotic enterococci is E. faecalis Symbioflor 1, which was introduced in the 1950s and
since then, has been used as a probiotic without being responsible for infections!®. A reduced
recurrence rate in chronically bronchitis and sinusitis has been observed using E. faecalis

Symbioflor 1'%,

1.1.4. Enterococcus faecalis
1.1.4.1. Antibiotic resistance of E. faecalis

The era of antibiotics began with Alexander Fleming's discovery in 1928, that the fungus
Penicillium notatum killed his cultured bacteria'®. In the last decades the use of antibiotics
has increased in hospitals worldwide, as well as in animal and food industry and other areas
of life®!*. Through this huge consumption, many bacteria (E. faecalis among them) have
acquired resistances against antibiotics, with some becoming intrinsically resistant to many

or all of them?®.

In general E. faecalis is intrinsically resistant to penicillin, cephalosporins and other beta-
lactams?’. Furthermore, they are usually resistant to aminoglycosides, clindamycin (a

)20

lincosamide), and quinopristin / dalfopristin (both streptogramins)=. Moreover, sporadic

resistances against linezolid have been described in the literature?’,

Acquired resistances are increasing fast and are a huge challenge when it comes to treat
bacterial infections'?. Just 15 years after using Vancomycin for the first time in 1972,
resistant enterococci were already reported®. The E. faecalis V583 was the first strain found
in the United States with resistances against Vancomycin. It was the first fully sequenced

enterococcus and has been used as model strain ever since?!?%.

Through the rise of antibiotic resistances not only treatment failure increased up to 20 %,

but also mortality rate doubled up to 52-61 % (depending on the patient population)®.
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Nowadays up to 7 % of all E. faecalis strains are resistant to Vancomycin'*?*. Studies have
shown that enterococci have the potential to develop resistances against all clinically used
antibiotics'*?°. Therefore, the development of new therapeutical options besides antibiotics

is very important to treat multidrug-resistant E. faecalis infections.

1.1.4.2. E. faecalis V583

E. faecalis V583 is a model strain used in research after revealing the first resistance against
Vancomycin in 1987 in a human blood stream infection in Saint Louis, Missouri?!. E.
faecalis VS83AABC used in this study and named E. faecalis V19 is a derivative of E.
faecalis V583 which is cured of the three natural plasmids A, B and C?*. This bacterial strain

was constructed to avoid technical problems related to present replicating plasmids?*.

I.2. Bacteriophages

I.2.1. General characteristics of bacteriophages

In 1915 and 1917 Frederick Twort and Felix d"Hérelle coined the term ‘“bacteriophage”
(from now on referred as phages), which are viruses that can infect bacteria for example by
integrating into their chromosome®>?®, Thus, they confer to their bacterial hosts important
biological properties, and even some of the harmless bacteria can become more virulent
when they get infected'!?>. For example, phages enlarge not only the stock of genetic
diversity to the bacteria but can also be vectors to transfer different genes like antibiotic
resistance or virulence genes'!. Scarlet fever is a well-known example of how bacteriophages
can enhance virulence of their host’’. Infection of Streptococcus pyogenes with
bacteriophage T12 gives the host the ability to produce exotoxin A, the disease-causing

toxin?’.

With up to 10 particles, studies have shown that phages, which can be silently present in
their host for long periods, are numerically the most common biological systems on

earth®>>?%2°_ So it is not surprising that we can find phages in our food, for example in dairy
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products, in our oral cavity, in the gut, on our skin, as well as in the whole environment?s,

Interestingly, although phages can be found everywhere where prokaryotes are found, not

25,26

every individual bacteria carries phages

Figure 1. Simplified scheme of the typical morphology of a bacteriophage. Head, Tail
Sheath and Tail Fibers are shown in black; the DNA of the bacteriophage is shown in blue.
More details about the morphology of bacteriophages are given in the text.

The typical morphology of phages is illustrated in figure 1. The head consists of nuclear
proteins at the outside and contains the phage DNA encoding for important proteins and
enzymes of the phage®’. The tail is used for infection and ensures the introduction of the
phage’s DNA into the host, while the tail fibers help the phage to hold on the host during
infection process’. To this date phages are classified in 13 families with 39 genera not only
after their phenotype, but also due their different properties®. With a size between 3.5 kb
until 6000 kb, phages can contribute up to 20 % of a bacteria’s genome®>*. Thus,

interactions with cellular activities get more complex the more phages a genome contains?’.

I.2.2. Lysogenic and lytic life cycle of temperate bacteriophages

Bacteriophages can be subdivided in two different groups: Lytic or temperate phages®.

While virulent phages are replicating in the lytic life cycle and are not integrated into the
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bacteria’s DNA, temperate phages can switch between a lytic and a lysogenic cycle as it is

shown in figure 2.

Figure 2. Lytic and lysogenic life cycle of bacteriophages?®. Phages are shown in black
and blue, the hosts DNA is shown in red. While phages replicate separately from the hosts
DNA in the lytic life cycle, they are integrating into the hosts chromosome in the lysogenic
life cycle.

Lysogeny is characterized by the existence of prophages and their replication together with
the hosts DNA®!. It is not only a survival strategy for the virus, there are also advantages for

the bacterial host?®

. An increase in pathogenicity of the bacteria and their protection against
viruses are two of the advantages of having a phage integrated in their genome®-2. Also,

phages in a lysogenic life cycle can ensure persistence of the infection for a lifetime?!.

On the other hand, the lytic life cycle is characterized by replication of the phage genome

separately from the host bacterial DNA, producing new virulent phage particles and
eventually destruction/lysis of the bacteria to release new virons>!.
The regulation between the two life cycles depends on different conditions in and around the

phages and its host™!

. During the early phase of an infection, phages prefer the lytic life cycle
because the number of susceptible bacteria is very high3!. This changes during the end of an

infectious cycle when the goal is to keep the infection continuing?!. The process to switch
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between the two life cycles is controlled by the balance between the “repressor protein cl”

and its antagonist, the “regularory protein cro™!.

1.2.3. Bacteriophages and their contribution to virulence

Already in 1927 it was understood that phages play an important role in the pathogenicity
and the evolution of their bacterial hosts*>. For example, phages can influence the bacteria’s
properties depending on the infection status, and they have been shown to possess virulence
genes e.g. exotoxins, which are more robust against external influences than the ones from

the bacteria®?3.

Horizontal gene transfer is perhaps the best known example of genetic variation and thus
also possibility to increase virulence of bacteria containing a phage’*. The transfer of genes
between different host bacteria was discovered more than 75 years ago and is still relevant
for today’s research®. A distinction is made between general and special transduction®”.
While general transduction includes parts of the hosts chromosome, special transduction
includes a hybrid molecule of phages and bacterial genes*. The probably most well-known

problem of horizontal gene transfer is transfer of resistances of bacteria against antibiotics®.

Quorum sensing plays an increasingly important role in the virulence of phages*. This well-
characterized communication system of gram-positive and gram-negative bacteria was first
described about 25 years ago by Fuqua et al. and is still an important research topic®’. Small
extracellular chemical signal molecules called autoinducers enable bacteria to analyse and
adapt to their environment, and thus increases their pathogenicity of bacteria
substantially*®-°. In 2014 Hargreaves et al. published, the first quorum sensing genes found
in a phage genome®. Activation via quorum sensing can increase biofilm production and
thus contribute to pathogenicity®. This has been shown for induction of the quorum sensing
molecule autoinducer-2 (4,5-dihydroxy-2,3-pentanedione, from now on Al-2) for E. faecalis

V19 containing prophage 5, as described in more detail in chapter 1.2.6."".

Nevertheless, in addition to horizontal gene transfer and quorum sensing it is also known

that bacteriophages are influencing the virulence of bacteria in many other ways***!. They
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can for example induce the production of cytokine TNF-a, a proinflammatory protein
involved in autoimmune reactions, inflammation or host defence***?. Besides, phages are
known to assist the transfer of bacterial pathogens to humans as it was e.g. demonstrated by

the faecal-oral transmission of phage-encoded cholera-toxin®.

1.2.4. History of phage therapy

Already shortly after the discovery of bacteriophages in 1915 (and long before the discovery
of antibiotics), phage therapy was conceived as a possible treatment strategy for bacterial
infections®. Phage discoverer d’Hérelle tested phage suspensions for wound recovery on
himself and in his patients in 1919*. The first study mentioning phage therapy was published
in 1921 by Bruynoghe and Maisin, describing the reduction of skin blows and their signs of
inflammation caused by staphylococci using injections of phage suspensions within 48
hours**. It was also published, that d’Hérelle used intravenous phage therapy against cholera
in 1931 in India and started a preventive anti-cholera study in fountain systems*. The
successes achieved through this study was so overwhelming that the government requested

to treat the entire population with it*.

During and after world war II studies about phage therapy became less important in many
countries mainly due to the increasing and uncomplicated availability of antibiotics to treat
bacterial infections**. Many years later with the increasing number of infections with
multidrug-resistant bacteria worldwide, phage therapy gained popularity again starting in the
1970s%%*, Several promising studies showing success using phages against orthopedic
infections, cholera or infections caused by E. faecalis were published***. Other interesting
diseases on which research is still focused are skin ulcerations and wound prophylaxis,
methicillin resistant Staphylococcus aureus (MRS A) and other multidrug-resistant bacteria,
burns, eye-, respiratory-, gastrointestinal- or urinary tract infections, as well as chronic otitis,

sepsis, among others*.
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I.2.5. Phage therapy nowadays

With huge amounts of antibiotics used worldwide, the number of multidrug-resistant
bacteria has been greatly increased becoming an challenging problem in almost all medical
settings®. In 2014 around 50 000 persons in Europe and the United States died from
infections caused by antimicrobial resistant pathogens*. According to current projections,
this number could increase up to 10 million deaths around the world every year in 2050 if

antibiotics continue to be used to such an extent as they are used today*.

Phage therapy is a promising way to treat bacterial infections and to decrease the amount of
antibiotic resistances by using targeted applications of specific phages***S. There are
different goals of phage therapy*’: The first would be to enable phage therapy in everyday
clinical settings to treat bacterial infections*’. The second would be to control antibiotic
resistances*’. The third could be to use phages in prophylactic medicine e.g. as probiotics to

modulate the gastrointestinal flora*’.

In order to achieve the above-mentioned goals, there are currently different approaches
pursued in phage research*. In some cases, a cocktail of several phages given together has
been used with the aim of decreasing the risk of bacterial resistance to the phages**. Another
approach reduces possible side effects and therefore tries to keep the number of different
phages as low as possible**. It was shown that the use of phages combined with antibiotics
had a synergistic effect*’. A significant reduction of the bacterial pathogens in these cases

highlights the relevance of this combined approach®’.

In some countries like Georgia and Poland phage therapy is already used for many patients
to treat a variety of bacterial infections*. Successes in treating osteomyelitis and lung
infections with phages have been documented*®. A promising success was the treatment of
a patient in California in 2016 with intravenous phage therapy®. The story received huge
publicity as the patient was in coma due to infection with multidrug-resistant Acinetobacter
baumannii and woke up only three days after intravenous phage therapy with a cocktail

containing four different phages®.
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In general, for phage therapy lytic phages are mostly used because they can effectively kill
bacteria at the end of a phage infection cycle**. For temperate phages there is concern that
they may transfer virulence factors to the bacterial host and may eventually worsen the

patients’ health**47,

Although there are already several successful examples of using phages as therapy for
bacterial infections, they are currently not the first choice*®. In Germany, there are no
approved phage-drugs to this date*®. Nevertheless, some promising cases in which patients
were treated with phages in German hospitals are also found in the literature*®. To understand
more about phages and their possible benefit in medicine, it is necessary to investigate

potential virulence factors of phages, which is one of the focuses of this thesis.

1.2.6. Bacteriophages of E. faecalis V19

The presence of one or more prophages has been demonstrated in many E. faecalis clinical
isolates and this seems to have different advantages regarding to their pathogenicity in
contrast to bacteria without bacteriophages integrated into their chromosome™.
Polylysogeny is not specific for the clinical isolates of E. faecalis V19, which harbors seven
prophages'!>!, The prophages of E. faecalis V19 are named V583-pp1 to V583-pp7 (from

now on called pp1 to pp7) and they all have different characteristics>>.

Pp2 seems to be part of the core genome as it is found in all E. faecalis isolates and lacks an
integrase in its genome?2. All prophages except pp2 are putatively able to excise from the
chromosome under specific conditions®?. For instance, pp6 is only able to excise from a
strain lacking pp3 and pp5. This shows, that pp6 is suppressed in the presence of pp3 and
pp35, which have similar gene organisation®2. After excising from the chromosome pp1, pp3,
ppS and pp7 are able to replicate their own genome and form infectious particles, while this

property has not been demonstrated for pp4 and pp6°2.

Ppl, pp3, pp4, pp5S and pp6 are shown to have all necessary functions to exhibit a lytic life
cycle, while pp7 needs to use pp1 as helper*?. On the other hand, pp2 seems to be unable to
enter a lytic life cycle®2. Also, pp1, pp4, and pp6 promote the binding of the bacterial host to
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human blood platelets, and thus playing an important role in infections like endocarditis

caused by E. faecalis™.

Of particular interest is ppS (genes ef2083-ef2145) with a size of 43.0 kb. Rossman et al.
showed in several experiments that ppS plays an important role in the pathogenicity of E.
faecalis V19, perhaps by carrying specific virulence factors in its genome'l. A reduced
dispersal of biofilm was observed in E. faecalis V19 lacking pp5, while the same strain
containing pp5 produced significantly more biofilm after the exposure of the bacteria to the
universal signaling molecule AI-2'!. In addition, 28 genes of pp5 were upregulated after the
induction of the E. faecalis V19 with AI-2!!. Also, higher TNF-a production by RAW 264.7
cells was demonstrated when the cells were exposed to culture supernatants of E. faecalis

V19 containing pp5 compared to bacteria cured of pp5'!.

A summary of the most relevant properties of ppl-pp7 from E. faecalis V19 are listed in

table 1 below.

Table 1. Characteristics of the prophages present in E. faecalis V192

Phage size Ability to excise form infectious fulfill lytic life bind human
(kb) from Chromosome particles cycle blood platelets
ppl 38.2 + + + +
pp2 14.6 - - - -
pp3 473 + + + -
pp4 39.0 + - + +
ppS 43.0 + + + -
pp6 36.0 *pp37, pp5” - + +
pp7 12.0 + + *ppl* -

*pp3-, ppS: strain lacking pp3 and pp5
**ppl*: ppl need as helper phage
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1.2.6.1. The ef2143 gene from E. faecalis V19, a putative toxin

Bacterial toxins are virulence factors associated with host cell death, and dysregulated
immune responses**>2. They are important for survival and pathogenicity of the bacteria®.
Some of these toxins are encoded by bacteriophages integrated into the bacteria, causing
important infections in humans, such as sepsis in cholera or diphtheria infections>*. Not only
the fact that toxins play key roles in the origin of sepsis, but also that gram-positive bacteria
such as E. faecalis are among the most common cause of sepsis, demonstrate that toxins of

gram-positive bacteria are important proteins to study*’.

