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1 Introduction

1.1  About Enterococcus faecalis

Enterococcus, a genus of lactic acid bacteria of the phylum Firmicutes, was first described
by Thiercelin et al. (1899) and Thiercelin and Jouhad (1903). Initially, these
microorganisms were classified within the genus Streptococcus (S.) (Andrewes and
Horder, 1906). In 1933, Lancefield classification of streptococci belonging to serological
group D included the species S. faecalis and S. faecium. In 1984, Schleifer and Kilpper-
Bélz proposed to transfer S. faecalis and S. faecium to the genus Enterococcus based on
their results from DNA-DNA hybridization and 16S rRNA sequencing in consideration of
a suggestion of Kalina (1970). In the last decades more species have been described within
the genus  Enterococcus, which to date includes over 40  species
(http://www.bacterio.cict.fr/e/enterococcus.html; http://www.ncbi.nlm.nih.gov/Taxonomy,
January 2012).

Enterococci possess a Gram-positive cell wall structure and belong to lactic acid bacteria
(LAB) with a cell arrangement that occurs singly, in pairs or as short chains. They are
capable of aerobic respiration if heme is available for incorporation and metabolize glucose
by homolactic fermentation (Bryan-Jones and Whittenbury, 1969). Enterococci are heat
tolerant and able to grow in a wide range of temperature (from 10 to 45 °C). They also
tolerate different pH values in the range between 4.0 to 9.6 and high salt concentrations

(6.5 % NaCl) (Hardie and Whiley, 1997; Sherman,1937).

Figure 1 Enterococcus faecalis strain OG1RF, visualized using an oil immersion objective
(1000x magnification) in an Axiolab microscope (Carl Zeiss Microlmaging GmbH, Germany).

1.2 Habitat and host specificity of E. faecalis

Enterococci are widely distributed in the environment and can occur ubiquitous, in soil,



surface waters, on plants and in the gastrointestinal tract of mammalians, as well as in the
digestive tract of several bird, insect, reptile and fish species (Deibel and Silliker, 1963;
Devriese et al., 1987; Macovei and Zurek, 2006; Martin-Platero et al., 2006). The
detection of Enterococcus (E.) species in water is considered to be from fecal
contamination (Ahmed et al., 2005) indicating that all isolates are of intestinal origin and
the persistent nature of this genus enables them to survive in diverse environments. Beside
the ability to endure a wide range of growth temperature (10 — 45 °C) and pH value (4.0 -
9.6) they can even survive heating at 62.8 °C for 30 min and tolerate environments with 40
% bile salt and 6.5 % NaCl (Sherman, 1937). These important characteristics allow this
microorganism to compete efficiently for nutrients and living space. Another reason for
this widespread appearance is its broad spectrum of energy sources including diverse
carbohydrates, citrate, lactate, glycerol, malate, many a-keto acids and the diamino acids
arginine and agmatine (Bizzini et al., 2010; Marquis et al., 1987; Sarantinopoulos et al.,
2001; Ward et al., 1999).

Species of this genus are distributed differently according to their physiological ability as
well as adaptability to corresponding physicochemical factors of the environment and

conditions within the host (see Table 1).

Table 1: Important Enterococcus species and their habitat (modified from Portenier ef al., 2003).

Enterococcus (E.) species Habitat
E. faecalis oral cavity, gastrointestinal tract, animals, water, food
E. faecium oral cavity, gastro-intestinal tract, animals, water, food
E. gallinarum foods, human (infrequently)
E. casseliflavus soil, plants, food, human (infrequently)
E. hirae animals
E. durans humans, animals, foods

Some enterococci are commensals of the oral cavity and normal human gastrointestinal
microbiota. The human stool consists of 10" bacteria per gram and harbors a huge number
of various bacteria species. The predominant genera are, Bacteroides, Bifidobacterium,
Clostridium, Eubacteria and Ruminococcus (Kurokawa et al., 2007; Lay et al., 2005;

Matsuki et al., 2004; Matsuki et al., 2002). More subdominant but also frequently found



genera are Enterococcus and Lactobacillus. The common concentration of Enterococcus
cells ranges between 10>-10° CFU per gram of digestive content (Gelsomino et al., 2003;
Kleessen et al., 2000). The most prevalent species of Enterococcus isolated from humans
are E. faecalis and E. faecium (Devriese and Pot, 1995; Protenier et al., 2003, see Table
1). In the intestine E. faecalis uses non-absorbed sugars as an energy source and even
mucins that are heavily glycosylated produced by goblet cells can be catabolized (Corfield
et al., 1992). A study about biochemical and phenotypical characterization of enterococcal
isolates from surface water could trace the source of contamination and they were able to
distinguish between isolates from human and animal origin in a limited region (Ahmed et
al., 2005). Some strains of E. faecalis showed the ability to produce surface pili that are
involved in the formation of biofilm. Strains of E. faecalis causing endocarditis showed a
significantly intensified biofilm formation than non-endorcarditis isolates (Nallapareddy et
al., 2006). These findings indicate a tendency of specific E. faecalis strains to prefer

specific host ecologies.

1.3  Dual nature of E. faecalis

E. faecalis is a human commensal and appears to be widely distributed in the human
surrounding. Notably, there is an ambivalent behavior of this organism in relation to
humans. Today it is not ascertained if there are some rare representatives with a fatal
impact to the human health or if any apparently harmless commensal can change into a
pathogen. In this sense, the role of the diversity within different strains of E. faecalis as
compared to the difference in hosts and their physical condition remains unclear. These

two sides that have been described for E. faecalis are elucidated in the following sections.

1.3.1 Beneficial traits of E. faecalis

The genus Enterococcus is widely distributed in the human food environment. Generally,
E. faecalis is associated with traditionally produced food, mainly in food products from
animal origin such as fermented meat and milk products (Giraffa et al., 2003), but also
found in brined vegetables (Adegoke and Babalola, 1988; Alemu et al., 2006; Xiong et al.,
2012).

1.3.1.1 Presence E. faecalis in cheeses

The presence of E. faecalis in raw foods could be mediated via environmental

contamination or inadequate facility hygiene during food processing. Due to its persistent



nature it is able to survive and convey the fermentation process (Giraffa, 2003). Together
with E. faecium and E. durans, E. faecalis is mainly present in cheeses, in e.g. in Spanish
Cebreiro cheese (Centeno et al., 1999), Manchego (Nieto-Arribas et al., 2011), Kefalotyri
(Litopoulou-Tzanetaki, 1990), Feta (Litopoulou-Tzanetaki et al., 1993, Sarantinopoulos et
al. 2002), farmhouse Cheddar type cheese (Gelsomino et al., 2002) and Appenzeller
cheese (Templer and Baumgartner, 2007). In these artisan (raw milk) cheeses enterococci
have been designated "nonstarter lactic acid bacteria" (NSLAB). In particular, they found
in late fermentation/ripening stages of cheeses produced in the Mediterranean area from
bovine, ewe’s, goat, or water buffalo milk (Freitas et al., 1996; Mannu et al., 2002;
Litpoulou-Tzenataki, 1990). Due to the fact that some enterococci are thermotolerant (e.g.
survival of an exposure of 60 °C for 30 min), they are even present in cheeses produced
from pasteurized milk. This way they can be true contaminants, but they are also applied as
artisan cheese starter preparations or occur in the house flora in which they act more as
adjunct cultures to the starter cultures. In such artisan cheeses the sensory profile, color,
aroma and taste of fully ripened cheeses is positively affected by the presence of the
enterococcal flora. During and after ripening enterococci affect the concentration of total
free amino acids, long-chain free fatty acids, diacetyl and acetoin and therefore enhance
the sensory profile (Centeno et al., 1999, Sarantinopoulos et al., 2002). The concentration
of enterococci is dependent on the composition of food. In fully ripened cheeses
enterococci can be detected between 10°-107 CFU/g, whereas in fermented sausages 10°
CFU/g is already a comparatively high level of enterococci (Gelsomino et al., 2003;
Marchesini et al. 1992).

1.3.1.2 Presence E. faecalis in meat products

The presence of enterococci in fermented meat products has a different background than in
milk products because of the non-pasteurized, raw material at the beginning of the
fermentation process. Normally, deliberately added, highly competitive starter cultures or
endogenous lactobacilli originating from the animal and its environment or from
slaughterhouses and production facilities are responsible for the induction of the
fermentation process. During this process the number of enterococci differs and can lead to
their complete disappearance within the microbiota at the end of the ripening process
(Metaxopoulos et al. 2001; Marchesini et al., 1992). However, the persistence of

enterococci during ripening can be attributed to their range of growth temperatures and



their high tolerance to salt. The function of enterococci in meat fermentation is rather
adjacent than predominant as compared with starter cultures in cheese fermentation.
Nevertheless, there are some types of artisan sausages in which E. faecalis is present, e.g.
chorizo (Laukova ef al., 2011). Some strains can produce bacteriocins, such as cytolysin or
AS-48, and may play an important role to prevent the growth of spoilage bacteria or even
pathogens, such as Listeria (Ananou et al., 2005; Foulqui¢ Moreno et al., 2002; Gilmore et

al., 1994; Laukova et al., 2011).

1.3.1.3 Probiotic potential E. faecalis

According to Guarner and Schaafsma (1998) and FAO-WHO (2002) probiotic
microorganisms are defined as “live microorganisms, which when consumed in adequate
amounts, confer a health effect on the host”. Today, the application of a probiotic
microorganism in foods is in high demand, e.g. in fermented milk products, infant
formulas, as well as pharmaceutical preparations. The exigencies to classify a
microorganism as a probiotic are as follows: they must have the ability (i) to adhere and
attach to mucosal or epithelial cells, (ii) to persist within the gastrointestinal tract, (iii) to
be non-invasive, non-pathogenic and non-carcinogenic, (iv) to reduce the adherence of
pathogens, and (v) to prevent the growth of pathogens via the production of acids,
hydrogen peroxide, and bacteriocins (Salminen et al. 1996; FAO-WHO, 2002). Among
probiotic microorganisms primarily but not exclusively two genera are found,
Lactobacillus and Bifidobacterium (Klein et al., 1998). Strains of further genera that have
already been in use as probiotics are other representatives of lactic acid bacteria (LAB),
such as Lactococcus lactis subsp. lactis, Leuconostoc mesenteroides, E. faecium and E.
faecalis. The use of Enterococcus strains as probiotics has been discussed controversially.
In animal feeding the application of the probiotic E. faecium strain NCIMB 10415(SF68)
in Cylactin® (Hoffmann-La Roche Ltd., Basel, Switzerland) is commonly propagated to
maintain the health status of the animals. In spite of concerns on the safe use of some
strains of E. faecium or E. faecalis, studies have shown beneficial effects in the treatment
of diarrhea in adults and children, and some strains have been used in pharmaceutical
products for decades without reports of adverse effects, e.g. E. faecalis Symbioflorl®
(SymbioPharm, Herborn, Germany) (Wunderlich et al, 1989; Jansen et al., 1993;
Bhardwaj et al., 2010). This strongly indicates that members of Enferococcus are more

than commensals of the host microbiota and stand in a mutualistic relationship.



Nevertheless, the world heath organization (WHO) does not recommend the use of
enterococci as probiotics because of the possible acquirement of virulence characteristics
and antibiotic resistances by means of mobile genetic elements, which could elicit a
pathogenic behavior of the microorganism. The WHO leaves the onus on the producer to
prove that a probiotic Enterococcus strain is incapable to acquire certain resistant or
virulence genes (WHO food safety, 2001). In accordance, the American Food and Drug
Administration (FDA) does not classify enterococci to be generally recognized as safe
(GRAS). These statements are based on the current status of research and leave E. faecalis

in applications as a probiotic to a contended status.