The ef2143 gene was selected for this study for various reasons. As Rossmann et al. have
shown and as is already described in chapter 1.2.6, ppS (ef2083 — ef2145) seems to play an
important role in the virulence of E. faecalis V19 by carrying virulence factors in its
genome'!. The genetic information of the ef2143 gene present in the pp5 from E. faecalis
V19 was compared by basic local alignment search tool (BLAST) to other gram-positive
bacteria®*. The results showed that the ef2/43 gene is most likely a putative toxin®*.
Considering that the ef27/43 gene encodes a putative toxin and in addition because it is part
of the pp5, EF2143 seems to be an important and interesting protein of E. faecalis V19 to
study™*.

1.2.6.2. The ef2144 gene is a lipoprotein

Lipoproteins are anchored in the plasma membrane and have been described to perform
various functions in the host-pathogen interaction and other different cellular activities*'>,
These proteins have been shown to be particularly important for virulence in gram-positive
bacteria®®. Examples of the functions influenced by lipoproteins are inflammatory processes,
adhesion, antibiotic resistances and colonization of the host*'. Due to exposed location in the
plasma membrane, lipoproteins are possible vaccine candidates and alternative targets for

drug development that makes them interesting proteins to study.

E. faecalis V19 contains 90 different lipoprotein-encoding genes>®. While over 90 % of these

lipoprotein-encoding genes are located in the chromosome of E. faecalis V19, only five of

24



1. Introduction

them are in a bacteriophage-related region®®. Lipoprotein EF2144 is one of these and, in
addition, also part of the genome of pp5, which has been suspected to play an important role
in the virulence from E. faecalis V19'-%, Since not only lipoproteins but also bacteriophages
are associated with the virulence of bacteria, especially this combination makes lipoprotein

EF2144 interesting to study'!-%.

1.3. Biofilms

1.3.1. General characteristics about biofilms

Biofilms are a complex three-dimensional formation of microorganisms living in a
community with cell-to-cell interaction between each other or attached to a surface®”>. They
are producing extracellular substances in which they are enmeshed and can display different
phenotypes regarding their properties when living in this community®®. While the initial
stage of a biofilm is to establish an infection, later stages comprise the maturation and
eventual dispersal of a subfraction of the biofilm to disseminate the settled bacterial cells as

shown in figure 3!,
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extracellular substances

4
v
4 v
v v w -
44 4 o
-® ';5 o Y -

v P g T o v

> (e E
attachment to stable biofilm dispersa! of
establish a biofilm with maturation subfractions

Figure 3. Simplified scheme of the microbial biofilm lifecycle. Bacteria are shown in
green while the extracellular substances they are enmeshed in are shown in light grey. While
bacteria are attaching to a surface and between each other in the early stage of a biofilm,
dispersal of subfractions takes place in the later stages to spread the infection.
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Already in the seventeenth century Van Leeuwenhoek wrote about “animalcules” on his
teeth, giving the first hint for the existence of biofilms®. In 1978 Bill Costerton coined the
term “biofilm” suggesting that bacteria stick to different surfaces like medical devices (but

also hulls of ships or tubing of water systems or air condition devices)®.

Nowadays it is clear that biofilms are a huge problem associated with infections in medicine,
and that its formation plays an important role for the virulence of certain bacteria’’. Biofilms
are frequently found on indwelling medical devices (for example on central or peripheral
venous catheters or implants such as artificial heart valves or stents), and these are often the
reason for urinary tract infections, endocarditis, central nervous system infections or
bloodstream infections!'>7>%, A major challenge in the clinical setting is the removal of
established biofilms, as bacteria in biofilms are resistant to 10 - 1000 times more
concentrated antibiotics than bacteria not being part of a biofilm>®. With this background
and the knowledge of rising resistances against antibiotics used in hospitals worldwide, it is

clear that biofilms are a really important research topics®’.

1.3.2. Biofilms by enterococci

Most enterococci are strong biofilm producers'>®!. About 25% of catheter-associated urinary
tract infections are caused by enterococci, mostly E. faecalis or E. faecium, due to established
biofilms on the catheters®>. The proportion of E. faecalis producing biofilms varies
worldwide and most biofilms in which E. faecalis was found consist not only of this single
bacterial species but are polymicrobial’®2. Considering only Europe in the early 2000s, the
importance of E. faecalis producing biofilms varied between 57 % in 2001 in Spain, and 100
% in 2003 in the UK®. Not only the high number of infections caused by biofilm formation
through enterococci are a huge problem, but also the decreasing response of antibiotic
therapies to these infections®?. For example, the proportion of enterococci with resistances
to vancomycin increased from 0 % in the mid-1980s to around 5 % for E. faecalis, and to
over 80 % in 2007 for E. faecium® (although this varies between countries or time periods).
There is a clear distinction between resistances towards antibiotics of planktonic enterococci

and those enmeshed in a biofilm 2.
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First, antibiotics are less able to penetrate the extracellular substances of biofilms, and this
phenomenon seems to increase with the age of the biofilm®. The bacteria in a biofilm can
therefore easily survive significantly higher concentrations of antibiotics®®. Important is that
the bacteria themselves recognize the bacterial density via quorum sensing®. Signal
molecules, which are then released via this communication system, play an essential role in
biofilm formations, as Rossmann er al. showed for AI-2 in E. faecalis V19 biofilm
formations'!. The detachment of a subfraction from a biofilm, as well as the release of
bacteriophages from E. faecalis V19 to infect other bacteria are stimulated by high AI-2

concentrations (e.g. more than 100 uM)'%.

Second, studies with vancomycin-resistant enterococci (VRE) showed the existence of
persister cells in biofilms®2. These cells with the presence of guanosine tetraphosphate
(ppGpp) appear to have a selective advantage for some bacteria over certain antibiotics and

are currently being further studied®?.

Third, it has been demonstrated that not only the gene expression differs between planktonic
enterococci and those in a biofilm, but also that the rates of horizontal gene transfer are
higher in biofilms®2. For example, enterococci present in a biofilm showed an increased
expression of genes responsible for higher resistance to antibiotics®?. With this they are also

serving as a pool for genes for horizontal gene transfer e.g. of virulence genes®.
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I1. Objectives and context of this work

Enterococci are responsible for many infections in different clinical settings'!, and especially
E. faecalis plays a major role and can lead to life-threatening disease’. In particular,
increasing resistances of bacteria to currently available antibiotics is a growing and serious
problem worldwide®. This has led to a great deal of interest into research of alternative
therapeutics*. A special focus has been placed on phages, which are viruses that can
integrate into the genome of bacteria and therefore, can change the properties of the
bacteria®®. For example, specific virulence factors can be transferred via horizontal gene

transfer>.

The aim of this work was to identify and evaluate bacteriophage genes contributing to the
virulence of Enterococcus faecalis. The two genes ef2143 and ef2144 from E. faecalis V19
studied in this thesis are not only interesting because of their properties per se: EF2143 as
putative toxin and EF2144 as lipoprotein, but also because they are also part of the
bacteriophage 5 integrated into E. faecalis V19°*°°. The following objectives have been

pursued in this work:

o Generation of two mutants with deletion of about 80% of the genes ef2/43 and
ef2144. In addition, complementation of the two deletion mutants was planned
through three silent single point mutations of the genes ef2143 and ef2144.

o Investigation of the differences and similarities between wild type E. faecalis V19
and the four designed mutants regarding growth behaviour.

o Analysis of whether a pp5 release is possible after deletion of about 80% of genes
ef2143 and ef2144 as well as further studies on whether pp5 can be transduced into
other E. faecalis strains.

o Analysis of the role of pp5S and the different mutants in biofilm formation of E.
faecalis and their behaviour upon stimulation with autoinducer-2.

o Investigations if the absence of the proteins EF2143 and EF2144 affects the
inflammatory response by measuring the cytokine TNF-a production after

stimulation of peripheral blood mononuclear cells
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o Investigate if the absence of the proteins EF2143 and EF2144 affects the virulence

of E. faecalis by using the animal model Galleria mellonella.

29



III. Materials and methods

II1.1. Materials

II1.1.1. Bacterial strains

III. Materials and methods

All bacterial strains used in this study are listed in table 2.

Table 2. Bacterial strains used in this study.

Species Strains Abbreviation Description References
E. coli Top 10 Top 10 Cloning host for the different plasmids used | Invitrogen, USA
E. faecalis | V533AABC V19 E. faecalis V583 derivative cured from its | &
natural plasmids A, B and C
E. faecalis | VI9AEF2143 AEF2143 E. feacalis V19 with 83,6 % of the gene | This study
ef2143 deleted from its genome.
E. faecalis | V19AEF2144 AEF2144 E. feacalis V19 with 80 % of the gene ef2144 | This study
deleted from its genome.
E. faecalis | V19cEF2143 cEF2143 E. feacalis V19 with three single point silent | This study
mutations in the gene ef2/43. Used as
complementation of the strain AEF2143
E. faecalis | V19cEF2144 cEF2144 E. feacalis V19 with three single point silent | This study
mutations in the gene ef2/44. Used as
complementation of the strain AEF2144
E. faecalis V19pp- Pp- E. faecalis V19 cured from all seven phages | *
E. faecalis V19pp3+ pp3+ E. faecalis V19 containing only pp3 Chiara Lincetto,

II1.1.2. Genes studied

LMU, Germany

The sequences of the genes ef2143 and ef2144 from E. faecalis were retrieved from the

NCBI

database

(National

Center for Biotechnology

{http://www.ncbi.nlm.nih.gov/gene/}) and are listed in table 3 below.

Information,
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Table 3. Genes of interest in this study.

III. Materials and methods

Protein name Accession number Abbreviation Gene length (bp)
Hypothetical protein NP_815806.1 EF2143 468
Lipoprotein NP_815807.1 EF2144 861

I11.1.3. Primers

All primers used in this study were bought from Eurofins (Germany) and are listed in table

4 below.

Table 4. Primers used in this study.

N | Primer Name 5’-3’sequence Restriction | Use
° site
1 EF2143_11_BamHI accaGGATCCATACTAATTG | BamHI To introduce the restriction site in
GGCCACTT (GGATCC) | the construction by PCR with oligo
EF2143_44_Pstl
2 EF2143_22_Xhol agcaCTCGAGTTCAGGATAA | Xhol To introduce the restriction site to
TTAGCCAT (CTCGAG) | make the deletion by PCR with
oligo EF2143_55_FW
3 EF2143_33_Xhol agcaCTCGAGACAATTGGGG | Xhol To introduce the restriction site to
TATATGAA (CTCGAG) | make the deletion by PCR with
oligo EF2143_66_RV
4 EF2143_44 Pstl accaCTGCAGCATAAATACG | Pstl To introduce the restriction site in
AATACGAA the construction by PCR with oligo
(CTGCAG) | EF2143_11_BamHI
EF2143_55_FW GCAAATGCCAACTCACTAT | - To make the deletion by PCR with
CGTTA oligo EF2143_22_Xhol
6 | EF2143_66_RV GCCATAAATACCAACCTCT | - To make the deletion by PCR with
CGGA oligo EF2143_33_Xhol
7 EF2143_1_BamHI agcaGGATCCTGTCATTTTTA | BamHI To introduce the restriction site in
TCCTCCTATCA (GGATCC) | the construction by PCR with oligo
EF2143_4_Pstl
8 EF2143 2 RV CTATTTTGCTCTATAATAT - Single mutation insertions by PCR
CGCCGACACTTGTCAAATG with oligo EF2143_5_FW
ATGACCAATTTC
9 | EF2143_3_FW GAAATTGGTCATCATTTGA | - Single mutation insertions by PCR
CAAGTGTCGGCGATATTAT with oligo EF2143_6_RV
AGAGCAAAATAG
10 | EF2143_4 Pstl agcaCTGCAGATTGTTTATT Pstl To introduce the restriction site in
ATCTTGGCTACT (CTGCAG) | the construction by PCR with oligo

EF2143_1_BamHI
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11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

EF2143_5_FW
EF2143_6_RV

EF2143_7_FW_Verif

EF2143_seq_1_FW
EF2143_seq_2_FW
EF2143_seq_3_RV
EF2143_seq_4_RV

EF2144_11_BamHI

EF2144_22 EcoRI

EF2144_33_EcoRI

EF2144_44 Pstl

EF2144_55_FW
EF2144_66_RV

EF2144_1_BamHI

EF2144_2 RV

EF2144_3_FW

EF2144_4_Pstl

EF2144_5_FW

EF2144_6_RV

CGGTTAATACTGGTATCGC
TCATTCCTTT
TGTTCTAAGGTTGGCTCAT
CTGCTAGC
CATCATTTGACAAGTGTCG
GC

GGCGTTGCCAAAACCACAT

ACTTATACGGAGTGGGAA
ACAAGAAA
CGCCTGATTTGACGGTAAT
AAGA
CAAAATGCGTATACCAAG
AATATTGAAA
agcaGGATCCACATTTCGCG
TACTTATT

agcaGAATTCGGTTGACTTT
TCAGTATC

agcaGAATTCGCTAATGTGG
AAATACAC

agcaCTGCAGTATTTATTCA
CAGATGAA

CCATTGATTCAATTTATTC
ACCCC
CGGGCATGTCTAAAACTAT
GAGATG
agcaGGATCCCTGAACAATT
AACAGTAGCCGCACAT

TTATCATCTAGTTGAGTCA
ACACAGCATAATAATCTCC
AGGATCAATATC
GATATTGATCCTGGAGATT
ATTATGCTGTGTTGACTCA
ACTAGATGATAA
agcaCTGCAGATTAGCTAAT
TTCTTTGGTTCT

CGAACTCCTGACGCAGAAT
TACAAAATAA
TCTGTTTCAGCATCTCTAC
AAGCCTTCTT

BamHI
(GGATCC)

EcoRI
(GGATTC)

EcoRI
(GGATTC)

Pstl
(CTGCAG)

BamHI
(GGATCO)

Pstl
(CTGCAG)
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Single mutations insertions by
PCR with oligo EF2143_2_RV
Single mutations insertion by PCR
with oligo EF2143_3_FW

To verify the insertion of the single
point mutations by PCR with oligo
EF2143_4Pstl or EF2143_6_RV
To verify the sequence of the gene
ef2143

To verify the sequence of the gene
ef2143

To verify the sequence of the gene
ef2143

To verify the sequence of the gene
ef2143

To introduce the restriction site in
the construction by PCR with oligo
EF2144_44 Pstl

To introduce the restriction site to
make the deletion by PCR with
oligo EF2144_55_FW

To introduce the restriction site to
make the deletion by PCR with
oligo EF2144_66_RV

To introduce the restriction site in
the construction by PCR with oligo
EF2144_11_BamHI

To make the deletion by PCR with
oligo EF2144_22_EcoRI

To make the deletion by PCR with
oligo EF2144_33_EcoRI

To introduce the restriction site in
the construction by PCR with oligo
EF2144_4_Pstl

Single mutation insertions by PCR
with oligo EF2144_5_FW

Single mutation insertions by PCR
with oligo EF2144_6_RV

To introduce the restriction site in
the construction by PCR with oligo
EF2144_1_BamHI

Single mutations insertions by
PCR with oligo EF2144_2_RV
Single mutations insertion by PCR
with oligo EF2144_3_FW

32



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

EF2144_7_FW_Verif

EF2144_seq_1_FW
EF2144_seq_2_FW
EF2144_seq_3_RV
EF2144_seq_4_RV
EF2144_seq_5_FW
EF2144_seq_6_RV
pLTO06_FW

pLTO06_RV

ppS_A_FW

PPS_A_RV
ppS_B_RV
ppS_C_FW
ppS_C_RV
ppS_attP_FW

ppS_attP_RV

GGAGATTATTATGCTGTGT
TG

CTTCAAGACGCAATCAAA
AGTTACTCAA
TGGCTTGCAAAACCTGGCA

GCCAGTTAATCCATTGCTG
ATATTTG
CCCAATTGTACCATCACAC
CTAAAA
CACAGTTAAACAACCGAA
TTCAAAAGAC
CATCAGACTTCGCTTCAGT
ACTTACTTCT
CAATAATCGCATCCGATTG
CAG
CCTATTATACCATATTTTG
GAC
CTTGTGCACGAGATTTGTA
CGATT

GCCGATGGATAAAACTGC
CACTTG
GTGACCATAGACAGCTAAT
TCAG
GCCTCCATTTGCACGTGTA
ACTCT
CGCATTACCATTTGATTGG
ACGAGT
CAATGGATTAACTGGCTTG
C
ATCCGAAGGAACATTGCTA
G
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To verify the insertion of the single
point mutations by PCR with oligo
EF2144_4Pstl or EF2144_6_RV
To verify the sequence of the gene
ef2144

To verify the sequence of the gene
ef2144

To verify the sequence of the gene
ef2144

To verify the sequence of the gene
ef2144

To verify the sequence of the gene
ef2144

To verify the sequence of the gene
ef2144

To check the insert on the plasmid
by PCR with oligo pLT06_RV

To check the insert on the plasmid
by PCR with oligo pLT06_FW

To verify pp5 by PCR with oligo
pp5_B_RV; To verify ppS-release
by PCR with oligo pp5_A_RV

To verify ppS-release by PCR with
oligo ppS_A_FW

To verify pp5 by PCR with oligo
ppS_A_FW

To verify pp5 by PCR with oligo
pp5S_C_RV

To verify pp5 by PCR with oligo
pp5S_C_FW

To verify circularized DNA of pp5
with oligo pp5_attP_RV

To verify circularized DNA of pp5
with oligo pp5_attP_FW

* Bases in lowercase letters are not complementary to the target sequence; Underlined bases correspond to restriction sites.
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I11.1.4. Plasmids

Table 5 shows the plasmids and their most important characteristics used in this study.

Table 5. Plasmids used in this study.

Plasmid Characteristics References
pLTO06 Plasmid used to engineer all the isogenic, in-frame deletion mutants used in this | 5
study

pLT06::AEF2143 | pLTO6 carrying the DNA amplifications upstream and downstream of the ef2/43 | This study
generating an in-frame deletion of 83,6% of the gene
pLTO06::AEF2144 | pLTO06 carrying the DNA amplifications upstream and downstream of the ef2/44 | This study
generating an in-frame deletion of 80% of the gene
pLTO06::cEF2143 | pLTO06 carrying the ef2143 gene with three silent single point mutations to | This study
complement the deletion mutant

pLTO06::cEF2144 | pLTO6 carrying the ef2/44 gene with three silent single point mutations to | This study

complement the deletion mutant AEF2144

1I1.1.4.1. The pLTO06 vector

Thurlow et al. combined the pCJK47, pGB354, and pCASPER plasmids to create pLTO06, a
vector which allows the replication of cloned DNA into E. coli or E. faecalis®. Due to the
presence of a temperature-sensitive plasmid replication protein repA the pLT06 vector can
replicate best at 30°C, while replication does not take place at 42°C®*. Positive selection of
pLTO06 is possible due to the presence of an chloramphenicol acetyltransferase gene (pheS)®*.
Additionally, the presence of a f-galactosidase gene (lacZ) in pLTO06 allows a blue-white

screening of the colonies containing or not containing the plasmid®*.

The pLTO06 vector was used for targeted mutagenesis in E. coli Top 10 and E. faecalis V19
for the two designed mutants by gene deletion E. faecalis AEF2143 / AEF2144, and the
complementation of the mutants with three silent single point mutations E. faecalis cEF2143
/ cEF2144 that were used to be able to track that the reversion was in fact due to a new
double-crossover event. Figure 4 illustrates the pLT06 vector and the relative positions of
the restriction enzymes BamHI and Pstl, which were used to insert the new constructions

into the pLT06 vector.
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Figure 4. Sequencing map for the pLT06 vector®. The used restriction enzymes BamHI
and Pstl are marked in yellow. Unique restriction sites for common restriction enzymes are
illustrated in red, multiple restriction sites in black.

I11.2. Methods

II1.2.1. General culture conditions
II1.2.1.1. Culture conditions for E. coli strains

E. coli strains were grown under shaking (150-200 rpm) in LB Broth (Luria/Miller; Carl
Roth, Germany) at 37 °C. For growing E. coli on solid media LB Agar (Carl Roth, Germany)
was used. Chloramphenicol 20 pg/mL (Carl Roth, Germany) was added when required to

both liquid and solid media. To screen recombinant colonies with a blue-white screening 12
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pg/mL  of X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside, AppliChem,
Germany) were added to differentiate between the different bacterial clones. E. coli strains
were kept at 4 °C in between the experiments for a short storage. For long term storage 20
% glycerol (Carl Roth, Germany) was added to the liquid cultures before putting them at -

80 °C. The exact compositions of the culture media are listed in table 6 below.

Table 6. Compositions of the culture media used for E. coli.

LB Broth LB Agar

Tryptone 10 g/L. Tryptone 10 g/L

Yeast extract 5 g/L Yeast extract 5 g/L

Sodium chloride 10 g/L. Sodium chloride 10 g/L
Agar 15 g/LL

pH7.0+£0.2 pH7.0+£0.2

II1.2.1.2. Culture conditions for E. faecalis strains

E. faecalis strains were grown in liquid media without agitation at 37 °C in either BHI
(Brain-Heart-Infusion Broth; Carl Roth, Germany), in TSB (Tryptic soy broth; Carl Roth,
Germany) or in GM17 (M17 supplemented with glucose 0.5 %, Sigma-Aldrich, USA). To
grow them on solid media BHIA plates (Brain-Heart-Infusion agar; Carl Roth, Germany) or
TSA plates (Tryptic soy agar; Carl Roth, Germany) were used. If necessary,
Chloramphenicol (20 pg/mL) were added to the media and / or 40 pg/mL of X-Gal to screen
recombinant colonies with a blue-white screening. E. faecalis strains were kept at 4 °C in
between experiments for short storage. For long term storage 20 % glycerol was added to
the liquid culture before putting them at -80 °C. The exact compositions of the culture media

are listed in table 7 below.
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Table 7. Compositions of the culture media used for E. faecalis.

BHI

BHIA

Calf Brain Infusion 7.5 g/L
Beef Heart Infusion 10 g/L
Peptone 10 g/

Glucose 2 g/L.

Sodium Chloride 5 g/LL
Disodium Phosphate 2.5 g/L

Calf Brain Infusion 7.5 g/L
Beef Heart Infusion 10 g/L
Peptone 10 g/L

Glucose 2 g/LL

Sodium Chloride 5 g/LL
Disodium Phosphate 2.5 g/L

Agar 15 g/L
pH7.4+£0.2 pH7.4+0.2
TSB TSA

Caseine peptone (pancreatic digest.) 17 g/L
Soya peptone (papain digest.) 3 g/L

Caseine peptone (pancreatic digest.) 15 g/L
Soya peptone (papain digest.) 5 g/L

Dipotassium hydrogen phosphate 2.5 g/L Sodium chloride 5 g/L
Sodium chloride 5 g/L Agar 15 g/L

Glucose 2.5 g/LL

pH7.3+£0.2 pH7.3+0.2

M17

Ascorbic acid 0.5 g/LL
Lactose 5 g/L

Magnesium sulfate 0.25 g/L
Meat extract 5 g/LL

Meat peptone 2.5 g/L

I11.2.2. Extraction of plasmid DNA

Sodium glycerophosphate 19 g/L.
Soya peptone 5 g/LL

Tryptone 2.5 g/L

Yeast extract 2.5 g/L.
pH7.0£0.2(25°C)

Plasmid DNA from E. coli were extracted by using the PureYield™ Plasmid Miniprep

System (Promega, Germany) by following the manufacturer”s instructions.

I11.2.3. Polymerase chain reaction (PCR)

Two different enzymes were used to perform the different PCR experiments. Either the Q5

High-Fidelity PCR Kit (New England BioLabs, UK) or the GoTaq G2 Hot Start Polymerase

(Promega, Germany) following the manufacturer’s instructions. For both kits 12.5 puL of the

37



III. Materials and methods

enzyme, 9 uL of nuclease free water, 1.25 puL of each primer and 1 puL of the corresponding

template were mixed for each reaction.

The Q5 PCR kit was used for reactions that required further DNA manipulation like
enzymatic digestion, DNA ligation or DNA sequencing. For all routine PCR reactions
without further DNA manipulation i.e. gene identification or colony screening the GoTaq

was used. The temperature programs for the different PCRs are listed in the table 8 below.

Table 8. Conditions for PCR experiments with GoTaq and Q5.

GoTaq Q5
Cycle step Temperature Time Cycle Temperature Time Cycle
Initial denaturation 95 °C 2 min 1 98 °C 30 sec 1
Denaturation 95 °C 30 sec 34 98 °C 8 sec 40
Annealing *X 30 sec 34 *X 20 sec 40
Extension 73 °C 1 min/ 1 kb 34 72 °C 25 sec/ 1 kb 40
Final extension 73 °C 5 min 1 72 °C 2 min 1

*The used annealing temperature (X) was depending on the used primers.

I11.2.4. Agarose gel electrophoresis

Agarose gel electrophoresis was performed according to Green et al. as follows®. A 1 %
agarose gel was made with solid agarose (Biozym Scientific, Germany) and TBE buffer
(Tris-Borate-EDTA with 10.8 g Tris base (Carl Roth, Germany), 5.5 g boric acid (Carl Roth,
Germany) and 0.7 g EDTA (VWR International, USA) per liter). After, the mixture was
boiled until it was homogenous. Then 1.0 puL of Midori Green Advance DNA Stain
(NIPPON Genetics Europe, Germany) per 100 mL of gel was added to make the DNA visible
in UV-light. Once the gel was solidified it was covered with TBE Buffer in a Mini-Sub cell
GT (Bio Rad, USA) chamber. The PowerPac Basic (Bio Rad, USA) was running 35 minutes
at 120 V and 400 mA. To analyze the size of the DNA fragments either the GeneRuler 1 kb
DNA ladder or the GeneRuler 1 kb Plus DNA ladder (both Thermo Fisher Scientific, USA)
was added in one well of the gel. The ChemiDoc™ MP Imaging System (Bio Rad, USA)

was used to evaluate the gel.
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I11.2.5. DNA purification

If necessary, DNA was purified with the Wizard SV Gel and PCR Clean-Up System

(Promega, Germany) following the manufacturer’s instructions.

I11.2.6. DNA digestion

All restriction enzymes were purchased from New England BioLabs (UK). In general, 1 uL.
of the corresponding restriction enzyme was added to 1 pg of DNA and digested following
the manufacturer’s instructions. All reaction conditions i.e. incubation and heat inactivation
of the respective restriction enzyme were adjusted according to the manufacturer’s

instructions. After digestion, the DNA was purified as mentioned above.

I11.2.7. DNA ligation

After purification, the ligation of the digested DNA was performed using the T4 DNA ligase
(New England BioLabs, UK). Usually 1 uL of the T4 DNA Ligase was added to a mix of 2
puL of T4 DNA Ligase Reaction Buffer (New England Bio Labs, UK), 3-8 uL of the purified
respective vector and 7-15 puL of purified DNA insert (vector insert ratio of 1:5) and adjusted
to a final volume of 20 uLL with nuclease free water (Promega, Germany). The mixture was
incubated then at 37 °C for 30 minutes and the enzyme was heat inactivated at 65 °C for 10

minutes.

I11.2.8. Transformation
I11.2.8.1. Preparation of E. coli electrocompetent cells

E. coli electrocompetent cells were prepared according to the protocol of Dower et al. as
follows . The corresponding E. coli strain was inoculated from a frozen stock into 10 mL

of LB broth and incubated at 37 °C overnight with shaking. After 18 hours, 10 mL of the
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ON bacterial culture were added to 500 mL of fresh LB broth and incubated at 37 °C with
shaking until an OD 600 nm of about 0,8 (approximately 2,5 hours). The bacterial suspension
was then centrifuged at 4000 rpm for 30 minutes at 4 °C. After discarding the supernatant,
the cells were washed two times with decreasing volumes of ice-cold ultra-pure water (500
mL, 250 mL) and two more times with decreasing volume of ice-cold 10 % glycerol (100
mL, 50 mL) centrifuging the bacterial suspension in between each washing step at 4000 rpm
for 30 minutes at 4 °C. After the last centrifugation step the cell pellet was resuspended in 1

mL of ice-cold 10 % glycerol and aliquoted in 100 uL portions before storage at -80 °C.

I11.2.8.2 Transformation of plasmids into E. coli

Electroporation was performed using the Electro Cell Manipulator (BTX, USA) to transform
plasmids into E. coli, following the settings of Dower et al.%®. Usually 1-2 uL (10 ng) of the
ligated DNA products were mixed with 100 puL of E. coli electrocompetent cells in a sterile
2 mm Gene Pulser cuvette (Bio Rad, USA). After electroporation at 2500 V, 200 Q and 25
uF, the cells were rapidly resuspended in 1 mL of LB broth and transferred to a 1.5 mL
micro centrifuge tube (Sarstedt, Germany). The bacteria were grown at 37 °C for 45 minutes
before streaking them on LB agar plates with the corresponding antibiotic and X-Gal when

needed. Finally, the plates were incubated at 37 °C overnight.

I11.2.8.3. Preparation of E. faecalis electrocompetent cells

E. faecalis electrocompetent cells were prepared according to the protocol of Ladjouzi et al.
as follows®”. 10 mL bacterial culture were inoculated with the appropriate E. faecalis strain
from a frozen stock and incubated overnight at 37 °C without agitation in TSB media. The
ON culture was diluted 1:10 with fresh media and incubated at 37 °C until an OD 600 nm
between 0.5-1.0 (approximately 3 hours). Then, the bacterial culture was chilled on ice for
20 minutes before centrifuging it at 4000 rpm for 15 minutes at 4 °C. After resuspending the
cell pellet in 3 mL of ice-cold 10 % glycerol, the suspension was split in two 2 mL tubes

(Sarstedt, Germany) and centrifuged at 13000 rpm for 1 minute. The cells were resuspended
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in 500 puL of a lysozyme solution (for full composition of the solution see table 9 below)
containing freshly added lysozyme at 25 pg/mL (Sigma-Aldrich, USA) and mutanolysin at
2 pg/mL (Sigma-Aldrich, USA). The bacterial suspensions were incubated for 30 minutes
at 37 °C and later centrifuged at 13000 rpm for 1minute at 4 °C. Bacterial cells were then
washed three times with 1 mL of ice-cold electroporation buffer (EB, for full composition
of the buffer see table 9 below), centrifuging the bacterial suspension in between each
washing step at 13000 rpm for 1 minute at 4 °C. After the washing steps the cell pellets were
resuspended in 300 uL of EB. For storage aliquots of 70 uL. were frozen at -80 °C.