1.3.2 Pathogenic behavior of E. faecalis

As described above E. faecalis and E. faecium belong to the normal microbiota in the
gastrointestinal tract of humans and can even show beneficial effects. The fact that these
microorganisms are as such closely related to humans enhances the possibility of an
unintended contamination, and many infective strains originate from the persons intestinal
flora. In the 1980s the perspective on enterococci started to change when high-level of
resistance to ampicillin was found (Coudron et al., 1992; Grayson et al., 1991; Murray and
Mederski-Samaroj, 1983). To date, the species E. faecalis and E. faecium have further
emerged as nosocomial pathogens associated with serious infections in humans, even rare
cases of infections caused by E. avium, E. durans, E. casseliflavus/flavescens and E.
gallinarum have been observed (Hidron et al., 2008; Centers for Disease Conrol and
Prevention, U.S., 2004; Reid et al., 2001). Enterococcus species are on the third place of
the most common pathogens associated with cases of healthcare-associated infections
reported to the national healthcare safety network of the United States from January 2006 -
October 2007; see Figure 2 (Hidron et al., 2008). In Germany, enterococcal infections
account for 8.61 % of nosocomial infections as reported from January 2006 through
December 2010 to the national nosocomial infection surveillance (Gastmeier et al., 2010).

E. faecalis can cause a wide variety of infections in parts with severe onset. Commonly
caused infections by E. faecalis are wound infections, urinary tract infections, bacteremia,
endocarditis, meningitis, and endodontic infections (Hancock et al., 2001; Molander et al.,
1998; Nallapareddy et al., 2006; Vergis et al., 2002). The bacterium is able to produce
extracellular superoxide and derivative reactive oxygen species (e.g. H,O,), which have
been identified to play an important role in causing chromosomal instability in colonic

epithelial cells (Huycke et al., 1996; Wang and Huycke, 2007). These reactive oxidants



with their damaging impact are assumed to be responsible for the formation of sporadic
adenomatous polyps and colorectal cancer (Huycke et al., 2002).

As described above the pathogenicity of E. faecalis can range from less serious infections
to severe and life-threatening illnesses. Even though the progression of an enterococcal
infection depends on the health and consequently on the immune status of the affected
patient, strains of this species carry certain traits to survive and adapt to diverse

environments.
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Figure 2: Enterococcus spp. among the 10 most common pathogens accounting for over 84 % of
any healthcare-associated infections reported by hospitals to the national healthcare safety network
of the United States from January 2006 - October 2007 (Hidron et al., 2008).

1.3.2.1 Antibiotic resistances in E. faecalis

Another reason of concern is the increasing number of antibiotic resistances among
Enterococcus isolates what makes them recognized as feared nosocomial pathogens that
can be challenging to treat. Enterococci intrinsically tolerate B-lactam antibiotics because
they express penicillin-binding proteins. They are resistant to cephalosporins, nalidixic

acid, macrolides and even low levels of clindamycin and aminoglycosides (Engel et al.,



1980; Portillo et al., 2000; Zervos et al., 1987). Besides their intrinsic antibiotic resistances
there has been an increase in acquired resistances to a broad spectrum of antibiotics that is
developed coevally through the augmented use of antibiotics in hospitals and animal
breeding in the last decades. The acquired resistances are against chloramphenicol,
tetracyclines, rifampin, fluoroquinolones, aminoglycosides and vancomycin (Hegstad et
al., 2010; Klare et al., 2003). Especially, the resistance to vancomycin has been related to
the use of avoparcin a growth promoter in animal feeds (Bager ef al., 1997). Vancomycin
resistant enterococci (VRE) were firstly isolated in Europe and United States in the late
1980s in clinical infections (Leclercq et al., 1988; Sahm et al., 1989; Uttley et al., 1988).
Avoparcin is closely related to vancomycin a glycopeptide antimicrobial agent and was
prohibited in 1997 (Heuer et al., 2002). The spread of resistances within this species occurs
through the acquisition of plasmids or transposons of other microorganisms harboring
resistant genes or could be generated by spontaneous mutations (Hegstad et al., 2010).
Studies have also shown that enterococci possess an increased tendency for an
interexchange of genetic elements, including genes for antibiotic resistances with a
conjugation rate of about 10 transconjugants per donor cell (Huycke ef al., 1992). As
described in section 1.4, some enterococci possess transferable genetic elements,
conjugative plasmids and transposons, which can be exchanged with other Gram-positive
species and even with Gram-negative bacteria (Clewell et al., 2002; Cocconcelli et al.,

2003; Doucet-Populaire, et al. 1992).
1.3.2.2 Virulence traits in E. faecalis

Some strains of E. faecalis show all relevant characteristics to adhere to, colonize and
translocate through host tissues, and can even spread these traits to other strains for
example by horizontal gene transfer (Krueger et al., 2004; Noble et al., 1992; Wells et al.,
1990). In the following section important virulence traits according to their function of
disease pathology are described (see Figure 3): surface factors that provide adherence, e.g.
collagen binding adhesin (Ace), aggregation substance (As), endocarditis antigen
(EfaAfs/fm), enterococcal surface protein (Esp) and secreted factors such as cytolysin
(Cyl), gelatinase (GelE), and serine protease (SprE), which enable invasion through host

tissues.
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Figure 3: E. faecalis and its virulence determinants on the cell surface and secreted factors.

Collagen binding adhesin

The adhesin for collagen from E. faecalis (Ace) is a member of the microbial surface
components recognizing adhesive matrix molecules (MSCRAMM) and was identified by
significant domain homologies with the collagen binding protein (Cna) of Staphylococcus
(Staph.) aureus (Rich et al.,1999). Besides the structural similarity of Ace to Cna of Staph.
aureus it also shows a functional analogy because of the binding to extracellular matrix
proteins collagen types I and IV, and laminin (Foster and H66k, 1998; Nallapareddy ef al.,
2000). The ace gene appears to be frequently present in E. faecalis strains. The ability to
bind to such matrix proteins is favored to the surface hydrophobicity of the bacterial cells
evoked by the adhesin protein (Zareba et al., 1997).

A study by Xiao et al. (1998) indicated that the expression of Ace is enhanced at growth
temperature of 46°C. On the other hand, Nallapareddy et al. (2000) identified Ace-specific
antibodies in sera obtained from patients suffering from E. faecalis endocarditis. This
finding indicates that Ace is expressed upon heat shock as well as in vivo during human

infections.

Aggregation substance
The aggregation substance (AS, encoded by the agg gene) is a surface-bound protein that
induces the formation of bacterial cell accumulations and mediates conjugative transfer of

plasmids between aggregated donor and recipient cells (Olmsted et al., 1991). Furthermore



AS promotes in vitro the binding of E. faecalis to eukaryotic cells such as renal tubular
cells (Kreft et al., 1992), intestinal epithelial cells (Sartingen et al, 2000; Wells et al.,
2000) and macrophages (Rakita et al, 1999). Even the survival of E. faecalis within
macrophages has been reported (Siissmuth et al., 2000). A study by Chow et al. (1993) has
shown that AS contributes to a higher mortality in a rabbit endocarditis model when
E. faecalis harbours additionally the genetic information for the expression of hemolysin,
which is another virulence trait. Although some studies could not confirm this finding with
other in vivo models such as mouse models (Johnson et al., 2004) and a rabbit
endophthalmitis model (Jett et al., 1998), AS does play a role within the infection process,
which typically starts with a settlement and colonization of bacteria on various tissues.
However, a detailed mechanism on the specific contribution of AS within an infection

process of E. faecalis is still not known.

Cell wall adhesin

The adhesin-like E. faecalis and E. faecium antigens (EfaAfs and EfaAfm respectively)
were first identified through antigen analysis of sera from patients suffering from
endocarditis caused by enterococci. They are surface proteins that show similarities with
other adhesins of streptococci (Lowe et al., 1995). The exact mechanism of the virulence
of EfaAfs/fm has not been identified yet. However, Low et al. (2003) showed that the
expression of genes encoding this antigen (efaCBA) is induced in serum and is regulated by
manganese concentration because it builds a manganese (Mn'?) specific ion transport
system. Hew et al. (2007) confirms this upregulation of these genes in Brain Heart Infusion

(BHI) medium, which contains only 0.27 pg/g of free Mn".

Enterococcal surface protein

The enterococcal surface protein (Esp), which was first described by Shankar et al. (1999),
is a high-molecular-weight surface protein (approx. 206 kDa) that seems to appear more
often in infection-associated isolates of E. faecalis (Shankar 2001). The expression of Esp
is important for E. faecalis for initial attachment and to form biofilm on abiotic surfaces
(Toledo-Arana et al., 2001). This finding emphasizes the frequent association of E. faecalis
isolates harboring the gene esp encoding this surface protein with nosocomial urinary tract
infections (Shankar et al., 2001). Although Esp contains characteristics of surface protein
receptors designated MSCRAMM (Patti et al., 1994) that adhere to components of the

host, there is no evidence for the domains binding to host factors in Esp. The Esp
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found in E. faecium shares 90% homology with Esp of E. faecalis and appears to be

prevalently present in clinical isolates (Eaton and Gasson, 2002).

Cytolysin

One of the most investigated virulence factors in Enterococcus is cytolysin (also referred
to as hemolysin), a B-hemolytic toxin that can disrupt membranes of other bacteria and
eukaryotic cells (Gilmore et al., 1994; Ike et al, 1984; Jett et al., 1992; Miyazaki et al.,
1993). Cytolysin is capable of lysing rabbit, horse, and human erythrocytes (Kobayashi,
1940; Gaspar et al., 2009).

The complete cytolysin operon consists of eight genes (cy/M, cylB, cylA, cyll, cylRI,
cyIR2, cylL;, cylLs), which can be located on plasmids or on the chromosome often within
the pathogenicity island (Shankar et al., 2004; Ike and Clewell, 1992). The cytolysin
consists of two non-identical subunits CylLs and CylL;, which are modified post-
translationally by the gene product Cyl[LM. The secretion and activation of cytolysin is
accomplished through CylB and CylA. The gene product of cyl/l provides cell immunity to
the active cytolysin. The cytolysin operon is regulated by a quorum-sensing mechanism
involving the products of cy/R;/cyIR, that show relatedness to proteins of two-component
regulatory systems. It has been shown that the presence of target cells enhances the
expression of the cytolysin operon and it was proven that this operon habors a mechanism
with the ability to actively probe the environment for possible cytolysin targets (Haas et
al., 2002; Coburn et al., 2004).