Table 9. Compositions of the lysozyme solution and the electroporation buffer.

Lysozyme Solution 50 mL Electroporation Buffer (EB) 50 mL
Tris 10 mM Sucrose 0.5M
Sucrose 20 % Glycerol 10 %
EDTA 10 mM

NaCl 50 mM

pH 8.0

I11.2.8.4. Transformation of plasmids into E. faecalis

The transformations were performed by electroporation using the Electro Cell Manipulator.
Briefly, 1-2 pL (10 ng) of the purified plasmid were mixed with 70 pL of the prepared
electrocompetent cells into a sterile 1 mm electroporation cuvette (Carl Roth, Germany).
After the electroporation was performed at 1600 V, 200 Q and 25 pF, the cells were rapidly
resuspended in 400 uL. of STSB (TSB supplemented with 0.5 M sucrose) and transferred to
a 1.5 mL tube (Sarstedt, Germany). The bacteria suspensions were incubated at 37 °C
without agitation for 2 hours before plating them on BHI agar containing the corresponding
antibiotic and X-Gal at 40 ug/mL when needed. Finally, plates were incubated at 37 °C for
24 to 48 hours.
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I11.2.9. Blue-white screening

To differentiate between colonies that contain or not the pLT06 plasmid, blue-white
screening was performed according to the method described by Sambrook et al.®®. As
follows, 20 ug/mL X-Gal were added to the corresponding agar when screening for E. coli
colonies and 40 pg/mL X-Gal were added when screening for E. faecalis colonies. Cells
containing the plasmid were detected by its blue color that is due to the production of 8-
galactosidase and with this changing X-Gal into a blue pigment. In contrast cells without the

plasmid will appear white.

I11.2.10. DNA sequencing and analyses

To sequence DNA, either purified PCR products or plasmids were sent to Eurofins
(Germany) following the company instructions. The sequenced fragments were analyzed

using Vector NTI 11.0 (Invitrogen, USA) software.

I11.2.11. Plasmid construction and targeted mutagenesis

II1.2.11.1. Construction of the plasmid pLT06 carrying the mutants by gene deletion
AEF2143 and AEF2144 of E. faecalis V19

Different PCRs were performed to delete over 80% of the bases pairs (bp) of genes ef2143
and ef2144 from E. faecalis V19 as it is shown in figure 5 in the results section. Restriction
sites were added in the primers and used to introduce a complementary sequence when

needed (see table 4).

To generate the in-frame deletion of the genes two DNA fragments were obtained. The first
fragments of about 1.1 kb upstream of the region to be deleted, were amplified with primer-
pairs EF2143_11_BamHI/EF2143_22_Xhol and EF2144_11_BamHI/EF2144_22_EcoRI
for ef2143 and ef2144 respectively. For the downstream fragments of about 1.1 kb of the
region to be deleted, amplifications were done with the primer-pairs EF2143_33_Xhol /
EF2143_44 _Pstl and EF2144_33_EcoRI / EF2144_44 Pstl for ef2143 and ef2144
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respectively. The resulting PCR products were purified and digested with Xhol for gene
ef2143, and EcoRlI for gene ef2144. After ligations were performed as described in chapter
II1.2.7., the ligated fragments were used as DNA template for a PCR amplification using the
primers EF2143_11_BamHI / EF2143_44_Pstl and EF2144_11_BamHI / EF2144_44_Pstl
for ef2143 and ef2144 respectively. This PCR products were purified, digested using the
BamHI and Pstl restriction enzymes and then ligated to the pLT06 vector previously digested

with the same endonucleases.

The above described constructions of the pLT06 vector harboring the AEF2143 / AEF2144
fragments were transformed by electroporation into E. coli Top 10 as described in chapter
I11.2.8.2. To verify that the bacteria contain the pLT06 vector with the desire construction,
blue grown colonies were screened by PCR using the primers pLT06_FW and pLT06_RV.
After confirmation of the constructions by PCR, the plasmids with inserts of a correct size
were extracted using the PureYield™ Plasmid Miniprep System and send to sequencing in

order to verify the DNA sequence of the inserts.

II1.2.11.2. Targeted mutagenesis of the mutants by gene deletion AEF2143 / AEF2144

into E. faecalis V19 by homologous recombination

After DNA sequencing confirmation, the different constructions were transformed into E.
faecalis V19 as described in chapter I11.2.8.4. The presence of the desire pLT06 construct in
blue grown colonies was again verified by PCRs using primer-pairs pLT06_FW and

pLTO6_RV.

To achieve the desire mutations by double cross over, pLT06 positive blue grown colonies
were incubated overnight at 42 °C in BHI supplemented with chloramphenicol at 20 pg/mL.
For the next seven days, 10 uL of the ON-culture from the day before were inoculated in 10
mL of fresh BHI pre-warmed at 42 °C containing chloramphenicol at 20 pg/mL, and

incubated again overnight at 42 °C.

Starting on day eight with the second cross over with the goal to lose the pLT06 vector, 10

puL of the cultures were re-inoculated in 10 mL of fresh BHI pre-warmed at 30 °C without
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antibiotics. Then, they were incubated at 30 °C for 4 hours, followed by incubation at 42 °C

overnight. This step was repeated for five to six days.

After this, serial dilutions until 10 of the cultures were prepared and plated on BHI agar
containing X-Gal 40 pg/mL. After incubating the plates overnight at 42 °C, white grown
colonies were streak out on BHI agar containing X-Gal 40 ug/mL, as well as on BHI agar
containing X-Gal 40 pg/mL and chloramphenicol 20 pg/mL. The plates were again
incubated overnight at 42 °C.

The white colonies that grew only in the plates without antibiotic were tested for the presence
of the desire mutations and absence of the plasmid. For this propose, primer-pairs
EF2143_seq_1_FW / EF2143_seq_3_RV and EF2144_seq_1_FW / EF2144_seq_3_RV

were used for PCRs.

II1.2.11.3. Construction of the plasmid pLT06 carrying the mutants by single point
mutations cEF2143 and cEF2144 of E. faecalis V19

For the mutants by single point mutations cEF2143 / cEF2144 of E. faecalis V19 different
PCRs were performed to change three single nucleotides without changing the encoded

amino acid sequence as it is shown in figure 10 in the results section.

Primer-pairs EF2143_5_FW / EF2143_2_RV, EF2144_5_FW / EF2144_2 RV,
EF2143_3_FW /EF2143_6_RV, and EF2144_3_FW /EF2144_6_RYV were used to amplify
fragments of about 1 kb. To induce the three single point mutations in each new construction,
primers EF2143_2_RV /EF2144_2_RV and EF2143_3_FW / EF2144_3_FW were ordered

already containing the nucleotide changes.

After purification, the PCR products were mixed in 1:1 ratio and diluted 1:10 in nuclease
free water. Then, this DNA mix was used as the new DNA template for PCR reactions using
the primer-pairs EF2143_1_BamHI / EF2143_4 Pstl and EF2144_1_BamHI /
EF2144_4_Pstl. The reactions generated fragments of about 1.7 kb that included the three

single point mutations and the restriction sites BamHI and Pstl. The PCR products were
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purified, digested using the two restriction enzymes mentioned before, and then ligated to

the pLTO06 vector previously digested with the same endonucleases.

The above-described constructions of the pLT06 vector harboring the cEF2143 / cEF2144
inserts were transformed by electroporation into E. coli Top 10 as described in chapter
I11.2.8.2. To verify that the bacteria contain the pLT06 vector with the desire construction,
blue grown colonies were screened by PCR using the primers pLT06_FW and pLT06_RV.
After confirmation of the constructions by PCR, the plasmids with inserts of a correct size
were extracted using the PureYield™ Plasmid Miniprep System and send to sequencing in

order to verify the correct nucleotide sequence of the cloned DNA.

II1.2.11.4. Targeted mutagenesis of the mutants by single point mutations cEF2143 into
E. faecalis AEF2143, and cEF2144 into E. faecalis AEF2144 by homologous

recombination

After DNA sequencing confirmation, the construction of the mutant by single point mutation
cEF2143 was transformed into E. faecalis AEF2143, and the construction cEF2144 was
transformed into E. faecalis AEF2144 as described in chapter 111.2.8.4.

The same protocol as described for the targeted mutagenesis of the mutants by gene deletion
AEF2143 / AEF2144 into E. faecalis V19 in chapter I11.2.11.2. was used with the following

modifications:

To verify the first cross over after seven days of inoculating the bacterial cultures every day,
PCRs with primer-pairs pLTO6_FW with EF2143_6_RV / EF2144_6_RV, as well as
pLTO6_RYV with EF2143_6_RV / EF2144_6_RV were performed. A PCR product in one of

these primer-constellations proved the single integration after the first cross over.

Moreover, to confirm the mutants by single point mutation cEF2143 and cEF2144 after the
second cross over, primer-pairs EF2143_6_RV / EF2143_7_FW_verif and EF2144_6_RV /
EF2144_7_FW_verif were used for PCRs. Additionally, the mutations were confirmed by
DNA sequencing.
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I11.2.12. Growth behavior of E. faecalis V19 and the mutants E. faecalis
AEF2143 / AEF2144 / cEF2143 / cEF2144

The following protocol was performed to test the growth characteristics of the wild type
(WT) E. faecalis V19 and the designed mutants E. faecalis AEF2143 / AEF2144 / cEF2143
/ cEF2144. BHI agar plates were inoculated with 10 uL of the respective bacterial culture
and grown overnight at 37 °C. On the next day, a single colony of the bacterial strain to be
tested was inoculated in 5 mL TSB and grown at 37 °C. After 18 hours, 2 mL of the culture
were centrifuged at 4 °C and 8000 rpm for 4 minutes. The supernatant was discarded, the
bacteria were resuspended in 2 mL of PBS (Dulbecco’s Phosphate Buffered Saline,
Biochrom, Germany), and the bacterial suspension was then inoculated in 7 mL of fresh TSB
until an OD 600 nm of 0.05 was reached. The exact compositions of the PBS used are listed
in table 10. Growth of the bacteria was measured with the GENESYS™ 20 Vis-
Spectrophotometer (Thermo Fisher Scientific, USA) at 600 nm every hour for 8 hours. The

experiment was performed three times.

Table 10. Exact composition of the Phosphate Buffered Saline.

Dulbecco’s Phosphate Buffered Saline (Biochrom, Germany)

NaCl 8000 mg/1
KCl 200 mg/1
Na:HPO. 1150 mg/1
KH:PO. 200 mg/1
MgCl. 6H.O 100 mg/1
CaCl: 100 mg/1

I11.2.13. Release of ppS5 from E. faecalis V19, E. faecalis AEF2143 and E. faecalis
AEF2144

The following protocol from Matos et al. was performed to test if the mutants E. faecalis
AEF2143 / AEF2144 were still able to release the pp5 after the mutations®2. The E. faecalis

V19 was used as a positive control.
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Briefly, 7 uL of the frozen stock of the bacterial strain to be tested were inoculated in 7 mL
of BHI and incubated overnight at 37 °C. The next day, 500 uL of the overnight cultures
were reinoculated in 8 mL of fresh BHI supplemented with 1 mM MgSOs (Sigma-Aldrich,
USA) and 1 mM CaCl; (Sigma-Aldrich, USA) and incubated for 1.5 hours at 37 °C until an
OD 600 nm of 0.17 —0.23. Then, Mitomycin C (in the following MMC, Carl Roth, Germany)
to a final concentration of 4 pg/mL was added to each sample and the cultures were again
incubated at 28 °C for 4 hours. The bacterial cultures were then centrifuged for 5 min at 4000
rpm and the supernatants were filtered with a 0.22 pL filter (Carl Roth, Germany) and
checked for the pp5 release by different PCRs.

Primer pair ppS_C_FW / pp5_C_RV was used to check for the pp5 in the bacterial
supernatants, while primer-pair ppS_A_FW / pp5_A_RV was used to verify the release of
ppS from E. faecalis V19 / AEF2143 / AEF2144. For both primer-pairs used, PCRs products
of about 500 bp were expected. Additional PCRs with primers pp5_attP_FW and
ppS_attP_RV with location at the attP sites were made to verify the presence of circularized

DNA of pp5 in the bacterial cultures. PCR products of about 1400 bp were expected.

I11.2.14 Transduction of pp5 into E. faecalis V19pp- and E. faecalis V19pp3+

To test if transduction of pp5 into E. faecalis V19 cured from all seven phages (E. faecalis
pp-) and E. faecalis V19 containing only phage 3 (E. faecalis pp3+) was possible, different
protocols with some changes following Yasmin et al. and Rossmann et al. were
performed!!>°. The WT or the respective mutants by gene deletion E. faecalis AEF2143 and
AEF2144 were used as phage-donor strains. E. faecalis pp- and E. faecalis pp3+ were used

as phage-acceptor strains.

The first steps are similar to the experiment for the release of pp5 and can be found in chapter
II1.2.13. In contrast to the steps described in chapter II1.2.13., the phage-donor strains were
grown for 2 hours at 37 °C until an OD 600 nm of 0.17 — 0.2 prior induction with MMC.
BHI soft agar (0.32 % agar supplemented with 10 mM MgSO4 and 10 mM CaClz) was

prepared and prewarmed at 42 °C.
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Different dilutions of the supernatants from the respective phage-donor strain with phage
buffer (for full composition of the buffer see table 11 below) ranging from 10! to 10~ were
prepared. The phage-acceptor stains were currently grown until an OD 600 nm of 0.17 —
0.23. After, 50 uL of the respective phage-acceptor strain and 100 uL of the phage-donor
stain were pipetted into 5,5 mL of the prewarmed soft agar, plated on BHI plates and rest at
room temperature for 1.5 hours prior incubation overnight at 37 °C. To check for the favored
transduction, 14 plaques were randomly selected for each condition using a 10 puL pipette
tip to take the plaque resuspending it on 30 uL of phage buffer. Later, 1uL of the phage
solution was used as PCR template using primer-pair pp5S_A_FW and pp5_B_RV. A PCR
amplification with and an expected size of about 550 bp indicates a positive transduction of

pp5 into the different acceptor strains.

Table 11. Exact composition of the phage buffer.