The active cytolysin has been proven to enhance the disease severity in many animal
models, e.g. in a rabbit endophthalmitis model and an endocarditis model (Chow et al.,
1993; Jett et al., 1992). Studies have shown that there is an interaction of virulence factors
within the pathogenic behavior. Chow et al. (1993) have demonstrated that the joint
expression of cytolysin and aggregation substance results in an eightfold increased lethality
through endocarditis in comparison to the expression of either one of these factors
expressed alone. A cytolysin encoded within the pathogenicity island is also associated

with the virulence factor Esp (Shankar et al., 2004).
Gelatinase and Serine protease

The enterococcal gelatinase (GelE) is an extracellular metalloendopeptidase, containing a

zinc ion in the active site. GelE can hydrolyze gelatine, collagen, fibrinogen, insulin,
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hemoglobin, casein, endothelin-1 and even enterococcal sex-pheromone metabolites
(Mékinen et al., 1989; Mikinen and Mikinen, 1994). The gelatinase activity shows a broad
range of pH optimum, between 6 and 8 (Mékinen et al, 1989). The first study that
demonstrated the virulent effect of enterococcal GelE was done by Gold et al. (1975).
They detected a proteolytic E. faecalis strain (OG1) causing caries in rats. Many animal
studies have shown a correlation between the presence of virulence factors and
experimental disease (Dupont et al., 1998; Jett et al., 1998; Singh et al., 1998; Schlievert et
al., 1998), and epidemiological studies with human isolates from clinical origin do verify
the incidence and activity of this virulence trait (Coque et al., 2002; Kanemitsu et al.,
2001). GelE contributes to the development of chronic intestinal inflammation in disease
susceptible, interleukin-10-deficient mice. It has been proven that enterococcal GelE in
addition with other pro-inflammatory cytokines supposedly damages the epithelial barrier
function (Steck ef al, 2011). The gene encoding GelE occurs mostly combined in an
operon-type structure together with a gene for a serine protease, sprE (Qin et al., 2000;
Singh et al., 2005). In animal models both have been suggested to play a major role in the
infection process (Sifri et al., 2002). The expression of GelE and SprE is controlled by a
quorum sensing mechanism-involving fsrB. The enterococcal SprE was found to aid
adhesion of the bacterium to dentin, supposedly by exposing binding sites for the adhesins
or by modifying the adhesins (Hubble et al., 2003).

Whereas Vergis et al. (2002) conclude that the putative virulence factors in E. faecalis are
not associated with an increased fourteen-day mortality rate among bacteremic persons.
Although other factors or properties of E. faecalis may be important to its ability to cause
human diseases, it is not immediately apparent which factors are associated with disease

severity.

1.4  Genome flexibility of E. faecalis

The first sequenced strain of E. faecalis V583 (Paulsen et al., 2003) was one of the first
vancomycin-resistant isolates from a blood culture derived from a chronically infected
patient, documented in the late 80s in the United States (Sahm et al., 1989). The genome of
strain V583 consists over 25 % of mobile genetic elements (Paulsen et al., 2003), which is
nearly outstanding to all sequenced bacterial genomes today. The mechanism underlying
the uptake of these many elements is unknown. These mobile elements in strain V583 are
including phage regions, over 30 insertion elements, conjugative transposons and a

pathogenicity island (PAI) encoding over 100 open reading frames (ORFs) some of which
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with known virulence factors such as enterococcal surface protein, cytolysin and
aggregation substance (Paulsen ef al., 2003). It has been suggested that PAI can move as
an integrative conjugative element (ICE) because it shows phage-related integration and
excision proteins, and terminal direct repeats. However, Manson et al. (2010) showed that
for an integration of this specific PAI the donor cell must have a pheromone responsive
plasmid and they further showed that plasmid mobilization appears to be an important
mechanism for horizontal gene transfer spreading the antibiotic resistance in the genus
Enterococcus.

Another highly investigated strain of E. faecalis OGIRF, a rifampicin and fusidic acid
resistant derivative of the human isolate OG1 (Dunny et al., 1978), is lacking a region of
around 478 kb within its chromosome and neither plasmid pTEF3 nor the two pheromone
responsive, independently replicating plasmids (pTEF1/2) are present in comparison to
strain V583 (Bourgogne et al., 2008). Within these absent elements most of the externally
acquired DNA and mobile elements found in V583 are missing in OGIRF. Instead,
Bourgogne et al. (2008) described in OGIRF the presence of two clustered, regularly
interspaced short palindromic repeats (CRISPR), CRISPR1-cas and CRISPR2 (see Figure
4). The recently characterized CRISPR loci protect bacterial cells from infection with
bacteriophages and plasmids underlying a sequence specific defense mechanism (Horvath
and Barrangou, 2010; Koonin and Makarova, 2009; Sorek et al., 2008). The CRISPR loci
are a family of DNA repeats, which are widely distributed in the genomes of bacteria and
archaea. Those repeats have a length of around 24-48 nucleotides and are separated by
similarly sized, unique spacers (Grissa et al., 2007). These loci are accompanied by
CRISPR-associated (cas) genes. These cas genes encode proteins that carry domains such
as nucleases and helicases (Jansen et al., 2002; Haft et al., 2005; Horvath et al., 2008). The
CRISPR loci operate as a diverse defense mechanism that withstands exposure to invading
nucleic acids possibly using a RNA-interference-like mechanism (Makarova et al., 2006).
The efficacy of the CRISPR defense system relies on the presence and activity of near by
located cas genes (Horvath and Barrangou, 2010). One of the CRISPR loci in OGIRF,
CRISPRI1-cas, is accompanied by partly conserved cas genes (casl, cas2, csnl, csn2)
whereas the other CRISPR2 locus is lacking any cas genes. E. faecalis V583 possesses
only the CRISPR2 locus indicating the lack of prevention of the uptake of foreign genetic
elements. Another CRISPR locus with associated functional genes (CRISPR3-cas) was
discovered by Palmer and Gilmore (2010). Significant association between the absence of

CRISPR and the presence of antibiotic resistance traits in clinical isolates, versus
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the presence of CRISPR elements in commensal strains has been demonstrated (Palmer

and Gilmore, 2010).
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Figure 4: CRISPR loci in E. faecalis genomes of strains OG1RF and V583. Grey arrows show
genes homologue to E. faecalis V583. CRISPR locus-specific genes are shown in white arrows,
and CRISPR spacers are represented by black diamonds. CRISPR3-cas is not presented because of
its absence in OG1RF and V583. This figure is modified from Palmer and Gilmore (2010).

1.5  Aim of the study

Strains of E. faecalis and E. faecium are human commensals and even probiotic effects
have been claimed for some strains (Domann et al., 2007). In the past 30 years, both
E. faecalis and E. faecium have been recognized as opportunistic pathogens causing a
variety of diseases, which to date appeared to be difficult to treat. The intrinsic ability to
survive even under harsh conditions may allow the bacterium to persist in hospital
environments and to survive host defenses. Many studies have either focused primarily on
the genomic variation between commensal and infectious strains, or concentrated on the
bacterium’s reaction on proteome and transcriptome level facing different stress conditions
or mimicking conditions in an infected host. However, currently known virulence factors
do not fully explain the behavior of these bacteria namely the possible switch from a
harmless commensal into a life-threatening pathogen.

The aim of this work is to characterize the distribution of known virulence factors in
E. faecalis among different strains and to identify novel fitness and adaptive functions, to
establish a better understanding of the ambivalent nature of this species. Therefore, the
genetic background of different E. faecalis isolates with respect to known virulence factors
should be investigated to clarify if a distinct classification of isolates is possible with
regards to their origin of isolation and an alleged behavior associated with that.
Furthermore, novel fitness factors of E. faecalis should be identified, which characterize

the adaptation ability of this organism to the host as a first step in a switch from a

14



commensal to a pathogen. Their knowledge should contribute towards a mechanistic
understanding of disease pathology at the interface between food born bacteria and the
intestinal epithelium of the host. The ambivalent nature of strains within this species
should be enlighted through the analysis of E. faecalis strain OG1RF, a human isolate with
some known virulence factors. The identification of these fitness and adaptive factors
should be achieved along differential analyses of changes in the proteome and
transcriptome of E. faecalis OGIRF in vitro and in vivo, respectively, by analysing

different growth conditions in both cell cultures and monoassociated wild type mice.
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2 Material and Methods

2.1 Materials

2.1.1 Devices

Devices used in this work are listed in Table 2 in alphabetical order.

Table 2: Devices used in this work.

Device Model Manufacturer
Agarose gel chamber Easy Cast electrophoresis Owl Separation Systems,
25x 20 cm system Portsmouth, NH, USA
Agarose gel chamber Easy Cast electrophoresis Owl Separation Systems,
13.8x 12 cm system Portsmouth, NH, USA
Autoclaves 2540 ELV Systec GmbH, Wettenberg,
Germany
Varioklav H + P Labortechnik,
OberschleiBheim, Germany
Incubation Certomat BS-1 B. Braun Biotech International,
Melsungen, Germany
Hereaus B5042E Hereaus Instruments, Hanau,
Germany
Hereaus VT 5042 EK/NZ Hereaus Instruments, Hanau,
Germany
WiseCube®WIS-ML02 Wise Laboratory Instruments
Centrifuges Sigma 1 K 15 Sigma Labortechnik, Osterrode am
Harz, Germany
Sigma 6-16K Sigma Labortechnik, Osterrode am
Harz, Germany
J-6 Beckman, Palo alto, CA, USA
J-2 Beckman, Palo alto, CA, USA

Hermle Z383 K

Hermle Labortechnik, Wehningen,
Germany

Hermle 7382 K

Hermle Labortechnik, Wehningen,
Germany

Hermle Z216 MK Hermle Labortechnik, Wehningen,
Germany
Deep-freezer Platinum 500 Angelantoni Industries s.p.a, AS
biomedical division, Massa Martana,
Italy
Electrophoresis Power MPP 2 x 3000 Power MWG Biotech AG, Ebersberg,
supplies Supply Germany

Electrophoresis Power
Supply EPS 3000

Pharmacia Biotech, Cambridge,
England

Electrophoresis Power
Supply EPS 3301 XL

Pharmacia Biotech, Cambridge,
England
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Device

Model

Manufacturer

2197 Supply PPS 200-1D

MWG Biotech AG, Ebersberg,
Germany

Incubation hood

Certomat H

B. Braun Biotech International,
Melsungen, Germany

Isoelectric focusing

Hoefer IEF 100

Hoefer Inc., Holliston, MA, USA

Laminar flow sterile work
bench

HERA safe

Heraeus Instruments, Hanau,
Germany

Scanner Epson Expressiom 1600pro | Seiko Epson Corporation, Tokio,
Japan
MALDI MALDI target plate Bruker Dalonics, Bremen, Germany
MALDI-TOF-MS .
spectrometer; Microflex LT Bruker Dalonics, Bremen, Germany
Microscope Axiolab Carl Zeiss Microlmaging GmbH,
Germany
Nanodrop Nanodrop1000 Peqlab Biotechnologie GmbH,
Erlangen, Germany
PCR-Cycler Primus 96 plus MWG Biotech, AG, Ebersberg,
Germany
Mastercycler gradient Eppendorf AG, Hamburg, Germany
pH meter InLab® Semi-Micro, pH 0- | Mettler-Toledo, Gieen, Germany
14 (electrode)
Knick pH 761 Calimatic Knick elektronische Gerate, Berlin,
(measuring device) Germany
Photometer Novaspellq Pharmacia Biotech, Cambridge,
England
Pipettes Pipetman Gilson-Abomed, Langenfeld,

Germany

Pure watersystem

Euro 25 and RS 90-4/UF

SG Wasseraufbereitung GmbH,
Barsbiittel, Germany

Sample Preparation

Fast-Prep®-24

MP Biomedical, Irvine CA, USA

System

Shaking Certomat R B. Braun Biotech International,
Melsungen, Germany

Vortex 2 Genie Scientific Industries Inc., Bohemia,

NY, USA

Stirring RCT-Basic Mettler-Toledo, GieBBen, Germany

Thermo block Techne DRI-Block DB3 Thermo-Dux Gesellschaft fiir
Laborgeritebau mbH, Wertheim,
Germany

Ultra sonification SONOPLUS/SH70G Bandelin electronic, Berlin,
Germany

UV table Herolab UVT 28M Herlab GmbH Laborgerite,
Wiesloch, Germany

Vertical Gel SE900 Vertical Slab Gel Hoefer Inc., Holliston, MA, USA

Electrophoresis Electrophoresis Unit
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Device Model

Manufacturer

Water bath Lauda BD

LAUDA Dr. D. Wobser GmbH &
Co., Lauda-Koénigshofen, Germany

2.1.2 Chemicals

Chemicals used in this work are listed in Table 3 in alphabetical order.