Phage buffer

NaCl 150 mM
MgSOy4 10 mM
Tris 40 mM
pH 7.4

I11.2.15 Biofilm formation of E. faecalis V19 and the mutants E. faecalis
AEF2143 / AEF2144 / cEF2143 / cEF2144

To test the biofilm formation of the E. faecalis V19 and its corresponding mutants and
complementation’s E. faecalis AEF2143 / AEF2144 / cEF2143 / cEF2144, the strain to be
tested was grown on TSA-S blood plates at 37 °C overnight. On the next day, a bacterial
suspension was prepared in PBS from the colonies in the agar plates to prepare a dilution at
an OD 660 nm of 0.01 in TSBg (TSB + glucose 1.0 %). Then, 100 uL of the bacterial
suspension were added per well on 96-well-plates (Sarstedt, Germany). AI-2 was added if
intended to each sample up to a concentration of 300 uM - 500 uM. The plates were sealed

before incubation overnight at 37 °C.
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On the next day, the media was removed, and the wells were washed two times with 195 uLL
PBS. Then, 170 uL of Chrystal violet (Sigma-Aldrich, USA) 0.2 % were added to each well
and incubated for 15 min at 37 °C before washing again two times with 195 uLL PBS. After,
170 puL of ethanol 96 % (Sigma-Aldrich, USA) were added, the plates were sealed and
incubated at room temperature for 60 min. The biofilm formation was measured by ELISA
at an OD 595 nm with the Synergy H1 Hybrid Multi-Mode Reader (BioTek, USA). TSB +

glucose 1.0 % was used as a negative control.

I11.2.16. Production of cytokine TNF-a by E. faecalis V19 and the mutants E.
Jaecalis AEF2143 /| AEF2144 / cEF2143 / cEF2144

The following protocol was performed to determine whether different genes in the pp5 from
E. faecalis V19, specifically the genes ef2143 and ef2144, are involved in virulence and
inflammatory response. The supernatants of the different E. faecalis mutants AEF2143 /
AEF2144 | cEF2143 / cEF2144 were evaluated for cytokine TNF-a secretion after
incubation with freshly isolated human Peripheral Blood Mononuclear Cells (PBMCs).

The different E. faecalis strains were grown overnight at 37 °C without agitation in TSB
media. On the next day, 500 uL of the overnight culture were diluted in 6,5 mL fresh TSB
and grown 2.5 hours at 37 °C until an OD 600 nm of 0.18-0.23 was reached. MMC was
added at a final concentration of 4 ug/mL prior incubation for 2 hours at 37 °C. After, the
cultures were centrifuged for 15 min at 4000 rpm and 4 °C. The supernatants were filtered

with a 0.22 ul filter and frozen at -20 °C.

For isolation of PBMCs, 13 mL of peripheral blood from a healthy human donor were
collected in Sodium-Heparin tubes (Sarstedt, Germany) and mixed with one volume of PBS.
15 mL of ficoll (Sucrose-epichlorohydrin-copolymer, GE Healthcare, Sweden) were laid in
a 50mL falcon tube (Sarstedt, Germany) and 26 mL of the mixture blood/PBS were carefully
added on top without disturbing the ficoll phase. The mixture was centrifuged for 30 min at
693 xg and 20 °C without a break. After, the white cell interface was carefully collected and

poured into a new tube, avoiding the collection of blood plasma and the ficoll. Collected
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cells were washed twice with S0mL of PBS by centrifuging for 10 min at 20 °C with
decreasing centrifugal force (first time at 443 xg and second time at 249 xg). The cell pellet
was resuspended in 1 mL Dulbecco’s Modified Eagle Medium with GlutaMAX (DMEM
Media - GlutaMAX™-], Gibco, USA), supplemented with 10 % heat-inactivated fetal
bovine serum (FBS, Gibco, USA) and Penicillin-Streptomycin (Gibco, USA) up to a final
concentration of 50 U/mL. The total amount of PBMCs isolated were enumerated in a
Neubauer chamber. For stimulation, 800 uL of cells at 9.47x10° cells/mL were seeded per
well on a 24-well plate (Sarsetdt, Germany). The bacterial supernatants (200 uL) were added
to each well and incubated for 24 hours at 37 °C in a humidified 5 % CO- atmosphere. On
the next day, the plate was centrifuged at 500 xg for 5 min and 800 uL of the supernatants
were collected. The supernatants stimulated PBMCs were analyzed by commercial human
TNF-a ELISA (TNF alpha Human ELISA Kit, Invitrogen, USA) following the
manufacturer’s instructions. LPS (Biosearch Technologies, UK) at a final concentration of

50 ng/mL was used as a positive control.

I11.2.17. Influence of E. faecalis V19 and the mutants E. faecalis AEF2143 /

AEF2144 on the bacterial virulence using the animal model Galleria mellonella

The following protocol according to Reffuveille ef al. was used to investigate the virulence
of the designed deletion mutants E. faecalis AEF2143 / AEF2144%. The larvae of the great
wax moth Galleria mellonella were used as a virulence model, since they are known as a
good model system for the investigation of potential virulence factors®®. Wildtype E. faecalis

V19 was used as control.

The different E. faecalis strains were grown overnight at 37 °C without agitation in GM17
media (Exact compositions are listed in table 7). On the next day, larvae (about 0.3 g and 3
cm in length) of Galleria mellonella were infected subcutaneously with the washed E.
faecalis strain using a syringe pump (KD Scientific, USA). In the process, 1.7 - 2.3 x 10°
CFU in 10 pl of sterile saline buffer were injected per larvae prior incubation at 37 °C. 30
larvae per tested bacterial mutant were infected. Finally, the larvae mortality rate was

monitored each hour from 17 to 24 hours post infection.
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II1.2.18 Statistical evaluations

The program PRISM version 5.00 (GraphPad Software, USA) was used for the statistical
evaluations. The growth of biofilm formation in dependence of AI-2 were investigated with
the non-parametric Man-Whitney-U-Test. For the TNF-a detection the non-parametric
Kruskal-Wallis-Test followed by non-parametric Dunn’s post-test was used. The non-
parametric Log-Rank-Test was used for the statistical evaluation to investigate the bacterial
virulence using Galleria mellonella. For all experiments p-values of <0.05 have been defined

as statistically significant.
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IV. Results

IV.1. Construction and targeted mutagenesis of the mutants by gene
deletion E. faecalis AEF2143 and E. faecalis AEF2144

IV.1.1. Construction of the pLT06::AEF2143 vector carrying the insert for the
ef2143 gene deletion

To generate an in-frame deletion mutant of the gene ef2143 from E. faecalis V19, 393 bp
out of 468 bp of the gene (83,97 %) were deleted. For this, different PCRs were preformed
to create a plasmid that contained the mutated gene as described in the materials and methods

section.

Figure 5 illustrates the procedure for the construction of the mutants by gene deletion

AEF2143 and AEF2144 as well as the relative position of the primers used.

33_Xhol/EcoRI
(R

11_BamHI
—
A
EF2143 / EF2144 Chromosome
- —
=22 Xhiol/EcoRT e
B
Chromosome

Figure 5. Mutagenesis strategy for the construction of the mutants by gene deletion
AEF2143 and AEF2144 from E. faecalis V19. (A) Scheme of gene ef2143 / ef2144 from
E. faecalis V19 before the mutation by gene deletion. The area to be deleted is shown as
white box between the orange and blue areas. The relative positions of the used primers are
illustrated. (B) Scheme of genes AEF2143 / AEF2144 after deleting about 80% of the gene.

A DNA fragment of 1111 bp upstream of the region to be deleted was created by PCRs with
primers EF2143_11_BamHI and EF2143_22_Xhol, using as DNA template the genomic
DNA of E. faecalis V19. The downstream fragment of 1003 bp was created with primers
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EF2143_33_Xhol and EF2143_44_Pstl using the same genomic DNA as template. The

resulting DNA amplifications are shown in figure 6 (A).

The two fragments were purified, digested, ligated into pLT06, and electroporated into E.
coli Top 10 as described in the materials and methods section. After transformation, the
correct size of the DNA template inserted into the pLT06 vector was verified using primer-
pair pLTO6_FW and pLT06_RYV, and as DNA template a suspension of the colonies that
grew in presence of chloramphenicol. A PCR product of 2507 bp was obtained as it is shown
in figure 6 (B), confirming the correct incorporation of the insert in the plasmid. The correct

sequence of the fragment was also confirmed by DNA sequencing (data not shown).

A B

Figure 6. Different electrophoresis agarose gels for the construction of the pLT06
vector carrying the insert AEF2143. The band sizes from the GeneRuler 1 kb DNA ladder
are marked. (A) PCR amplifications of the upstream and downstream fragments surrounding
the area to be deleted. Band 1 with the expected size of 1111 bp made with using the primers
EF2143_11_BamHI and EF2143_22 Xhol. Band 2 was made with primers
EF2143_33_Xhol and EF2143_44_Pstl with an expected size of 1003 bp. (B) PCR
amplifications to verify the size of the desire construction after transformation into E. coli
Top 10. Band 3 shows the expected size of 2507 bp and was amplified using the primers
pLTO6_FW and pLT06_RYV.
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IV.1.2. Construction of the pLT06::AEF2144 vector carrying the insert for the
ef2144 gene deletion

682 bp out of 861 bp (79,21 %) of the gene ef2144 from E. faecalis V19 were deleted to
generate an in-frame deletion mutant. To construct a plasmid that contains the mutated gene,

different PCRs were performed as described in the text above and shown in figure 5.

A DNA fragment of 1068 bp upstream of the region to be deleted was created by PCRs with
primers EF2144_11_BamHI and EF2144_22_EcoRI, using as DNA template the genomic
DNA of E. faecalis V19. The downstream fragment of 1171 bp was created with primers
EF2144_33_EcoRI and EF2144_44_Pstl using the same genomic DNA as template. The

resulting DNA amplifications are shown in figure 7 (A).

B

Figure 7. Different electrophoresis agarose gels for the construction of the pLT06
vector carrying the insert AEF2144. The band sizes from the GeneRuler 1 kb DNA ladder
are marked. (A) PCR amplifications of the upstream and downstream fragments surrounding
the area to be deleted. Band 1 with the expected size of 1068 bp made with using the primers
EF2144_11_BamHI and EF2144_22 EcoRl. Band 2 was made with primers
EF2144_33_EcoRI and EF2144_44 Pstl with an expected size of 1171 bp. (B) PCR
amplifications to verify the size of the desire construction after transformation into E. coli
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Top 10. Band 3 shows the expected size of 2239 bp and was amplified using the primers
pLTO6_FW and pLT06_RYV.

The following steps were performed as described in the text above: The two fragments were
purified, digested, ligated into pLT06 and electroporated into E. coli Top 10. The correct
size of the inserted DNA was verified using primer-pair pLTO6_FW and pLT06_RYV using
as DNA template a suspension of the colonies that grew in presence of chloramphenicol. A
PCR product of 2239 bp was obtained as it is shown in figure 7 (B). The correct sequence

of the fragment was also confirmed by DNA sequencing (data not shown).

IV.1.3. Targeted mutagenesis of the mutants by gene deletion AEF2143 /
AEF2144 into E. faecalis V19 by homologous recombination

To generate in-frame deletion mutants, the pLT06 vectors carrying the constructions
AEF2143 or AEF2144 were transformed into E. faecalis V19. Figure 8 shows the schematic
of the targeted mutagenesis into E. faecalis V19 by double cross over, using the pLT06

vector as plasmid.

lacZ [ Antibiotic R gena
temperature
2 : sensitive ori )
Plasmid construction and -- Slasmid

transformation /?g/ OR \
genome
Target gene
A First cross over at 43°C and antibiotic
pressure,
-:- [T Josg| -:‘EEICHR-ZIZEI:I
\ |
B second cross over at 30°C and
without antibiotic pressure.
C N I1T 1 OR
Mutant Wlld Type

Figure 8. Scheme of the targeted mutagenesis by homologous recombination "°. The
blue boxes are the regions to be deleted. The red and yellow boxes are the open reading
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frames upstream and downstream of the regions to be deleted. (A) Forcing chromosomal
integration of the plasmid at the first cross over by growing the bacteria at high temperature
and under antibiotic pressure. (B) The second cross over is performed by growing the
bacteria at lower temperature without antibiotic pressure, promoting the excision of the
plasmid from the chromosome and leaving either the mutated or WT allele.

The first cross over was performed to promote the integration of the pLT06 vector carrying
the desired constructs AEF2143 / AEF2144 into the bacteria’s chromosome by homologous
recombination. For this, incubation at 42 °C and antibiotic selection with chloramphenicol
was used, as only bacteria with the plasmid integrated in their chromosome were able to
survive antibiotic selection. To get rid of the plasmid, the second cross over was performed
by growing bacteria at 30 °C without antibiotics. To confirm that the targeted mutagenesis
took place and bacteria were cured of plasmid pLTO06, several dilutions from overnight
cultures of the second cross-over were examined by blue-white-screening as described in the

materials and methods section.

Once white colonies were obtained that were not able to grow in presence of the
chloramphenicol, the expected mutants by gene deletion or the WT strains were confirmed

by PCR.

To verify the mutant E. faecalis AEF2143, PCRs using primers EF2143_seq_1_FW and
EF2143_seq_3_RV were performed. The expected mutant presented a band size of 651 bp,
while the bacterial WT without deletion of a part of gene ef2743 had a band size of 1044 bp,

as it is shown in figure 9 (A).

The mutant E. faecalis AEF2144 was verified by PCRs using primers EF2144_seq_1_FW
and EF2144_seq_3_RV as shown in figure 9 (B). The expected mutant showed a band size
of 850bp, while the WT had a band size of 1532 bp.
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Figure 9. Different electrophoresis agarose gels of the mutants by gene deletion E.
Jfaecalis AEF2143 and E. faecalis AEF2144. The band sizes from the GeneRuler 1 kb DNA
ladder are marked. (A) PCRs to verify the mutant E. faecalis AEF2143 with primers
EF2143_seq_1_FW and EF2143_seq_3_RV. Bands 2, 3, 4 with an expected size of 651 bp
correspond to the AEF2143 mutant. Bands 1, §, 6, 7, 8, 9 with an expected size of 1044 bp
are still the E. faecalis V19 WT. (B) PCRs to verify the mutant E. faecalis AEF2144 with
primers EF2144_seq_1_FW and EF2144_seq_3_RV. Bands 12, 13, 15, 16 with an expected
size of 850 bp correspond to the AEF2144 mutant. Bands 10, 11, 14, 17 with an expected
size of 1532 bp are the E. faecalis V19 WT.

IV.2. Construction and targeted mutagenesis of the mutants by single point

mutations E. faecalis cEF2143 and E. faecalis cEF2144

IV.2.1. Construction of the pLT06::cEF2143 vector carrying the insert for the
mutant by single point mutation cEF2143

The pLTO06 vector was used to construct the mutant by single point mutations cEF2143 of
E. faecalis V19. Three single base changes were introduced by PCR without changing the
corresponding amino acids encoded by the gene ef2743. Figure 10 shows the procedure used
for the construction of the mutants by single point mutations E. faecalis cEF2143 and E.

faecalis cEF2144, as well as the relative positions of the primers used.
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B EF2144 GAT ATT GAT CCT GGA GAT TAC TAT GCT GTA TTA ACT CAA CTA GAT GAT AAA
cEF2144 GAT ATT GAT CCT GGA GAT TAT TAT GCT GTG TTG ACT CAA CTA GAT GAT AAA

Figure 10. Mutagenesis strategy for the construction of the mutants by single point
mutations E. faecalis cEF2143 and E. faecalis cEF2144. The relative positions of the used
primers are marked. The sequence of primer EF2143_7_FW_Verif / EF2144_7_FW_Verif
is illustrated with a blue line. The three original bases to be changed per gene are marked in
green, the three single base changes after mutation without changing the corresponding
amino acid sequence are illustrated in red. (A) Extract from gene ef2/43 and mutant
cEF2143. (B) Extract from gene ef2144 and mutant cEF2144.

A DNA fragment of 1063 bp including the focused area of the three single base changes and
the upstream area of this region was created by PCRs with primers EF2143_5_FW and
EF2143_2_RV, using as DNA template the genomic DNA of E. faecalis V19. The fragment
of 955 bp including the area of the three single base changes and the downstream area of this
region was made with primers EF2143_3_FW and EF2143_6_RYV using the same genomic
DNA as template. Both PCR results are shown in figure 11 (A). To insert the single base
changes in the PCR products, primers EF2143_2_RV and EF2143_3_FW were used with

these three base changes.

The two fragments were purified, mixed in 1:1 ratio and used as DNA template for PCRs
with primers EF2143_1_BamHI and EF2143_4_Pstl to insert the restriction enzymes
BamHI and Pstl. This PCRs resulted with a fragment of 1740 bp as it is shown in figure 11
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(B). After purification, digestion and ligation with the pLT06 vector, the construction was

electroporated into E. coli Top 10.
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Figure 11. Different electrophoresis agarose gels for the construction of the pLT06
vector carrying the insert cEF2143. The band sizes from the GeneRuler 1 kb DNA ladder
are marked. (A) PCR amplifications of the upstream and downstream fragments, each
including the three single base changes. Band 1 with the expected size of 1063 bp made with
using the primers EF2143_5_FW and EF2143_2_RV. Band 2 was made with primers
EF2143_3_FW and EF2143_6_RYV with an expected size of 955 bp. (B) PCR amplifications
to insert the restriction enzymes BamHI and Pstl. Band 3 and 4 show the expected size of
1740 bp and were amplified using the primers EF2143_1_BamHI and EF2143_4_Pstl. (C)
PCR amplifications to verify the construction of the pLT06 vector carrying the insert for the
mutant by single point mutations cEF2143 in E. coli Top 10. Band 5-9 with the expected
size of 2113 bp made with using the primers pLT06_FW and pLT06_RV.

After transformation, confirmation of the correct incorporation of the DNA inserted into
pLTO06 was verified using primers pLT06_FW and pLT06_RV. A suspension of the colonies
that grew in presence of chloramphenicol were used as DNA template, and a PCR product
of 2113 bp was obtained as it is shown in figure 11 (C). The correct sequence of the three
single point mutations in gene ef2/43 from E. faecalis V19 was also confirmed by DNA

sequencing at it is shown in figure 12.
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Figure 12. DNA sequencing to verify the mutant cEF2143. Three single base changes
illustrated in yellow/black were made without changing the corresponding amino acid
encoded. (A) DNA sequence extract from gene ef2143 of E. faecalis V19. The three single
bases before mutation are marked in yellow/red. (B) Expected DNA sequence extract from
mutant cEF2143 with the three base changes marked in yellow/green. (C/D) DNA sequence
extract from mutant cEF2143 sequencing results to verify the three single base changes
which are marked in yellow/black.

IV.2.2. Construction of the pLT06::cEF2144 vector carrying the insert for the
mutant by single point mutation cEF2144

A schematic of the mutant cEF2144 with three single point mutations without changing the
corresponding amino acids encoded by the gene ef2144 is shown in figure 10. The
construction of the pLTO06 vector carrying the insert for mutant cEF2144 was achieved as

described for mutant cEF2143 the text above with the following changes:

A DNA fragment of 968 bp including the area with the three single base changes and the
upstream area of this region was created by PCRs with primers EF2144_5_FW and
EF2144_2_RV, using the genomic DNA of E. faecalis V19 as DNA template. The fragment
of 1003 bp including the focused area of the three single base changes and the downstream
area of this region was made with primers EF2144_3_FW and EF2144_6_RV. Both PCR
products are shown in figure 13 (A). To insert the three base changes in the PCR products,
primers EF2144_2_ RV and EF2144_3_FW were used with these three base changes.
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The two fragments were purified, mixed in 1:1 ratio and used as DNA template for PCRs
with primers EF2144_1_BamHI and EF2144_4 Pstl to insert the restriction enzymes
BamHI and Pstl. This PCRs resulted with a fragment of 1680 bp as it is shown in figure 13
(B). After purification, digestion and ligation with the pLT06 vector, the construct was

electroporated into E. coli Top 10.

After transformation, confirmation of the correct incorporation of the DNA inserted into
pLTO06 was verified using primers pLT06_FW and pLT06_RV. A suspension of the colonies
that grew in presence of chloramphenicol were used as DNA template, and a PCR product

of 2073 bp was obtained as it is shown in figure 13 (C).

A B C

Figure 13. Different electrophoresis agarose gels for the construction of the pLT06
vector carrying the insert cEF2144. The band sizes from the GeneRuler 1 kb DNA ladder
are marked. (A) PCR amplifications of the upstream and downstream fragments, each
including the three single base changes. Band 1 with the expected size of 968 bp made with
using the primers EF2144_5_FW and EF2144_2_RV. Band 2 was made with primers
EF2144_3_FW and EF2144_6_RV with an expected size of 1003 bp. (B) PCR
amplifications to insert the restriction enzymes BamHI and Pstl. Band 3 and 4 show the
expected size of 1680 bp and were amplified using the primers EF2144_1_BamHI and
EF2144_4_Pstl. (C) PCR amplifications to verify the construction of the pLT06 vector
carrying the insert for the mutant by single point mutations cEF2144 in E. coli Top 10. Band
5-9 with the expected size of 2073 bp made with using the primers pLT06_FW and
pLTO6_RV.

The correct sequence of the three single point mutations in gene ef2 144 from E. faecalis V19

was also confirmed by DNA sequencing at it is illustrated in figure 14.
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Figure 14. DNA sequencing to verify the mutant cEF2144. Three single base changes
illustrated in yellow/black were made without changing the corresponding amino acid
encoded. (A) DNA sequence extract from gene ef2144 of E. faecalis V19. The three single
bases before mutation are marked in yellow/red. (B) Expected DNA sequence extract from
mutant cEF2144. (C/D) DNA sequence extract from mutant cEF2144 sequencing results to
verify the three single base changes.

IV.2.3. Targeted mutagenesis of the mutants by single point mutations cEF2143
into E. faecalis AEF2143, and cEF2144 into E. faecalis AEF2144 by homologous

recombination

After DNA sequencing confirmation, pLT06 carrying the construct cEF2143 was
transformed into E. faecalis AEF2143, and the pLTO06 vector carrying the construct cEF2144
was transformed into E. faecalis AEF2144.

The first cross over was performed at high temperature (42 °C) and under antibiotic selection
with chloramphenicol. As the schematic of the targeted mutagenesis in figure 8 illustrates,
the integration of the pLTO06 vector into the bacteria’s chromosome can take place in two
different directions, both were tested by different PCRs. For the pLT06 vector carrying the
construct of mutant cEF2143, primer-pairs pLT06_FW with EF2143_6_RV, and
pLTO6_RV with EF2143_6_RYV were used. For the pLT06 vector carrying the construct of
the mutant cEF2144, primer-pairs pLTO6_FW with EF2144_6_RYV, and pLT06_RV with
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EF2144_6_RYV were used. A PCR product in one of these primer-constellations confirmed

the single integration after the first cross over, as shown in figure 15 (A, B).
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Figure 15. Different electrophoresis agarose gels to verify the single integration of the
pLTO06 vector carrying cEF2143 / cEF2144 after the first cross over of targeted
mutagenesis by homologous recombination. The band sizes from the GeneRuler 1 kb
DNA ladder are marked. (A) PCR amplification of the integration from the pLT06 vector
carrying the construction for mutant cEF2143. Band 1 made with using primers pLT06_FW
and EF2143_6_RV. (B) PCR amplification of the integration from the pLTO06 vector
carrying the construction for mutant cEF2144. Bands 2-5 made with using primers
pLTO06_FW and EF2144_6_RV.

To remove the plasmid, the second cross over was performed by incubation at lower
temperature (30 °C) and without antibiotics. To test if the targeted mutagenesis was
successful, cultures of the second cross-over were examined by blue-white-screening. Once
white colonies that were not able to grow in presence of the chloramphenicol were obtained,
several PCRs were done to verify if they were the expected mutants cEF2143 / cEF2144 to

complement the deletion mutants.

To verify the mutant E. faecalis cEF2143, PCRs using primers EF2143_seq_1_FW and
EF2143_seq_3_RV were performed, as shown in figure 16 (A). A PCR product of 1044 bp
was obtained for the expected mutant cEF2143, while the mutant by gene deletion AEF2143

without the desire construction presented with a band size of 651 bp. The mutant E. faecalis
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cEF2144 was verified by PCRs using primers EF2144_seq_1_FW and EF2144_seq_3_RV,
as shown in figure 16 (B). A PCR product of 1532 bp was obtained for the expected mutant
cEF2144, while the mutant by gene deletion AEF2144 without the desired construct
demonstrated a band of 850 bp. The two mutants with single point mutations were also

confirmed by DNA sequencing (data not shown).
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Figure 16. Different electrophoresis agarose gels to verify the complementation
mutants by three single point mutations cEF2143 and cEF2144. The band sizes from the
GeneRuler 1 kb DNA ladder are marked. (A) PCR amplifications to verify the mutant E.
faecalis cEF2143 with using the primers EF2143_seq_1_FW and EF2143_seq_3_RV. Band
1 without the desire construction and the size from the mutant by gene deletion AEF2143
with a product of 651 bp and band 2 with the expected size of 1044 bp corresponding to the
cEF2143 mutant. (B) PCR amplifications to verify the mutant E. faecalis cEF2144 with
using the primers EF2144_seq_1_FW and EF2144_seq_3_RV. Bands 4 and 8 with the
expected size of 1532 bp for the complementation mutant cEF2144, Bands 3, 5, 6 and 7
without the desire construction and the size of 850 bp corresponding to the AEF2144 mutant.

IV.3. Growth of E. faecalis V19 and mutants E. faecalis AEF2143 /
AEF2144 / cEF2143 / cEF2144

To test the growth behavior of E. faecalis V19 and the mutants E. faecalis AEF2143 /
AEF2144 / cEF2143 / cEF2144, a single colony of the respective bacterial strain was

inoculated in TSB and incubated for 18 hours at 37 °C. Afterwards, the culture was
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centrifuged, the bacteria were resuspended in PBS and inoculated in fresh TSB until an OD
600 nm of 0.05. Growth of the bacteria at 37 °C was measured every hour for 8 hours. The

experiment was performed in triplicate.

Figure 17 shows the growth behavior of the tested bacterial strains showing no significant
difference in growth between the WT and the mutants E. faecalis AEF2143 / AEF2144 /
cEF2143 / cEF2144.

g g
0 1 2 3 4 5 6 7 8
Hours
—o— E. faecalis V19 E. faecalis AEF2143 —@—E. faecalis cEF2143

—a—E. faecalis AEF2144 —@—E. faecalis cEF2144

Figure 17. Growth behaviour of E. faecalis V19 and the designed mutants E. faecalis
AEF2143 / AEF2144 / cEF2143 / cEF2144. The growth in OD 600 nm is shown as a
function of time.

IV.4. Release of pp5S from E. faecalis V19, E. faecalis AEF2143 and E.
Jaecalis AEF2144

To test if E. faecalis AEF2143 and E. faecalis AEF2144 mutants were able to release pp5

after deletion of 80 % of the respective genes, phage release was induced with MMC as
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described in the materials and methods section. The E. faecalis V19 wildtype was used as a

control. Different primer-pairs were used to verify the pp5 as shown in figure 18.

’ ppS_attP_RV ppS_C RV _» PPS_A_RV
ppS A FW#  pp5_C_FW pps_attP_FW &

2

B ppS M chromosome E. faecalis V19 / AEF2143 / AEF2144

Figure 18. Scheme of the primer-pairs used to verify the ppS release from E. faecalis
V19 and the mutants E. faecalis AEF2143 / AEF2144. The figure was modified after
Matos et al’?. Primers pp5_A_FW and pp5S_A_RV with location in the chromosome of E.
faecalis were used to verify the release of pp5 and are shown in orange. Primers ppS_C_FW
and pp5_C_RYV are binding a unique gene of pp5 to verify the presence of pp5 and are shown
in yellow. Primers ppS_attP_FW and pp5_attP_RV with location at the attP sites were used
to verify circularized DNA of pp5 and are shown in green.

The bacterial supernatants containing the expected released phages were used for the
following different PCRs: The presence of pp5 in the bacterial supernatants was verified
using primers ppS_C_FW and pp5_C_RV, which are binding a unique gene of the pp5. A
PCR fragment of 508 bp was expected as it is shown in figure 19. To verify the release of
ppS, primers ppS_A_FW and pp5_A_RYV with location within the chromosome of E. faecalis
V19 / AEF2143 / AEF2144 were used. A DNA fragment of 475 bp was expected if the ppS
was released. Figure 19 shows both, PCR products of 475 bp made with primer-pair
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ppS_A_FW / ppS_A_RYV and products of 508 bp made with using primers ppS_C_FW /
ppS_C_RV.

Figure 19. Electrophoresis agarose gel to verify the pp5 release from E. faecalis V19
and E. faecalis AEF2143 / AEF2144. The band sizes from the GeneRuler 1 kb Plus DNA
ladder are marked. All PCRs amplifications made with using as DNA template the
supernatants from the bacterial cultures induced for the release of ppS with MMC. Bands 1
are PCR products from E. faecalis V19, Bands 2 from E. faecalis AEF2143, Bands 3 from
E. faecalis AEF2144. (A) PCRs amplifications with the expected size of 475 bp made with
using the primers ppS_A_FW and pp5_A_RV. (B) PCRs amplifications with the expected
size of 508 bp made with using the primers pp5_C_FW and pp5_C_RV.

To further investigate the pp5 release from E. faecalis V19 and the mutants AEF2143 /
AEF2144, primers ppS_attP_FW and pp5_attP_RYV that will show the circularized DNA of
the ppS were used to confirm the presence of infective virions in the induced supernatants.
PCRs were performed in triplicate samples and products of 1379 bp were obtained as it is

shown in figure 20.
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Figure 20. Electrophoresis agarose gel to verify circularized DNA from the ppS in E.
Jaecalis V19 and E. faecalis AEF2143 / AEF2144. The band sizes from the GeneRuler 1
kb Plus DNA ladder are marked. All PCR amplifications made with using primers
ppS_attP_FW and pp5_attP_RV and an expected size of 1379 bp. (A) PCR products from
E. faecalis V19. (B) PCR products from E. faecalis AEF2143. (C) PCR products from E.
faecalis AEF2144.