Table 3: Chemicals used in this work.

Chemicals and media Purity Manufacturer
a-cyano-4-hydroxycinnamic acid >98 % Bruker Daltonics, Bremen,
Germany
Acetic acid 99 - 100 % Merck, Darmstadt, Germany
(glacial)
Acetonitirle for HPLC Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Acrylamide/bis solution

(19:1); 30 % (W/v)

SERVA, Heidelberg, Germany

Agar european agar Difco, BD Sciences, Heidelberg,
Germany
Agarose for electrophoresis | Biozym Scientific GmbH,

Oldendorf, Germany

Ammonium persulfate (APS)

electrophoresis
grade

SERVA, Heidelberg, Germany

Antibiotic/antimycotic solution

molecular biology
grade

Invitrogen Life Technologie
GmbH, Darmstadt, Germany

B-mercaptoethanol 99% Carl Roth GmbH & Co. KG,
Karlsruhe, Germany
Boric acid >99.5 % Carl Roth GmbH + Co. KG,

Karlsruhe, Germany

Brain heart infusion (BHI) broth

for microbiology

SIGMA-Aldrich, Steinheim,
Germany

3-[(3-
cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS)

research grade

SERVA, Heidelberg, Germany

Chloroform:isoamyl alcohol (24:1)

research grade

Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

Columbia blood agar plate,
Merckoplate®

for microbiology

Merck, Darmstadt, Germany

Diethylpyrocarbonate (DEPC)

research grade

Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

Dimethyl sulfoxide (DMSO) >99.5 % p. a. Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

Dimidium bromide >98 %, for Carl Roth GmbH & Co. KG,
electrophoresis Karlsruhe, Germany

Disodium hydrogen phosphate p. a Carl Roth GmbH & Co. KG,

(NazHPO4 'HzO)

Karlsruhe, Germany

18




Chemicals and media Purity Manufacturer

Dipotassium phosphate (K;HPO4) p. a Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

1,4 Dithio-D,L-Threitol (DTT) high purity GERBU Biotechnik, GmbH,

Gaiberg, Germany

6 x DNA loading dye

Fermentas GmbH, St. Leon-Rot,
Germany

Ethanol, denatured

99 % with 1 %
methylethylketone

Chemikalien und Laborbedarf
Nierle, Freising, Germany

Ethanol, absolute

>99,8 %

VWR, Prolabo, Foutenay-sous-
Bois, France

Ethylendiaminetetraacetic acid (EDTA)

for molecular

SIGMA-Aldrich, Steinheim,

biology Germany
Fetal bovine serum (FBS) - Invitrogen Life Technologie
GmbH, Darmstadt, Germany
Formaldehyde 37 wt % in H,O - SIGMA-Aldrich, Steinheim,
Germany
Formaldehyde 10 wt % buffered with - Fisher Scientific, Fairlawn, NJ,
phosphate (formalin) USA
Formic acid 98-100 % Merck, Darmstadt, Germany

Gelatine - Merck, Darmstadt, Germany

Glycerol 99.5 %, high GERBU Biotechnik, GmbH,
purity Gaiberg, Germany

Glycine p. a Merck, Darmstadt, Germany

Glycogen molecular biology | Merck, Darmstadt, Germany
grade

HC137 % p.a. Merck, Darmstadt, Germany

Horse blood, defibrinated

Acila Dr. Weidner GmbH,
Weiterstadt, Germany

4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)

for molecular
biology

GERBU Biotechnik, GmbH,
Gaiberg, Germany

TIodoacetamide

>99 %, for HPLC

SIGMA-Aldrich, Steinheim,
Germany

Insulin-transferrin-selenium A GIBCO

Invitrogen Life Technologie
GmbH, Darmstadt, Germany

Interferon-gamma (IFN-y)

Invitrogen Life Technologie
GmbH, Darmstadt, Germany

Isoamyl alcohol >98.5 % Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

Isopropanol p.a. Scharlau Chemi S. A.,
Sentmenat, Spain

Lysozyme - SERVA, Heidelberg, Germany

Methanol HPLC-grade Mallinckrodt Baker B. V.,
Deventer, Netherlands

Magnesium sulfate (MgS0O4 * 7 H20) |p.a. Merck, Darmstadt, Germany
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Chemicals and media Purity Manufacturer

Mutanolysin - SIGMA-Aldrich, Steinheim,
Germany

p-amino benzoic acid >99.8 % SIGMA-Aldrich, Steinheim,
Germany

Panthothenic acid p.a. SIGMA-Aldrich, Steinheim,
Germany

Peptone from casein

for microbiology

Merck, Darmstadt, Germany

Phosphate buffered salnie (PBS)

Invitrogen Life Technologie
GmbH, Darmstadt, Germany

Phosphoric acid

Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

Potassium chloride (KCI) p.a. Merck, Darmstadt, Germany

Potassium dihydrogen phosphate p.a. Merck, Darmstadt, Germany

(KH,PO,)

Primer - MWG-BiotechAG, Ebersberg,
Germany

RLT buffer - Qiagen, Hilden, Germany

RPMI Media 1640 + L-Glutamine

Invitrogen Life Technologie
GmbH, Darmstadt, Germany

Roti®-Blue 5 x concentrated

Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

ServalytTM carrier ampholyte pH 3-10

analytical grade

SERVA, Heidelberg, Germany

Silver nitrate >99.9 %, p.a. Carl Roth GmbH & Co. KG,
Karlsruhe, Germany

Sodium acetate p.a. Merck, Darmstadt, Germany

Sodium carbonate (Na,CO3) >99.5 %, p.a., Carl Roth GmbH & Co. KG,
anhydrous Karlsruhe, Germany

Sodium chloride (NaCl)

Merck, Darmstadt, Germany

Sodium dodecyl sulfate (SDS)

research grade

SERVA, Heidelberg, Germany

Sodium hydroxide (NaOH)

Merck, Darmstadt, Germany

Sulfuric acid (HCI) p.a. Merck, Darmstadt, Germany

Tertiary butanol >99.5 % Carl Roth GmbH + Co. KG,
Karlsruhe, Germany

Tertamethylethylenediamine (TEMED) |p.a. Merck, Darmstadt, Germany

Thiourea >99 % Carl Roth GmbH + Co. KG,
Karlsruhe, Germany

Thiosulfate >99 % Carl Roth GmbH + Co. KG,
Karlsruhe, Germany

Tris base ultra pure ICN Biomedicals, Inc., Ohio,
USA

Tris-HCI p-a. Merck, Darmstadt, Germany
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Chemicals and media Purity Manufacturer

Trypsin-EDTA - Invitrogen Life Technologie
GmbH, Darmstadt, Germany

Trifluoroacetic acid >99.0 %for HPLC | SIGMA-Aldrich, Steinheim,

/GC Germany

Tumor necrosis factor-alpha (TNF-a) - Invitrogen Life Technologie
GmbH, Darmstadt, Germany

Tween 80 - Mallinkrodt Baker B. v.,
Deventer, NL

Urea >99.5 % Carl Roth GmbH + Co. KG,
Karlsruhe

Yeast extract for microbiology | Merck, Darmstadt, Germany

2.1.3 Expendable materials

Expendables used in this work are listed in Table 4 in alphabetical order.

Table 4: Expendables used in this work.

Material Type Manufacturer
Anaerocult® C mini Merck, Darmstadt, Germany
Cell culture flasks 25 cm?, 75 cm?, sterile, filter | Greiner bio-one,

cap Kremsmiinster, Austria

Electrode wicks

standard size

SERVA, Heidelberg,
Germany

Immobilized pH gradient (IPG)
strips

24 cm, pH 4-7

GE Healthcare, Freiburg,
Germany

Reaction tubes

200 pl, 1.5 ml, 2 ml

Eppendorf, Hamburg,

Germany

Sample cups for isoelectric 6 cups each strip SERVA, Heidelberg,

focusing (IEF) Germany

Sterile ml tubes 15 ml, 50 ml Sarstedt, Niimbrecht,
Germany

Sterile filter Filtropur S 0.2 (0.2 pm) Sarstedt, Niimbrecht,
Germany

2.14 Kits

Kits used in this work are listed in Table 5 in alphabetical order.

Table 5: Kits used in this work.

Kit

Type

Manufacturer

E.Z N.A. Bacterial DNA Kit

DNA isolation

Omega Bio-Tek Inc.,
Norcross, GA, USA

Ribominus® transcriptome
isolation kit

Depletion of ribosomal RNA
from bacterial total RNA

Invitrogen, Carlsbad,
California, USA

RNeasy Mini Kit

RNA isolation

Qiagen AG, Hilden, Germany

Taq Core Kit

DNA polymerase

MP Biomedicals Solon, Ohio,
USA
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Manufacturer

Applied Biosystems Inc.,
Foster City, California, USA

Kit Type
TURBO DNA-free™ Kit DNA degradation from RNA
samples

2.1.5 DNA and protein marker
DNA marker GeneRuler™ 100 bp Plus DNA ladder and GeneRuler™ 3 k bp plus DNA

ladder used for size comparison were purchased from Fermentas GmbH (St. Leon-Rot,
Germany). Protein marker used for size estimation was purchased from SERVA
Electrophoresis GmbH (Heidelberg, Germany) unstained SDS PAGE protein marker 6.5 -
200 kDa.

2.1.6 Bacterial strains

All enterococcal strains used in this work for PCR screening were obtained from the TMW
culture collection and are listed in numerical order in Table 6 and 7.

Sixteen recently sequenced strains of E. faecalis (Palmer et al., 2010) listed in Table 8
were screened in silico for the presence of virulence genes and CRISPR-cas csnl loci by
the platform provided by Broad Institute that made also the genome sequences publicly

available (http://www.broadinstitute.org/).

Table 6: E. faecalis strains used in this study. Strains marked with * are isolated from patients of
various ages that suffered divers diseases, Klinikum rechts der Isar, Roger Vogelmann, Technische
Universitdt Miinchen.

. TMW . . . .
Species strain no. Designation Origin
E. faecalis 2.63 food isolate beer
E. faecalis 2.136 environmental isolate isogenic with DSMZ 20060
E. faecalis 2.354 environmental isolate duck feces
E. faecalis 2.520 environmental isolate iguana feces
. . . . isogenic with OG1RF (human oral isolate),
E. faecalis 2.622 environmental isolate Barbara Murray, University of Texas, USA
E. faecalis 2.629 food isolate goat cheese
E. faecalis 2.630 food isolate sheep's milk cheese
E. faecalis 2645 clinical isolate isogenic \é/lth str'aln 10, Gehard Reuter, Freie
Universitdt Berlin, Germany
E. faecalis 2 647 food isolate isogenic \é/lth str'aln A/F2, Gerhard Reuter, Freie
Universitdt Berlin, Germany
E. faecalis 2 648 food isolate isogenic \i]lth str'aln 34.5, Gerhard Reuter, Freie
Universitdt Berlin, Germany
E. faecalis 2.777 environmental isolate Symbioflor”1, SymbioPharm, Herborn, Germany
E. faecalis 2.798 environmental isolate infant feces
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T™W

Species strain no. Designation Origin
E. faecalis 2.815 environmental isolate fermented belladonna
) . e isogenic with strain V583, Ingolf Nes,

E. Jaecalis 2.852 clinical isolate No%wegian University of Lifeg Sciences, Norway

E. faecalis 2900 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2901 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2902 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2903 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2904 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2.905 clinical isolate Kl'i'nikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2906 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2907 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2908 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2.909 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2910 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2911 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2912 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2913 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2914 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2915 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2916 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2917 clinical isolate Kl'i'nikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2918 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*

E. faecalis 2919 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*

E. faecalis 2901 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2922 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*

E. faecalis 2923 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*

E. faecalis 2924 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*

E. faecalis 2925 clinical isolate Klinikum rechts der Isar, Technische Universitat

Miinchen*
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Species stg\i/fl‘ZO. Designation Origin

E. faecalis 2,926 clinical isolate Kl'i'nikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2927 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2928 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2929 clinical isolate Klinikum rechts der Isar, Technische Universitit
Miinchen*

E. faecalis 2930 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2931 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2932 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2933 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2934 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2935 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2936 clinical isolate Klinikum rechts der Isar, Technische Universitét
Miinchen*

E. faecalis 2937 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*

E. faecalis 2,947 clinical isolate Kl'i'nikum rechts der Isar, Technische Universitét
Miinchen*

Table 7: E. faecium strains used in this study. Strains marked with * are isolated from patients of
various ages that suffered divers diseases, Klinikum rechts der Isar, Roger Vogelmann, Technische
Universitdt Miinchen.

Species TM‘XOStram Designation Origin
2,938 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*
2,939 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*
2.940 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*
2,941 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*
2,942 clinical isolate Klinikum rechts der Isar, Technische Universitat
L Miinchen*
E. faecium = : —
’ 2,943 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*
2.944 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*
2,945 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*
2.946 clinical isolate Klinikum rechts der Isar, Technische Universitat
Miinchen*
1.1045 §nv1ronrnental duck feces
isolate
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Table 8: Recently sequenced strains of E. faecalis by Palmer ef al. (2010). In this study these
sixteen strains were screened in silico for the presence of virulence genes and CRISPR-cas csnl
loci by platform provided from Broad Institute (http://www.broadinstitute.org/).

Species Isolate Source Reference
AR01/DG dog mastitis Manson et al., 2003
ATCC 4200 blood ATCC; Schilling and Birkhaug 1927
CH188 liver Rice et al., 1991
D6 pig McBride et al., 2007
DS5 (ATCC 14508) unknown ATCC; Clewell et al., 1974
E1Sol commensal Gardner et al., 1969
Flyl drosophila (wild-captured) McBride et al., 2007
. . |HIP11701 clinical Weigel et al., 2003
E. faecalis -
JH1 clinical Jacob and Hobbs, 1974
Merz96 blood Harrington et al., 2004
T1 unkown Mackawa et al., 1992
T2 urine Mackawa et al., 1992
T3 urine Mackawa et al., 1992
T8 urine Mackawa et al., 1992
T11 urine Mackawa et al., 1992

X98 (ATCC 27276)

infant feces

ATCC; Brock et al., 1963

2.1.7 Primers used in this study

Oligonucleotides for screening and sequencing purposes are listed in Table 9 and were

synthesized by Eurofins MWG-Operon (Ebersberg, Germany). Primers developed in this

study were designed on bases of public available sequences: GenBank nucleotide sequence

database under following accession numbers: AE016830.1 and AF454824.1.

Table 9: Primer sequences used in this study. References (Ref.): a) this study; b) Eaton and Gasson
(2001); c) Gaspar et al. (2009); d) Palmer and Gilmore (2010); ) Ehrmann et al. (2003).

PCR-
Primer Sequence (5" to 37) Gene Product Ref.
length (bp)
ace for CCGAATTGAGCAAAAGTTC ace 746 a
ace rev AGTGTAACGGACGATAA
TE3 AAGAAAAAGAAGTAGACCAAC s 923
as rev ACCTACAGCGTCCCAATCAC
TE49 AACATTCAGCAAACAAAGC cob 1,405 b
TES0 TTGTCATAAAGAGTGGTCAT
cytolysin for GGTTGCCATTGAAAAATATCTTCTAGTGGAGTATCCAGG  cytolysin 2364 c
cytolysin rev GTGATTGATTGGCTTATTTCATCATCATCACTTTTGAGC locus ’
TES GACAGACCCTCACGAATA ofadfs 705 d
TE6 AGTTCATCATGCTGTAGTA
TE 37 AACAGATCCGCATGAATA cfadfin 735 d
TE 38 CATTTCATCATCTGATAGTA
esp for GAGTTAGCGGGAACAGGTCA esp 617 2
TE36 GCGTCAACACTTGCATTGCCGAA b
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PCR-

Primer Sequence (5" to 37) Gene Product Ref.
length (bp)

JsrB for GTTTGTCCCATCCATTGTCC forB 346 a
JfsrB rev TTTATTGGTATGCGCCACAA
gelE for AATTGCTTTACACGGAACGG

gelE 547 a
gelE rev AGCCATGGTTTCTGGTTGTC
sprE for CTTGTCTGCAAATGCAGAAG

sprE 660 a
sprE rev CGCCATTGGAATGAACACCA
Cl-cas csnl for  CAGAAGACTATCAGTTGGTG CRISPR1- 783 d
Cl-cas csnl rev. CCTTCTAAATCTTCTTCATAG cas csnl
Cl-cas for GCGATGTTAGCTGATACAAC CRISPR1- 315 d
Cl-cas rev CGAATATGCCTGTGGTGAAA cas
C2 for CTGGCTCGCTGTTACAGCT CRISPR2 variable d
C2 rev GCCAATGTTACAATATCAAACA
C3-cas csnl for  GCTGAATCTGTGAAGTTACTC CRISPR3- 958 d
C3-cas csnl rev. CTGTTTTGTTCACCGTTGGAT cas csnl
C3 for GATCACTAGGTTCAGTTATTTC CRISPR3- 224 d
C3 rev CATCGATTCATTATTCCTCCAA cas
616V AGAGTTTGATYMTGGCTCAG 16S TRNA 215 o
609R ACTACYNGGGTATCTAAKCC
MI13V GTTTTCCCAGTCACGAC unspecific variable e

2.2 Methods
2.2.1 Microbiological methods and experiments

2.2.1.1 Media and growth conditions

All enterococci were cultivated in Brain Heart Infusion (BHI) medium under aerobic

conditions at 37°C. For long-term storage strains were held in glycerol stocks.
2.2.1.2 E. faecalis growing under aerobic and anaerobic conditions

For anaerobic and aerobic growth experiments, E. faecalis strain OGIRF was grown at
37°C in brain heart infusion broth (BHI) at 200 rpm aerobically or strictly anaerobic in an
anaerobic incubator (Heraeus Instruments, Hanau, Germany). For proteome analysis,

E. faecalis were harvested at mid exponential growth phase (ODsgy 0.5-0.6).
2.2.1.3 Detection of gelatinase activity

Determination of gelatinase-producing strains was carried out on lysogeny broth (LB) agar
(10 g peptone, 5 g yeast extract, 5 g NaCl, 15 g agar per liter) containing 3 % (W/v)
gelatine. After incubation at 37 °C for 24 h, plates were stored at 4 °C for 5 h according to
Eaton and Gasson (2001).
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2.2.1.4 Detection of cytolysin activity

The phenotypic detection of the enterococcal strains for hemolytic activity was performed
on Columbia blood agar plates containing 5 % (v/v) sheep blood and additionally on LB
agar supplemented with 5 % (v/v) defibrinated horse blood. According to Gaspar et al.
(2009), blood agar plates were incubated under aerobic and anaerobic conditions at 37 °C
(Anaerocult ®A, Merck, Germany). The production of cytolysin (B-hemolysis) appeared in
a clear zone around grown enterococcal colonies due to hemolyzed erythrocytes within the

agar.
2.2.1.5 Interaction of E. faecalis with mouse colonic epithelial cells in vitro

The Ptk6 null mouse colonic epithelial cell line (further on referred as Ptk6 cells) was
grown according to standard cell culture techniques (Whitehead et al., 2008) in a
humidified 5 % CO, atmosphere at 33°C to almost 100 % confluence in 75 cm” cell culture
flasks (Cellstar® Filter cap flasks, Greiner Bio-One GmbH, Frickenhausen, Germany). The
used cell culture medium was RPMI medium (with L-glutamine) supplemented with 5 %
(v/v) fetal bovine serum (FBS), 1 % (v/v) insulin-transferrin-selenium A, 1 % (v/v)
antibiotic/antimycotic solution (a/a) and 2 ng/ml interferon-y (IFN-y). The medium was
changed every 2-3 days of on-going cultivation. After confluent growth of the cells, they
were washed twice with 10 ml of phosphate-buffered saline (PBS). Then 2 ml of trypsin-
EDTA solution was applied allowing the detachment and passage of cells. After an
incubation time of trypsin-EDTA solution for 4 minutes at 37°C, cells were harvested and
diluted with 10 ml culture medium and then centrifuged at 300 x g for 5 min. The
supernatant was discarded and the remained cell pellet was then resuspended in fresh
culture medium for seeding.

For cell culture experiments E. faecalis OGIRF (TMW 2.622) in an early to mid
exponential growth phase (ODsgy 0.3-0.4) was exposed to confluent grown Ptk6 cells
(further indicated as CC) for 3 hours. The Ptk6 cells derived from passage 20-45 were
grown at 37°C to differentiate. Two days prior to the experiment, cell culture media was
used without antibiotic/antimycotic (a/a) solution and IFN-y.

As a reference E. faecalis OGIRF was simultaneously exposed to cell culture media
(further indicated as CM) in the same way as CC but without the presence of Ptk6 cells.
The sampling of E. faecalis for proteome analysis was carried out after 3 hours of exposure

to Ptk6 cells (CC) as well as sole cell culture media (CM). The pH value and colony
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forming units were checked before and after the exposure of E. faecalis. The experiment
was carried out in triplicates and a multiplicity of "infection" with a ratio of 400 was
applied. For both conditions CC and CM samples were taken out of one batch of E.
faecalis overnight culture. After the experiment was carried out, the samples were directly
processed for protein extraction in preparation of the two-dimensional gel electrophoresis

(see 2.2.4.3).

2.2.1.6 Monoassociation of E. faecalis in mice

The mouse experiment was carried out in the lab of Prof. R. Balfour Sartor (University of
North Carolina, Chapel Hill, NC, USA). The mice were held under strictly germ free
conditions in the National Gnotobiotic Rodent Resource Center at the University of North
Carolina, Chapel Hill. Nine germfree wild type mice 129 SvEv TAC (derived by Dr.
Edward Balish, University of Wisconsin, Madison, WI, USA) were monoassociated with
E. faecalis strain OG1RF (TMW 2.622) at an age of 11-12 weeks. Mice were fed with
standard autoclavable diet Prolab® RMH 3500 in which calories are provided by 26.20 %
protein, 15.46 % fat and 58.34 % carbohydrates. The protein part consists of nineteen
proteinogenic, essential free amino acids, the fat part consists mainly of long chain,
unsaturated fatty acids and the carbohydrate part comprises mainly of starch (see Appendix
for LabDiet® PMI Nutrition International, Purina Mills, Inc Richmond, Indiana, USA).
The inoculation of mice with E. faecalis was done by gavage feeding and rectal swabbing.
Mice were killed one week after initial bacterial colonization. The presence of a pure
culture of E. faecalis in mice was verified by plating ten-fold dilution series of colon
content on BHI agar plates. The intestinal contents were collected and deep-frozen directly
after killing and dissection. The fecal samples were preserved at -80 °C until RNA
isolation for next generation SOLiD™ sequencing analysis (see 2.2.3.1).