IV.S. Transduction of ppS into E. faecalis V19pp- and E. faecalis V19pp3+

We investigated whether the pp5 can be transduced into E. faecalis pp- and E. faecalis pp3+
after deletion of about 80% of the ef2143 / ef2144 genes. For this, the E. faecalis V19 and
the mutants E. faecalis AEF2143 / AEF2144 were used as phage-donor strains, while E.

faecalis pp- / pp3+ were used as phage-acceptor strains.

The obtained bacterial supernatants after the release of pp5 from the phage-donor strains
were then mixed with BHI soft agar and the phage-acceptor strains prior to plating the
mixture on BHI agar. Fourteen plaques were randomly picked up on the next day and
checked by PCRs for the transduction of pp5 into E. faecalis pp- / pp3+. Figure 21 shows a

schematic of the primers used.
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Figure 21. Scheme of the primers used to screen for the transduction of pp5 into E.
Jaecalis pp- / pp3+. Primers pp5_A_FW and pp5_B_RYV are shown in green and were used
to check for the transduction of pp5 into E. faecalis pp- / pp3+. While primer pp5_A_FW is
located within the chromosome of the respective phage-acceptor strain, primer pp5_A_RV
is located within the ppS5. For a successful transduction of ppS a PCR product of 543 bp was
obtained.

Primer pp_5_A_FW with location within the chromosome of the phage-acceptor strains E.
faecalis pp- / pp3+ and primer pp5_B_RYV with location within the ppS were used to check
the transduction. PCR products of 543 bp were obtained if the transductions were successful.
Figure 22 shows the transduction of pp5 from E. faecalis V19 / AEF2143 / AEF2144 into E.
faecalis pp-, while figure 23 shows the transduction into E. faecalis pp3+. In both
transduction experiments, the mutant phages seem to be less infective than the wild type

resulting in fewer PCR products with more faint bands.
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Figure 22. Electrophoresis agarose gels to verify the transduction of pp5 into E. faecalis
pp-- The band sizes from the GeneRuler 1 kb Plus DNA ladder are marked. The PCR
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products with a band size of 543 bp were obtained using primers ppS_A_FW and
ppS_B_RV. (A) E. faecalis V19 as phage-donor strain. (B) E. faecalis AEF2143 as phage-
donor strain. (C) E. faecalis AEF2144 as phage-donor strain.

phage-acceptor strain:
E. faecalis pp3+

Figure 23. Electrophoresis agarose gels to verify the transduction of pp5 into E. faecalis
pp3+. The band sizes from the GeneRuler 1 kb Plus DNA ladder are marked. The PCR
products with a band size of 543 bp were obtained using primers pp5_A_FW and
ppS_B_RV. (A) E. faecalis V19 as phage-donor strain. (B) E. faecalis AEF2143 as phage-
donor strain. (C) E. faecalis AEF2144 as phage-donor strain.

IV.6. Biofilm formation of E. faecalis V19 and the mutants E. faecalis
AEF2143 / AEF2144 / cEF2143 / cEF2144

To test the biofilm formation of E. faecalis V19 and its mutants E. faecalis AEF2143 /
AEF2144 / cEF2143 / cEF2144, single bacterial colonies were grown on TSA-S blood plates.
After, they were inoculated in PBS, diluted with TSBg and grown until an OD 600 nm of
0.01. AI-2 was added if intended in different concentrations before incubating the plates
overnight. The biofilm growth was measured in an ELISA reader as described above after

the plates were washed several times with PBS, Chrystal violet and ethanol.

Figure 24 shows a 24 hours of biofilm growth with AI-2 added at different concentrations.
The WT showed a significant reduction of biofilm formation with 300 uM AI-2 added (from
0.871 to 0.777 at OD 595 nm). The addition of 500 uM AI-2 showed approximately the
same amount of biofilm formation for the E. faecalis V19 as the sample without Al-2 added.

A comparison of the WT with the designed showed a significant higher biofilm formation
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for mutant AEF2144 (0.997 at OD 595 nm) without the supplementation of AI-2 in contrast
to the WT (0.87 at OD 595 nm). The complementation mutant EF2144, on the other hand,

did not showed significantly higher biofilm formation in comparison with the WT.
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Figure 24. Biofilm formation of E. faecalis V19 and the mutants E. faecalis AEF2143 /
AEF2144 / cEF2143 / cEF2144 with AI-2 added in different concentrations. The biofilm
growth is shown at the OD of 595 nm. The blue bars show the biofilm growth without
induction with AI-2. For the biofilm growth of the red bars 300 uM AI-2, and for the green
bars 500 uM of AI-2 were added. The data were tested with a non-parametric Man-Whitney-
U-Test. A p-value of <0.05 was consider statistically significant and denoted with an
asterisk. The bars represent the mean value of the data and the error bars represent the
standard error of the mean value.

For the deletion mutant of gene ef2143 no differences in biofilm were measured no matter if
or how much AI-2 was added. In contrast, the complementation mutant of gene ef2/43, E.
faecalis cEF2143 showed a significantly decreased biofilm formation when 500 uM AI-2
were added (from 0.774 to 0.649 at OD 595 nm).

For the deletion mutant, as well as for the complementation mutant of gene ef2/44 a reduced
biofilm formation was measured with addition of AI-2 in different concentrations. This
reduction was significant in the deletion mutant AEF2144 for 300 uM AI-2 (from 0.997 to
0.872 at OD 595 nm) as well as for 500 uM AI-2 (from 0.997 to 0.767 at OD 595 nm).

71



IV. Results

IV.7. Production of cytokine TNF-a by E. faecalis V19 and the mutants E.
Jaecalis AEF2143 /| AEF2144 / cEF2143 / cEF2144

To test weather different genes in the ppS from E. faecalis V19 are involved in virulence and
inflammatory response, human PBMCs were stimulated with bacterial supernatants of the
WT and the mutants E. faecalis AEF2143 / AEF2144 / cEF2143 / cEF2144 as described in
the materials and methods section. The inflammatory response was measured by human

cytokine TNF-a ELISA.
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Figure 25. TNF-a detection after stimulation of PBMCs with bacterial supernatants
from E. faecalis V19 and the mutants E. faecalis AEF2143 / AEF2144 / cEF2143 /
cEF2144. The TNF-a detection is shown in pg/mL measured by ELISA (A) without or (B)
with induction with 4 ug/mLL MMC. Only PBMCs were used as negative control, LPS was
used as positive control. Statistical significance for the inflammatory response was
investigated with the non-parametric Kruskal-Wallis-Test followed by the non-parametric

Dunn’s post-test. A p-value of <0.05 was consider statistically significant and is denoted
with an asterisk.

As it is shown in figure 25 (A, B), the TNF-a detection was measured without or after
induction with MMC at a final concentration of 4 pg/mL. In general, all samples without
induction with MMC showed a much lower cytokine TNF-a response (between 134.4 —

178.2 pg/mL) than samples after induction with MMC (between 379.5 — 482.1 pg/mL).
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Compared to the E. faecalis V19 (178.2 pg/mL) a significant reduction of the inflammatory
response was measured in the mutant E. faecalis AEF2144 (134.4 pg/mL) without induction

with MMC. No further significant differences could be measured.

IV.8. Influence of E. faecalis V19 and the mutants E. faecalis AEF2143 /

AEF2144 on bacterial virulence using the animal model Galleria mellonella

The larvae of the great wax moth Galleria mellonella were used as virulence model to
investigate how the deletion mutants E. faecalis AEF2143 / AEF2144 are affecting the
bacterial virulence in an in vivo model. As control E. faecalis V19 was used. After injection
of the bacterial culture into Galleria mellonella, the survival of the larvae was observed over

24 hours as described in the materials and methods section and shown in figure 26.

After the experiment had been repeated with 30 larvae per investigated bacterial strain, 12
from 30 larvae (40 %) infected with the E. faecalis V19 were alive after 24 hours of
observation. In Galleria mellonella infected with the investigated deletion mutants 11 from
30 larvae (36,7 %) were alive for mutant E. faecalis AEF2143, and 10 from 30 larvae (33,3
%) were alive for mutant E. faecalis AEF2144.

As it is shown in figure 26, no significant differences with p-values of 0.602 — 1 between the
survival of Galleria mellonella infected with E. faecalis V19 or the mutants were observed
after 24 hours. Interestingly, 22 hours after the bacterial challenge statistically significant
differences with a p-value of 0.0469 between the moths infected with the E. faecalis V19
and the mutant E. faecalis AEF2144 were observed.
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Figure 26. Survival of Galleria mellonella infected with E. faecalis V19 or the mutants
E. faecalis AEF2143 / AEF2144. The survival is expressed in hours as a function of time.
The statistical evaluations were made using the non-parametric Log-Rank-Test. A p-value
of <0.05 was consider statistically significant and is denoted with an asterisk. No significant
differences between the survival of Galleria mellonella infected with the E. faecalis V19
compared to Galleria mellonella infected with one of the mutants E. faecalis AEF2143 /
AEF2144 could be measured after 24 hours of observation. 22 hours after injection of the
Galleria mellonella, significant differences in the survival of the moths infected with the
WT and the mutant E. faecalis AEF2144 were observed.
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V. Discussion

Enterococci are responsible for up to 14 % of all healthcare-associated infections in many
clinical settings'’. In particular, E. faecalis plays an important role and causes sometimes
life-threatening diseases!®!!. Phages are viruses that can integrate into the bacterial genome
and thus influence the properties of the bacteria®>. They have become a focus in research as
alternative therapies for antibiotics during the recent years of increasing bacterial resistances

to antibiotics®.

In the present work we hypothesized that the ef2/43 and ef2144 genes of E. faecalis
V583AABC (V19) are, as bacteriophage-derived genes, involved in the virulence of
Enterococcus faecalis. Experiments from our research group showed an involvement of
prophage 5 in the virulence of E. faecalis V19, making genes ef2083 — ef2145 from pp5 of
E. faecalis V19 interesting to study'!. It is known from the literature that the ef2/44 gene is
one of 90 lipoprotein-encoding genes of E. faecalis V19°°. As only five of these, including
ef2144, are present in a bacteriophage-related region, this gene became one focus of our
interest in investigations®~°. Comparing the ef2/43 gene by BLAST with other gram-
positive bacteria, this gene became also interesting as it could be a putative toxin in a
bacteriophage related region®*. However, a recent review of our previous results comparing
EF2143 by BLAST to other previously unavailable gram-positive bacteria DNA sequences
suggest that the ef2143 gene encodes for a metallo-endopeptidase, more precisely a ImmA /
IrrE metallo-endopeptidase®®. Taking these new findings into account, the results of this

work should be discussed, before the ef2143 gene is re-evaluated as putative toxin.

To determine the role of the investigated genes in pp5 and their contributions to virulence of
E. faecalis, two in-frame deletion mutants were generated. The genetic material of the ef27143
and ef2144 genes was modified by performing various PCRs to delete 83.97 % and 79.21 %
of the respective gene obtaining the E. faecalis AEF2143 and AEF2144 mutants. To study
the selected genes in detail, the two deletion mutants were complemented by reconstituting
the removed genes inserting back the deleted DNA including three single point silent
mutations resulting on the complementation mutants E. faecalis cEF2143 and cEF2144. The

siltent point mutations were included to be able to assess that the reconstitution had taken
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place and distinguish the reconstituted mutants from the wild type. After the successful
construction of all four desired mutants, we analyzed whether the mutations generated were
affecting the bacterial growth. We were able to show that the ef21/43 and the ef2144 genes
are not affecting the bacterial growth of E. faecalis, which was expected based on our
literature research’!. These results are indicating that the ef2143 and the ef2144 genes and
the designed mutants are not lacking or affecting any genetic information responsible for
growth compared to the WT. The publication of Mehmeti et al. supported our assumption,
as they investigated up- and downregulation of gene transcripts during different growth rates
of E. faecalis”'. Among 223 gene transcripts affected by different growth rates of E. faecalis,
both genes investigated in this study, ef2143 and ef2144, were not differentially expressed

under the conditions evaluated’!.

It is known that biofilm formation plays an important role in the virulence of bacteria, and
that most enterococci and especially different E. faecalis strains (among them E. faecalis
V19) are strong biofilm producers'*>7®!. The results from Rossmann et al. supported our
decision to investigate biofilm formation of the mutants E. faecalis AEF2143 and
AEF2144!, First, Rossmann et al. were able to prove an increased detachment of
subfractions from biofilms of E. faecalis V19 under high AI-2 concentrations (i.e. 100
uM)!!. In addition, a designed mutant of E. faecalis V19 with deletion of the whole pp5
showed decreased biofilm formation in contrast to E. faecalis V19 containing pp5''. In fact,
we were able to show that the mutants are at least slightly affecting the biofilm formations
of E. faecalis. After the addition of 300 uM or 500 uM of AI-2, all mutants except the E.
faecalis AEF2143 mutant showed a tendency to lower biofilm formation. These reductions
were significant for the E. faecalis cEF2143 mutant and for the E. faecalis AEF2144 mutant.
It can be assumed, that the addition of Al-2 leads to detachments of subfractions of formed
biofilms to release phages and subsequently spread the infection, as it was also shown by
Rossmann et al''. In contrast to Rossmann et al. we were able to see differences in the
biofilm formation only with higher concentrations of AI-2 added. These differences in
concentrations (100 uM by Rossmann ef al., 300 — 500 uM in this study) might be explained
by different techniques and reagents used for the testing of biofilm formation and the

instability of AI-2 as reagent !'. While in both studies microtiter plates for biofilm formation
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were used, which is the most common method, we dissolved the adherent cells with ethanol
before quantification while Rossmann et al. measured the adherent cells itself'"’2, Without
the addition of Al-2, the E. faecalis AEF2144 mutant showed a significant higher production
of biofilm when compared to the WT. The deletion of the ef2/44 gene thus seems to be
associated with a lower dispersal of subfractions of already established biofilms if no AI-2
was added to stimulate the biofilm distribution. It therefore seems that the presence of the
ef2144 gene somehow interferes with biofilm formation and can thus be part of the genes
important for the contribution to virulence of pp5. However, further research is needed to

understand the exact mechanism.