For histology analysis and scoring respectively tissue sections of small intestine, the cecal
tip, and colon were fixed in 10 % (v/v) buffered formalin. After fixation the tissue samples
were embedded in paraffin and cut in sections of 5 um size. Afterwards the tissue samples
were leached from paraffin and stained with hematoxylin and eosin (H&E staining)
according to Berg et al. (1996).

The stained tissue samples were classified in histology scores in the range of 0 (no
damage) to 12 (severe damage) in a blinded fashion by assessing the degree of lamina

propria mononuclear cell filtration, crypt hyperplasia, goblet cell depletion and
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architectural distortion as described by Katakura et al. (2005). The scoring of mouse tissue
samples used in this study has been done by Dr. S. Kisling (Lehrstuhl fiir Biofunktionalitit

der Lebensmittel, Technische Universitit Miinchen).
2.2.2 Molecular Biological Methods

2.2.2.1 DNA isolation from enterococci

Prior to DNA isolation all Enterococcus strains were grown in BHI broth at 37°C. DNA
isolation was done with the E.Z.N.A.® Bacterial DNA kit (Omega Biotek Inc., Norcross,
Georgia, USA) according to the manufacturer’s instructions. The result of DNA isolation
was monitored by analytical agarose gel electrophoresis and the amount of DNA was

determined by NanoDrop1000 (Peqlab GmbH, Erlangen, Germany) analysis.

2.2.2.2 General DNA amplification

The isolated DNA was amplified by polymerase chain reaction (PCR). The PCR reactions
were performed on thermo cycler by Eppendorf (Mastercycler® Gradient, Eppendorf AG,
Hamburg, Germany) in a total of 50 pl, using 80 pmol of each primer, 1.5 mM MgCl,, 10
mM each of dNTPs, 2U of Taq DNA, 1x Buffer mix (Qbiogene, USA) and sample DNA.
Amplification conditions were as follows: an initial denaturation step of 94 °C for 2 min,
30 cycles of denaturation at 94 °C for 1 min, primer annealing for 1 min (at an appropriate
temperature, calculated by melting temperature of primer minus 3 °C) and extension at 72
°C for a duration adjusted according to PCR-product length (Taq polymerase replicates
about 1 kb strand per min), followed by a final elongation at 72 °C for 5 min.

2.2.2.3 Agarose gel electrophoresis

The generated PCR products were electrophoretically separated on 1.5 % (w/v) agarose
gels (in total 100 ml) prepared with 0.5 x TBE buffer that was stored as 10 x TBE buffer
(108 g/l Tris, 26.2 g/l boric acid, 9.0 g/l EDTA, pH 8.9). The PCR samples were mixed
with loading dye in ratio 6:1 and applied onto prepared agarose gel. Samples of a general
PCR were applied on gels of about 12 x 13.8 cm size with small cavities (of 10 pl
capacity) and electrophoresis was performed at 110 V for 1 hour. Electrophoretic analysis
of RAPD-PCR patterns was carried out in 1.3 % (w/v) 0.5 x TBE gel (in total 220 ml) at
170 V for 3 hours in an electrophoresis chamber of 20 x 25 cm size with large cavities of

15 pl capacity. By the application of ready-to-use DNA size standards (see 2.1.5) as a
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molecular weight marker the generated PCR product size was determined.
After gels have been stained with dimidium bromide the banding profiles were visualized
under UV light (wavelength 320 nm) and digitalized by gel documentation system from

INTAS-science imaging instruments GmbH.

2.2.2.4 Detection of virulence genes and CRISPR associated (cas) genes by general DNA

amplification

A total of 62 Enterococcus isolates from clinical, food and environmental origins were
used in this study (see Table 6 and Table 7 for strains and origins of isolation). Out of
these, 52 E. faecalis and 10 E. faecium isolates were tested. All strains used in this study
were verified as belonging to the species E. faecalis or E. faecium by sequencing the 815
bp amplification product of the 16S rRNA gene generated by primers 616V and 609R
(primer sequence see Table 9). Sequencing of this PCR product was performed by GATC
Biotech GmbH (Konstanz, Germany). Additionally, this PCR target was also used as a
positive control for each strain analyzed by PCR.

Specific primers for the following virulence associated and CRISPR associated (cas) genes
were used: ace, as, cob, cytolysin operon, efaAfs, efaAfm, esp, fsrB, gelE, sprE, CRISPR1-
cas csnl, CRISPR2 loci, CRISPR3-cas csni. The primer sequences and their amplification
products are listed in Table 9.

The PCR screening for the complete cytolysin locus with an amplification product of
8,364 bp (Gaspar et al, 2009) was performed using Phusion® High-Fidelity DNA
Polymerase (Finnzymes Oy, Vantaa, Finland) according to the recommendations of the
manufacturer. All primers were tested before being used with E. faecalis strains OG1RF
and V583. All screening PCRs were performed in an Eppendorf Gradient Cycler
(Eppendorf, Hamburg, Germany). Negative or indistinct results were conducted at least

twice to achieve a definite result.

2.2.2.5 In silico screening for virulence associated genes and CRISPR associated (cas)

genes

Sixteen E. faecalis strains of recently sequenced enterococcal genomes (Palmer et al.,
2010) were screened in silico for the presence of virulence genes and CRISPR-cas csnl
loci by platform provided from Broad Institute that made also the genome sequences

publicly available (http://www.broadinstitute.org/). For a detailed list of E. faecalis strains
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analyzed in silico see Table 8.
2.2.2.6 Analysis of genetic fingerprinting by RAPD-PCR

RAPD (random amplification of polymorphic DNA) analyses were performed using single
primer M13V (see Table 9) as described by Ehrmann et al. (2003). The PCR reaction mix
contained 5 pl of 10 x PCR buffer without MgCl,, 7 ul of 25 mM MgCl,, 2 ul dNTPs
(each 10 mM), 0.5 pl primer M13V (100 pmol/ pl), 0.3 pl Taq polymerase (5U/ ul) and
0.5 pl of ~100 ng extracted DNA. The PCR cycling program started with 3 cycles of 94 °C
for 3 min, 40 °C for 5 min, 72 °C for 5 min, which was followed by 32 cycles of: 94 °C for
1 min, 60 °C for 2 min, and 72 °C for 3 min. The PCR products were electrophoretically
separated as described above (2.2.2.3). The GeneRuler™ 3 kbp plus DNA ladder
(Fermentas, Canada) was used as a molecular weight marker. Generated RAPD-PCR
fingerprints were analyzed by BioNumerics' software (version 3.0; Applied Maths
BVBA, Belgium). The analysis of the similarities of the generated RAPD-PCR fingerprints
was calculated on the basis of the Pearson product-moment correlation coefficient. A
cluster analysis was derived from the matrix of similarities by the Unweighted Pair Group

Method using Arithmetic Mean (UPGMA) cluster algorithm.
2.2.3 Methods of transcriptome analysis

2.2.3.1 Extraction of total bacterial RNA out of mouse fecal samples

In the following procedure all buffers or pure water were treated with diethylpyrocarbonate
(DEPC) to inactivate RNases and prevent RNA degradation. Prior RNA extraction of in
vivo, mouse fecal samples were prepared according to a slightly modified method by Kang
et al. (2009). Mouse fecal samples were weighed in aliquots (each 0.1 g) and mixed with
equal volume of phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO4-H,0, 1.76 mM K,HPO,. pH 7.4). After high-speed centrifugation at 10,000 x g
for 1 min the supernatant was discarded and the pellet was resuspended in equal volume of
dissociation solution (DSS: 0.1 % (v/v) Tween 80, 1 % (v/v) methanol, 1 % tertiary
butanol adjusted to pH 2 with HCI; Whitehouse et al., 1994). The samples were
centrifuged at low-speed for 3 min at 200 x g. Afterwards, the supernatant was collected
and centrifuged at 10,000 x g for 1 min. The supernatant was discarded, the pellet was
resuspended in 200 pl TE buffer and than 600 pl RLT buffer (including 10 pl/ml of B-

mercaptoehtanol) was added. This suspension was mixed with pre-cooled silica beads to
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start cell disruption by using FastPrep®-24 at 5.5 m/sec speed for 45 sec (MP Biomedicals,
Cleveland, Ohio, USA). The suspension was applied on columns of the RNeasy mini Kit
(Qiagen, Hilden, Germany) and further total RNA isolation was done according to the
manufacturer’s instructions. Further procedure of total RNA treatment for next generation

SOLiD™ sequencing analysis see section 2.2.3.3.

2.2.3.2 Extraction of total RNA form pure cultures

E. faecalis liquid culture samples (7.5 ml) for isolation of total RNA were pelleted with
ice-cold methanol (2.5 ml) by centrifugation at 10,000 x g for 15 min at 4 °C and washed
with 2 ml cooled TE buffer. After another centrifugation at 10,000 x g for 5 min at 4 °C the
supernatant was discarded and the remaining cell pellet was resuspended in 200 pl TE
buffer. The cell suspension was immediately mixed with 600 pl RLT buffer supplemented
with B-mercaptoethanol, 10 pl/ml RLT buffer (Qiagen, Hilden, Germany), and applied on
pre-cooled silica beads (Lysing Matrix B; MP Biomedicals, Cleveland, Ohio, USA). The
cell disruption was done using FastPrep®-24 (MP Biomedicals, Cleveland, Ohio, USA) for
45 sec with 5.5 m/sec speed. After the beads had settled the supernatant was transferred in
a new 1.5 ml tube and mixed with 160 pl of ice-cold 100 % (v/v) ethanol. This suspension
was applied on columns of the RNeasy mini Kit (Qiagen, Hilden, Germany) and further
total RNA isolation was done according to the manufacturer’s instructions. The obtained

RNA is further referred to as reference sample in transcriptome analysis.

2.2.3.3 RNA treatment for next generation SOLiD"™ sequencing analysis

Before total RNA was separated from co-extracted rRNA and DNA residues, the integrity
of the total isolated RNA was assessed by gel electrophoresis in a 1.5 % (w/v) agarose gel
that was prepared with 0.5 x TBE buffer. The degradation of RNA under running on the
agarose gel was avoided by cleaning electrophoresis chamber with 1 % (w/v) SDS solution
before starting the electrophoresis.

Indices of protein and volatile compound contamination were calculated by the absorption
ratios Azeo/Azso and Asep/Azzp measured by NanoDropl000 spectrophotometer (Peqlab
GmbH, Erlangen, Germany). The ratio of the absorbance at 260 nm and 280 nm was used
to assess the purity of RNA. A ratio of about 2 was accepted as pure. The ratio of the
absorbance at 260 nm and 230 nm may indicate the presence of co-purified contaminants

and samples only with a value in the range between 1.8 and 2.2 were accepted for further
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analysis. RNA samples extracted from mouse fecal content from nine mice (five male and
four female mice) were originated from all intestinal segments: the small intestine, caccum
and colon. These samples were pooled to finally one in vivo total RNA sample only if the
quality requirements were met.

The total RNA sample was depleted of rRNA using Ribominus™ Transcriptome Isolation
Kit (Invitrogen, Carlsbad, California, USA) according to the manufacturer’s instructions.
Afterward the treated RNA was precipitated with ethanol in which the RNA sample was
well mixed with 1 pl glycogen (20 pg/ul), 2.5 x sample volumes of 100 % ethanol and
1/10™ sample volume of 3 M sodium acetate. After the precipitation of RNA by incubation
at -80 °C for 2 hours, the sample was treated with RNase free DNase to avoid DNA
contamination in further analysis. This has been done by the use of TURBO DNA-free™
Kit (Applied Biosystems Inc., Foster City, California, USA) according to manual’s
instructions. As mentioned above, a second precipitation has been done but in this step
without using glycogen. Finally, the amount of residual messenger RNA (mRNA) for
transcriptome analysis was measured again by NanoDrop1000 spectrophotometer.

For next generation SOLiD™ sequencing analysis (sequencing by oligonucleotide ligation
and detection, developed by Life Technologies, Carlsbad, California, USA) the samples,
RNA from mouse experiment and RNA from pure culture, were sent to CeGat GmbH

(Tiibingen, Germany).
2.2.3.4 Next generation SOLiD™ sequencing data analysis and processing

SOLiD sequencing was perfomed at CeGat GmbH (Tiibingen, Germany). Generation of
cDNA, library preparations, fragment library protocols, and all SOLiD-run parameters
followed standard Applied Biosystem protocols. The generated data files of the sequencing
were formatted in qual and csfata files. The data was converted and mapped using Galaxy
software (http://usegalaxy.org/) according to the following procedure given by personal
communication with Richard Landstorfer (Prof. Scherer, Chair for Microbial Ecology,
Technische Universitit Miinchen). The data were mapped with Bowtie for SOLiD (version
1.1.2) on the available genome sequence from E. faecalis OG1RF that was obtained from
the National Center for Biotechnology Information (NCBI; http://ncbi.nlm.nih.gov/;
accession number CP002621). After the mapping process the generated sequence
alignment/map (sam) format was filtered and converted into the binary alignment/map

(bam) data format. This file was arranged by picard (via SortSam and BuildBam Index).
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This was visually appraised by Artemis software (version 13.2.0). The bioinformatic
analysis determined counts (number of reads covering a gene) and RPKM values (reads
per kilobase per million mapped reads; Mortazavi et al., 2008), and has been done by
Svenja Simon (University of Konstanz, Department of Computer and Information Science,
Germany). The counts were normalized using a previously described method (Mortazavi et
al., 2008) in which reads are adapted for the sequencing depth and for the length of a given
gene. For determination of counts and RPKM values, the previously generated bam files
were imported into statistic software R (verison 2.14.1) (Gromping, 2010) using Rsamtools
(http://bioconductor.org/). For onward processing, the Bioconductor packages
GenomicRanges and I[Ranges was used (Gentleman et al, 2004 and
http://www.bioconductor.org/). Gene locations were determined by GenBank entry of
E. faecalis OGIRF under accession number CP002621 in NCBI database
(http://ncbi.nlm.nih.gov/). Ptt files and locations of 5S, 16S and 23S rRNA genes were
determined by rmt file from information in CP002621. The method countOverlaps was
used to determine the reads overlapping a 5S, 16S or 23S rRNA gene. These reads are
discarded from further analysis, since the presence of rRNA at naturally high proportions
hinders the detection of potential low transcribed genes through normalization. The tool of
countOverlaps is additionally used to determine the number of reads overlapping a gene on
the same strand (counts). These counts were normalized by gene length in kilobases and
the number of mapped reads in millions. For the value million mapped reads we use the
number of reads mapped to the genome minus the reads overlapping a 5S, 16S or 23S
rRNA gene (see above). The transcription level can then be quantified as RPKM values
and further calculated through values of the logarithm base 2 into logarithm fold changes
(logFC). To define a gene as significantly differentially expressed its p-value was

calculated and a significance level of p < 0.05 was set as a threshold.
2.2.4 Methods of protein analyses

2.2.4.1 Analysis of whole cell mass spectral profile by MALDI-TOF-MS

All enterococcal isolates were grown for 20 hours on Columbia sheep blood agar plates at
37°C. Colonies were picked and resuspended in 300 pl of mutanolysin solution (20 u/ml)
and incubated at 37°C for 30 min. 900 pul of ethanol (100 %) were added. The mixture was
centrifuged at maximum speed for 2 min. After removal of the supernatant, the pellet was

centrifuged again. Residual ethanol was completely removed by pipetting and the pellet
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was allowed to dry at room temperature. Subsequently, 30 pl of 70 % (v/v) formic acid
were added and mixed with the pellet by vortexing. Next 30 pul of acetonitrile were added
and mixed thoroughly. The solution was centrifuged at maximum speed for 2 min again
and 1.5 pl of the supernatant were spotted on the MALDI target plate (Bruker Daltonics,
Bremen, Germany) in two replicates. Immediately after drying, 1.5 pl of the matrix
solution was added to each spot and allowed to air dry. The matrix used was a saturated
solution of a-cyano-4-hydroxycinnamic acid dissolved in 50 % (v/v) acetonitrile with
0.025 % (v/v) trifluoroacetic acid. Brukers Bacterial Test Standard (Bruker Daltonik
GmbH, Bremen, Germany) was used as mass calibration standard. Samples were then
processed in the MALDI-TOF-MS spectrometer (Microflex LT; Bruker Daltonics) with
flex control software (Bruker Daltonics, Bremen, Germany). Each spectrum was obtained
by averaging 240 laser shots acquired in the automatic mode at the minimum laser power
necessary for ionization of the samples. The spectra were analyzed in an m/z range of 2 to
20 kDa. Dr. M. Pavlovic carried out the generation of MALDI-TOF-MS spectra of all
enterococcal isolates used in this study at Bayerisches Landesamt fiir Gesundheit und

Lebensmittelsicherheit (OberschleiBheim, Germany).
2.2.42 MALDI-TOF-MS data analysis

Data analysis was performed using LIMPIC for reduction of background noise and the
baseline drift (Mantini et al., 2007). Multiple spectra (6 to 8) of each strain were processed
on the basis of the peak detection rate (PDR) of 0.6, expressed by the ratio between the
number of spectra containing the considered peak and the total number of analyzed spectra
(Mantini et al., 2007). The obtained spectra were imported into BioNumerics'™ and the

cluster analysis was performed as described for the RAPD analysis (see passage 2.2.2.6).

2.2.4.3 Protein extraction method for two dimensional (2D) gel electrophoresis

The protein extraction was done by a slightly modified method according to Behr ef al.
(2007). Bacteria cells were washed with Tris EDTA buffer (TE buffer containing 10mM
Trisbase, ImM EDTA, pH 8.0) and resuspended for cell lysis with TE buffer containing
lysozyme (50 mg/ml) for 30 min at 37 °C. After centrifugation at 5000 x g for 5 min the
supernatant was discarded and the cell pellet was resuspended in 400 ul SDS buffer (0.9 %
(w/v) SDS, 100 mM Tris base, pH 8.6) and disrupted by sonication (HD-70/Bandelin, 2
cycles of 30 sec; power 90 %, cycle 30 % and intermediate cooling on ice). Then 500 pl
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Chaps lysis buffer (6 M urea, 2 M thiourea, 4 % (w/v) Chaps, 1 % (w/v) DTT, 1.5 % (v/v)
Servalyt™ 3-10) was added and solubilised proteins by shaking for 20 min at 4 °C. The
residual cell debris was separated by centrifugation for 30 min at 18,000 x g and 4 °C.
Aliquots of supernatants were stored at -80 °C (Behr et al., 2007).

2.2.4.4 Determination of protein concentration

The protein concentration was determined by using the Bio-Rad Protein Assay. This assay
is based on the method of Bradford (Bradford, 1976) and measures spectroscopic the
concentration of proteins. Before Bio-Rad dye reagent was mixed with protein standards
and protein samples for measuring, the dye stock solution was diluted with four parts of
pure water. The prepared series of protein standards of bovine albumin fraction V (BSA) in
a concentration range between 200 and 1400 pg/ml were mixed with the prepared dye
reagent in a ratio of 1:50. After 5 minutes of incubation the protein standards and samples
were measured at 595 nm wavelength. The concentration of protein samples was

calculated based on the generated standard curve from measured BSA standards.
2.2.4.5 Two dimensional (2D) gel electrophoresis

Two dimensional gel electrophoresis begins with the first dimension, the isoelectric
focusing (IEF) of protein samples on immobilized pH gradient (IPG) dry strips (Gorg et
al., 2000). The IEF was performed with Hoefer IEF 100 isoelectric focusing unit (Hoefer
Inc., Holliston, MA, USA) on 24 cm IPG strips with pH range of 4-7 at 20 °C. Drying of
IPG strips during IEF was prevented through a cover with silicon oil. The protein samples
were applied on the gel strips by anodic cup loading after the IPG dry strips were
rehydrated overnight to their gel thickness (0.5 mm) in a reswelling solution containing 6
M urea, 2 M thiourea, 0.5 % (w/v) Chaps, 0.2 % (w/v) DTT, 0.2 % (v/v) Servalyt™ 3-10
(Gork et al., 2000). The IEF was carried out according to the following protocol: 1000 V
(4 h, gradient), 12 000 V (6 h, gradient), 2.0 W (64 000 V h, constant), and 1000 V (2 h,
constant).

Prior to the second dimension, the vertical gel electrophoresis, IPG strips were equilibrated
by the use of two equilibration solutions (pH 8.8) containing 50 mM Trisbase, 5 M Urea,
2.5 % (w/v) SDS, 30 % (v/v) glycerol, and 2 % (w/v) DTT in the first and 4 % (w/v)
iodacetamide instead of DTT in the second step (Gorg ef al., 1987). After the equilibration
of the IPG strips, they were applied to vertical SDS polyacrylamide gels with a total
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acrylamide concentration of T 11 %, and cross-linker concentration 3 %. An overnight
polymerization of SDS polyacrylamide gels (PAGE) was initiated by adding 3.5 ml 10 %
(v/v) ammonium persulfate solution and 27.5 pl tetramethylethylenediamine (TEMED)
into 500 ml of gel reagent. The SDS-polyacrylamide gel electrophoresis (PAGE) was run
according to the following settings: 60 mA for 1 h, followed by 80 mA for 4 h and finally
165 mA overnight at 15 °C. The running buffer contained 24 mM Tris, 200 mM glycine
and 0.1 % (w/v) SDS.

The proteins were visualized through silver or colloidal coomassie staining. The silver
staining has been done by a modified procedure according to Blum et al. (1987). For the
fixation the gels were incubated in a solution containing 40 % (v/v) ethanol and 10 % (v/v)
acetic acid. Two following washing steps were carried out in a solution of 30 % (v/v)
ethanol, followed by an incubation for 1 min in 0.2 % (w/v) thiosulfate containing reagent.
After three washing steps with distilled water the gels were incubated for 20 min in sliver
nitrate reagent containing 2 % (w/v) silver nitrate and 0.2 % (v/v) of formaldehyde (37 %).
After another three washing steps with distilled water, a developer (30 % (w/v) sodium
carbonate, 0.2 % (v/v) of formaldehyde (37 %), and 0.03 mM sodium thiosulfate) was
applied to the point were visual protein spots appeared.