As described above, gene ef2143 is described to encode for a metallo-endopeptidase of E.
faecalis V19 according to recent findings by comparison with BLAST to other gram-positive
bacteria’*. However, the Imma/Irre metallo-endopeptidases family has been insufficiently
investigated and described in research so far. Some publications on other metallo-
endopeptidases and proteases are indicating that they are influencing biofilm formation of
bacteria’. For example, Kumar er al. were able to show that the matrix metalloprotease-1
prevents and destroys biofilm formations in E. faecalis™. Considering these findings and the
assumption that metallo-endopeptidases of the Imma/Irre family could possibly also prevent
and destroy biofilm formation, the results from this study may be explained from a different
point of view. Both, the WT and the mutant for complementation of gene ef2143, E. faecalis
cEF2143, showed a tendency to lower biofilm formation under induction with AI-2. This
could indicate the disruption of the biofilm formation when the Imma/lrre metallo-
endopeptidase is present in the bacterial genome. With the deletion of the ef2/43 gene in
mutant E. faecalis AEF2143, the biofilm formation may be more stable, and therefore no
disruption of the biofilm was shown. Through these observations, an influence of the
metallo-endopeptidase on the biofilm formation seems possible. Nevertheless, further
experiments are required to understand the exact impact of the ef2/43 gene on the properties
of E. faecalis and on the temperate phage. The fact that the deletion of the ef2143 gene is

having an influence on the pp5 itself is discussed below.
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For more than 30 years now, the measurement of cytokine TNF-o after stimulation of
PBMC:s plays an important role correlating with a potential inflammatory response against
the bacteria investigated’*’>. Rossmann et al. showed that a mutant of E. faecalis V19
lacking ppS produces less TNF-a after induction with AI-2 than the E. faecalis V19
containing ppS, indicating that ppS may play an important role in the virulence of E.
faecalis''. Therefore, we decided to test the mutants created in this study for their TNF-o
response to see if ef2143 or ef2144 are affecting the inflammatory response of E. faecalis
V19. Without the induction with MMC, mutant E. faecalis AEF2144 showed a significant
reduction of the TNF-a production compared to the WT, and a reconstitution of the
phenotype in the E. faecalis cEF2144 mutant. This indicates that the deletion of ef2/44 may
play a role in the inflammatory process of E. faecalis V19 and is supported by the literature
since many bacterial proteins have been described to play a proinflammatory role*'5>-°, This
may be important in several diseases, such as inflammatory bowel disease, but also fasting
and stunting®®’%78, By the induction with MMC, both, the WT and all mutants, showed a
TNF-a response at least a twice as high. Surprisingly, the mutants with deletion of ef2143 or
ef2144 showed a slightly increased TNF-a production that was not statistically significant.
A theoretical possibility is that induction with MMC damaged the bacterial DNA, led to an
instable genome and might have influenced the results of the experiment. There are many
publications on the fact that MMC can damage human DNA and leads to diseases based on
this DNA damages, so that damages by MMC to bacterial DNA is not unlikely’%’. However,
since in contrast to Rossman et al. MMC and not AI-2 was used for induction, the results
should be evaluated with caution and more experiments should be performed to confirm our

findings.

The different and in the first moment seemingly contradictory results for the biofilm- and
the cytokine TNF-a assay may be explained through different environmental and population
conditions of the bacteria during which the experiments were performed. Thus, planktonic
bacteria were used for the cytokine measurement, for which generally a different behaviour
is known than for bacteria encompassed in a biofilm and usually used for the biofilm-assay®'.
For example, Mittal et al. showed different TNF-a responses of the gram-negative bacteria

Pseudomonas aeruginosa in urinary tract infections depending on whether the bacteria were
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in a planktonic state or encompassed in a biofilm®. Also, it is well known that different
genes from bacteria are expressed depending on the environmental circumstances which can
lead to different properties of the same bacteria®'. To compare the results better with each
other, further studies need to examine the mutants under preferably similar environmental

conditions.

It is known that the greater wax moth Galleria mellonella is a simple and commonly used
animal model to study virulence factors of bacterial pathogens, and that E. faecalis V19 is,
in contrast to some other enterococci, virulent enough to kill the moths®*3¢, To further
investigate the properties of the ef2743 and ef2144 genes, we decided to inject both, the WT
and the mutants AEF2143 / AEF2144 into Galleria mellonella. The survival of the moths
was observed after the injection. After 24 hours of monitoring no significant differences
between the survival of Galleria mellonella injected with the WT or one of the mutants E.
faecalis AEF2143/ AEF2144 were observed. This indicates that the mutations do not affect
the virulence of E. faecalis to such an extent that they lead to a decreased or increased killing
of the moths. When studying the survival curves, we noticed that the Galleria mellonella
injected with the E. faecalis AEF2143 / AEF2144 mutants died faster within the first 22
hours than the moths injected with the E. faecalis V19. At that time point, the differences in
killed moths were significant between the E. faecalis AEF2144 mutant and the WT. With
the knowledge on the cytokine TNF-a and the results from the TNF-a assay, these findings
can be placed into context. Toll-like receptors detect specific molecular particles present for
example in bacterial products®>. This pathway then leads to the release of cytokines like
TNF-a, which is an important factor to activate the signaling cascade of the immune
system*?. The decreased TNF-a response of the E. faecalis AEF2143 / AEF2144 mutants
without induction with MMC in the TNF-a assay may lead to a slower and decreased
response of the immune system. Therefore, we hypothesize that this behavior could result in
a higher killing-rate of the Galleria mellonella injected with the deletion mutants within the
first hours of the experiment. However, more experiments must be carried out in order to
investigate the exact mechanism of virulence through the deletion of ef2143 and ef2 144 from

E. faecalis V19. For instance, a double mutant of E. faecalis V19 with simultaneous deletion
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of both genes ef2143 and ef2144 could be helpful to further understand the contributions to

virulence that these genes have.

Matos et. al. published that E. faecalis V19 can release six of seven phages under different
conditions by induction with Ciprofloxacin and MMC, and Rossmann et. al. showed that
also AI-2 can induce the phage release'!*>. We wanted to examine whether the mutants E.
faecalis AEF2143 and E. faecalis AEF2144 were still able to release pp5 and can
subsequently infect other bacteria. Having success in the pp5 release, we were able to prove
that the ef2743 and ef2144 genes are not encoding any information needed for pp5 to excise
from the chromosome of E. faecalis. Knowing from not yet published data of our research
group, that the pp3 of E. faecalis V19 seems to be the dominant phage of E. faecalis V19,
we decided to use E. faecalis containing already this dominant pp3, E. faecalis pp3+, as
phage-acceptor stain for the ppS transduction. Also, we used an E. faecalis strain without
any phages in its genome (E. faecalis pp-) as another phage-acceptor stain. The WT of pp5,
pp5S with deletion of ef2143 (ppSAEF2143) and pp5 with deletion of ef2144 (ppSAEF2144)
were used to test the possible transduction of ppS. We were able to demonstrate, that the
ef2143 and ef2144 genes are not encoding information needed to infect other bacteria.
Nevertheless, we were able to see differences in the transductions between the E. faecalis
V19 and the mutants E. faecalis AEF2143 / AEF2144. Thus, we detected more and stronger
bands in the PCRs for the transduction with the WT into E. faecalis pp3+ / pp-. Accordingly,
the PCRs bands for the transductions of the mutants E. faecalis AEF2143 / AEF2144 were
fewer and lighter, indicating that the deletion of ef2143 / ef2144 are somehow affecting ppS
itself. This impairment of pp5 trough the deletion of ef2/43 and ef2144 could be another
reason for the differences we were able to observe in the other experiments like the TNF-a
detection, biofilm formation or survival of the in vivo model Galleria mellonella. Since we
were not able to assess the full impact of gene deletions, further experiments would be
necessary to completely characterize these phage-related genes. For example, the
transduction into probiotic strains of E. faecalis, e.g. E. faecalis Symbioflor, could be helpful

to further investigate the possible transduction of pp5 after the genetic modifications.
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V.1. Conclusion and perspectives

In this study we investigated the bacteriophage-related genes ef2/43 and ef2144 from E.
faecalis V19 to understand their role as possible transferrable virulence factors. In summary,
we were able to show that both genes, ef2744 more than ef2143, are affecting the virulence
of E. faecalis V19, but to a smaller extend than expected. This was demonstrated with the
help of mutants by gene deletion of the ef2143 / ef2144 genes, and by complementation of
these mutants. We were able to show differences in the dispersal of biofilm formation under
high concentrations of Al-2 to spread the infection, and reduction of the cytokine TNF-a
response after stimulation of PBMCs. No differences in the survival rate of the in vivo model
Galleria mellonella injected with the WT and the deletion mutants E. faecalis AEF2143 /
AEF2144 were observed. However, we were able to see differences in the killing of the
moths. Thus, moths injected with one of the deletion mutants died faster within the first 22
hours post infection than moths injected with the WT, and these differences were statistically

significant for E. faecalis AEF2144.

However, considering that Rossmann et. al. were able to show a much higher contribution
to virulence of pp5, the contribution to virulence of the two genes investigated in this study
was lower than expected!!. This indicates that maybe other genes or the combination of the
ones we studied are involved in the contribution to the virulence that ppS has on E. faecalis
V19. Therefore, more genes from ppS could be interesting targets to study in the future to
elucidate the complete contribution to virulence of pp5. Moreover, a mutant with
simultaneous deletion of both investigated genes could be helpful to understand the

contribution to virulence of ef2/43 and ef2144 in its entirety.
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VI. Summary

In this work we investigated bacteriophage-related genes and their contribution on virulence
of the gram-positive bacteria Enterococcus faecalis. Enterococci and especially E. faecalis
are responsible for many, sometimes life-threatening, infections in many clinical
settings!®!!. As it is becoming more important to find alternative therapies in times of
increasing resistances to antibiotics, bacteriophages became one important focus of
research?®?, The fact that these viruses can integrate into the genome of bacteria and thus
influence their properties led to studies to use these phages for phage therapy?. Even though
the E. faecalis V583 has seven prophages, phage 5 raised our interest after Rossmann et al.
showed that this phage contributed to the virulence of E. faecalis''*>. We were then
interested to find out which of the ppS5-genes are responsible for its contribution to virulence
and decided to study the following genes: ef2143, which turned out to encode for a metallo-
endopeptidase and ef2144 that encodes a lipoprotein®**®. We created four mutants to
investigate the ef21/43 and ef2144 genes: The E. faecalis AEF2143 / AEF2144 mutants with
deletion of approximately 80 % of the respective gene, and the E. faecalis cEF2143 /
cEF2144 mutants with three silent single point mutations for complementation of the

deletion mutants.

After the phenotypic characterization, we were able to observe a reduced biofilm formation
with supplemented AI-2 in high concentrations for the E. faecalis AEF2144 mutant. Despite
our expectations, the E. faecalis AEF2143 / AEF2144 mutants produced a little bit more
cytokine TNF-a after the induction with MMC. This may be explained by DNA damages by
MMC. Without the induction with MMC, the mutants showed the expected reduction of the
TNF-a response, which was statistically significant for the E. faecalis AEF2144 mutant.
With help of the in vivo model Galleria mellonella, we were able to show that the deletion
of the ef2143 | ef2144 genes are not affecting the total virulence of E. faecalis to such an
extend resulting in decreased killing of the moths. Nevertheless, the speed at which the
moths died was different between the WT and the deletion mutants. In addition, we were
able to show the ability of the E. faecalis AEF2143 / AEF2144 mutants to release ppS from
the chromosome. Also, the possible transduction of ppSAEF2143 / ppSAEF2144 into other
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bacteria was shown, whereby weaker and fewer PCR bands indicated an influence of the
mutations on the characteristics of ppS. Overall, we were able to show that the investigated
ef2143 and ef2144 contribute to the virulence of the pp5. However, the contribution to
virulence was less than expected, indicating that probably more genes are involved in the

virulence of the pp5 and are interesting to study in future.
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VI.1. Zusammenfassung

In dieser Arbeit wurden Gene von Bakteriophagen und ihr Beitrag an der Virulenz von
grampositiven Bakterien wie Enterococcus faecalis untersucht. Enterokokken, und unter
thnen E. faecalis, sind fiir viele, manchmal sogar lebensbedrohliche Infektionen in
Krankenhiusern verantwortlich!®!!. Da es in Zeiten zunehmender Antibiotikaresistenzen
immer wichtiger wird, alternative Therapien zu finden, wurden Bakteriophagen zu einem
wesentlichen Schwerpunkt der Forschung?*?. Der Aspekt, dass diese Viren sich in das
Genom von Bakterien integrieren konnen und dadurch Eigenschaften ihres Wirtes
beeinflussen konnen, wird als Ansatz fiir die Phagentherapie genutzt?®. Obwohl E. faecalis
V583 insgesamt sieben Phagen besitzt, weckte besonders Phage 5 unser Interesse zur
weiteren Untersuchung, nachdem Rossmann er. al. einen starken Beitrag dieser Phage
hinsichtlich der Virulenz von E. faecalis zeigen konnten''*2. Unserem Interesse folgend
wollten wir herausfinden, welche der pp5-Gene fiir den Beitrag an der Virulenz
verantwortlich sind und die folgenden Gene wurden darauthin genauer untersucht: ef2143,
welches eine Metallo-Endopeptidase kodiert und ef2/44, welches ein Lipoprotein
kodiert®**. Es wurden vier verschiedene Mutanten hergestellt, um diese fiir die
Untersuchung der Gene ef2143 und ef2144 zu verwenden: Die Mutanten E. faecalis
AEF2143 / AEF2144 mit Deletion von ca. 80 % des jeweiligen Gens, und die Mutanten E.
faecalis cEF2143 / cEF2144 mit drei stillen Punktmutationen zur ergédnzenden Untersuchung

der Deletionsmutanten.

Nach der Charakterisierung des Phénotyps konnte eine reduzierte Biofilmbildung, mit in
hohen Konzentrationen supplementiertem Al-2, fiir die E. faecalis AEF2144 Mutante
festgestellt werden. Entgegen vorherigen Annahmen produzierten die E. faecalis AEF2143
/ AEF2144 Mutanten nach der Induktion mit MMC etwas mehr Zytokin TNF-a als erwartet.
Dies kann durch mogliche DNA-Schiden durch MMC erklirt werden. Ohne die Induktion
mit MMC zeigten die Mutanten die erwartete Reduktion der TNF-a Produktion, welche sich
fiir die E. faecalis AEF2144 Mutante statistisch signifikant zeigte. Mit Hilfe des in vivo
Models Galleria mellonella konnte gezeigt werden, dass die Deletion der Gene ef2143 /

ef2144 die Virulenz von E. faecalis nicht in einem solchen Umfang beeintrichtigte, dass
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weniger Motten starben. Nichtsdestotrotz zeigte sich die Zeitspanne, in der die Motten
starben, zwischen dem Wildtyp und den Deletionsmutanten unterschiedlich. Dariiber hinaus
konnte gezeigt werden, dass die E. faecalis AEF2143 / AEF2144 Mutanten die Fahigkeit
besitzen pp5 aus threm Chromosom freizusetzen. Auch die Fihigkeit der Transduktion von
ppSAEF2143 / ppSAEF2144 in andere Bakterien konnte gezeigt werden, wobei wenigere
und schwéchere PCR-Banden auf einen Einfluss der Mutationen auf die Eigenschaften von
pp5S hindeuteten. Insgesamt konnte gezeigt werden, dass die untersuchten Gene ef2/43 und
ef2144 zur Virulenz der Phage 5 beitragen. Dieser Beitrag zur Virulenz zeigte sich geringer
als zunéchst angenommen und deutet darauf hin, dass weitere Gene mit moglichem Beitrag

zur Virulenz von pp3 interessante Kandidaten fiir weitere Untersuchungen sind.
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