The colloidal coomassie staining was done by a solution consisting of 1 x Roti®-Blue, 0.2
% (v/v) methanol and 0.01 % (v/v) phosphoric acid. For destaining and hence clarifying
the background of the gels, they were washed in distilled water. After staining, gels were
scanned (Epson Expression 1600pro, Seiko Epson Corporation, Tokyo, Japan) and the
generated Tiff files were analyzed by Progenesis SameSpots'™ software (version 4.1;

Nonlinear Dynamic Ltd., UK).
2.2.4.6 Protein identification

Relevant proteins were excised from the coomassie-stained gel (Roti-Blue, see section
above) and sent to Zentrallabor fiir Proteinanalytik (ZfP of Ludwig-Maximilians-
Universitdt Miinchen, Germany) for LC-ESI MS/MS analysis. The identification of
proteins from the genome sequenced E. faecalis OGIRF, was genrally done according to
Behr et al. (2007). All available protein sequences from E. faecalis, were obtained from the
National Center for Biotechnology Information (NCBI; http://ncbi.nlm.nih.gov/). For
protein identification, the NCBI database was searched by WU-BLAST?2 program (Gish,
1996). The “Mascot generic format (MGF) formatted” (Perkins et al., 1999) files, derived
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from LC-ESI MS/MS analysis, were processed to peptide sequences with PepNovo (Frank
et al., 2005; Frank and Pevzner 2005, Frank et al., 2007; Frank, 2009). Therefore, MGF
files were split in parts and processed in parallel by an open sharedroot computer cluster
(ATIX; http://opensharedroot.org/) using a message passing interface (MPI) for job control
(Open MPI: 11™ European PVM/MPI Users'Group Meeting, Hungary, Sept. 2004). BASH
scripts and programs written in C generated and submitted catenations of peptide
sequences to MS-BLAST for protein identification (Shevchenko et al., 2001). Personal

communication with Dr. Jiirgen Behr.
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3 Results

3.1  Distributions of virulence and CRISPR-cas genes

In total, 62 Enterococcus isolates (see Table 6 and 7) were screened for virulence and
CRISPR-cas genes. The virulence genes were detected in E. faecalis isolates only, with the
exception of esp, the Enterococcus surface protein, which was present in 27 out of 52
E. faecalis isolates and also in nine E. faecium strains. Ace, which encodes an adhesin
protein in E. faecalis was found in 51 isolates and was the most frequent virulence gene
found in the PCR tested strains. The gene encoding for endocarditis antigen EfaAfs was
found in 34 E. faecalis strains whereas the equivalent of E. faecium (efaAfm) was present
in all 10 E. faecium strain used in this study. The pheromone encoding gene cob was only
present in 22 E. faecalis isolates and was one of the less frequent genes detected. The
cytolysin operon was detected in 19 isolates, which all showed the phenotypic expression
(B-hemolysis) on horse blood agar plates, only with one exception (TMW 2.928). The
gelatinase gene (gelE) was present in 38 E. faecalis strains. The distribution of CRISPR-
associated (cas) genes was tested by the presence of following genes: CRISPR1-cas csnl,
CRISPR3-cas csnl according to (Palmer and Gilmore, 2010). In parallel the absence of
CRISPR1-cas and CRISPR3-cas loci was determined by the detection of the junction
EF0672-0673 and EF1760-1759 (Palmer and Gilmore, 2010). The CRISPR2 locus was
detected by primers targeting the conserved position. We detected a PCR-product with
variable length in 47 E. faecalis strains. However, the efficacy of the CRISPR defense
system relies on the presence and activity of near by located cas genes (Horvath and
Barrangou, 2010). These crucial genes are missing in the CRISPR2 locus and thus we
neglected to list it in Table 10. Eighteen E. faecalis strains were cas positive (CRISPR1-
cas and CRISPR3-cas) and negative for one of the junctions indicating the CRISPR loci
appear in the locations between EF0672 and EF0673 (CRISPR1-cas) (Bourgogne et al.,
2008; Palmer and Gilmore, 2010) or EF1760 and EF1759 (CRISPR3-cas) as compared
with the genome of V583 (Palmer and Gilmore, 2010). It was found that strains containing
less virulence genes tended to have more frequently detected cas genes (see Table 10).
However, a statistically significant correlation between the presence of CRISPR-cas loci
and the absence of a virulence gene could only be determined for the cytolysin operon, cob
encoding the pheromone, and as encoding the aggregation substance (p-value < 0.01;

analyzed by the Fisher exact test). According to Palmer and Gilmore (2010) one CRISPR-
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cas locus was identified in three E. faecium genomes. However, this locus could not be

detected in our ten E. faecium strains.

Table 10: Summary of PCR screening results of virulence and CRISPR-associated genes. Strains
are listed according to the number of detected virulence genes, from most present to less present
virulence genes. Source of strains is marked as followed a) clinical isolate, b) environmental
isolate, ¢) food isolate and d) unknown. Strains marked with ~ were tested in silico based on
sequences published by Palmer and Gilmore (2010) with Broad Institute.

strain

X98""
JH1"
2.929*
2.928°"
2.927°
2.914"
2.915°"

virulence genes

CRISPR-cas and corresponding flanking regions

fsrB

2.902°
T14
Merz96° "
HIP11701*"
2.930*
2.908°
2.907*
2.926"
2.901°
2.630°
2.648°¢
2.924°

gelE

2.905*

2.922°
CH188*"
T2

T8
T11°"
D6""
AR01/DG"”
2.947°
2.354°
2.852°
2.815°
2.629¢
2.921°
2.936°
2.798"
2911°

2.932°

2.63°

2.900°

2.910"
2.925°

sprE

cytolysin
operon

ace

efaAfs

as

esp

cob

CRISPR 1-cas

CRISPR 1-cas
flank

CRISPR 3-cas CRISPR 3-cas
flank

2.906"

2.937"

2.136"
T3a‘)
E1Sol*?
Flyl""

2912°
2916°
2.919°
2.923°
2.933¢
2.931°

2917°

2.918"

2913

2.934°

2.904*

2.903*

ATCC4200° "

DS5(ATCC14508)""
2.622°
2.520°
2.647¢
2.935°

2.645°

2.909*

2.777°
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Additionally, recently sequenced strains of E. faecalis by Palmer et al. (2010) were
screended in silico for the presence of virulence genes and CRISPR-cas csnl loci and are
listed in Table 8. These strains fit the tendency of possessing frequent virulence genes and
less CRISPR-cas loci. In spite of this tendency there are still strains that did not match this
surveillance (X98, 2.630, T11, D6, 2.629, 2.921).

3.2  Phenotypic screening of gelatinase and cytolysin activity

The detection of B-hemolytic activity was done on Columbia blood agar plates containing
5 % (v/v) of sheep blood and on LB agar plates containing 5 % (v/v) of horse blood to test
the varying sensitivity of erythrocytes from different species against enterococcal
cytolysin. Additionally, the impact of oxygen availability was compared with the f-
hemolytic activity and accordingly its expression. A B-hemolytic phenotype was identified
by a clear zone around grown colonies. A distinct expression of a [B-hemolysis was
detected using horse blood agar plates under anaerobic conditions. From the 52 E. faecalis

strains eighteen showed a cytolysin phenotype (see Table 5).

e

Figure 5: Phenotypic expression of pB- Figure 6: Phenotypic analysis of gelatinase
hemolytic activity on LB agar plates activity on lysogeny broth agar plates
containing horse blood. Strain TMW 2.902 containing gelatine. Strain TMW 2.630
showed a positive phenotype through a showed gelatinase activity through opacity
clear zone in the agar plate around grown in the agar plate around grown colonies

colonies and strain TMW 2.903 showed no
B-hemolytic activity.

The gelatinase activity of Enterococci was tested on LB agar plates containing gelatine
(3 % (w/v)). A release of gelatinase by enterococci was verified by a definite opacity
appearing within the agar around grown colonies (see Figures 6). A total of 22 strains
showed a gelatinase phenotype that was only detected in strains possessing fs»B and gelFE.
Two strains did not show a gelatinase phenotype although they possess fsrB and gelE
indicating that these genes may be defective in their sequence (TMW 2.923, TMW 2.933).
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Neither B-hemolytic activity nor gelatinase activity was detected in the ten E. faecium

strains and therefore they are not listed in Table 11.

Table 11: Results of phenotypic detection of gelatinase (yellow) and cytolysin (red) activity.
Strains are listed according to numbers in TMW culture collection.

Columbia blood
agar containing 5
TMW % (v/v) sheep

strain no. blood

aerobic | anaerobic | aerobic | anaerobic| Gelatinase
2.63

2.136
2.354
2.520
2.622
2.629
2.630
2.645
2.647
2.648
2.777
2.798
2.815
2.852
2.900
2.901
2.902
2.903
2.904
2.905
2.906
2.907
2.908
2.909
2.910
2911
2912

2913
2914

LB agar containing LB agar
5 % (v/v) horse |conatining 3 %

Species blood (v/v) gelatine

E. faecalis

2915
2916
2917
2918
2.919
2.921
2.922
2.923
2.924
2.925
2.926
2.927
2.928
2.929
2.930
2.931
2.932
2.933
2.934
2.935
2.936
2.937

2.947 I 00

3.3  Genetic analysis of Enterococcus isolates by RAPD-PCR

For all 52 E. faecalis and ten E. faecium strains that were present in TMW culture
collection at that time RAPD-PCR was generated. The spectrum analyzed by
BioNumerics™™ software, which uses Unweighted Pair Group Method with Arithmetic

Mean (UPGMA) for comparative analysis derived five major groups of enterococci (see
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Figure 7: cluster I-V). At a cut-off level of 65 % species-specific differentiation of
E. faecalis and E. faecium was achieved, cluster I-IV containing species E. faecalis and
cluster V E. faecium. While cluster III contained strains of various sources of isolation, the
RAPD-PCR fingerprint using the M13V primer (cut-off level 70 %) generated two clusters
(I, II), which almost exclusively contained clinical isolates, with only one exception in
cluster I (TMW 2.647). Furthermore, one environmental isolate (TMW 2.798 - designated
as cluster IV) showed a RAPD-PCR fingerprint, which did not match any of the generated
groups (see RAPD patterns in the Appendix). Cluster V contained all E. faecium strains.

3.4  Proteome analysis of Enterococcus isolates by MALDI-TOF-MS

The generated MALDI-TOF-MS spectra were analyzed by BioNumerics'™ software,
which uses UPGMA for comparative analysis. For this analysis only peaks with a detection
rate (PDR) of 0.6 were included. This method clearly differentiated at strain level, and a
general clustering in five main groups was only feasible under a cut-off level of 10 %.
Within these groups (I-IV) the isolates showed neither a relation of their phenotype of
gelatinase or f-hemolysis nor any relation to the origin of isolation. Even on species-
specific basis one exception (TMW 2.942) appeared as an independent group (see Figure
8: III).

3.5  Proteome analysis —Two dimensional (2D) gel electrophoresis

Protein samples of E. faecalis strain OG1RF (TMW 2.622) analyzed by 2D electrophoresis
were derived from aerobic/anaerobic and cell culture experiments. Each experiment is
presented separately in the following chapters 3.5.1 to 3.5.2. In the first dimension the
whole-cell protein fraction of E. faecalis was separated using IPG strips in the pH range of
4 to 7 with a separation distance of 24 cm. The followed SDS PAGE separation, second
dimension, had a separation range from 10-250 kDa using 11 % (v/v) polyacrylamide gels.
Silver stained gels were analyzed for differentially expressed proteins with Progenesis
SameSpots'™ software (version 4.1; Nonlinear Dynamic Ltd., UK). Identified protein spots
were excised on preparative gels stained with coomassie and were send to ZfP
(Zentrallabor fiir Proteinanalytik, Ludwig-Maximilians-Universitdt Miinchen) for LC-
ESI MS/MS analysis. The generated data were processed to peptide sequences with

PepNovo and further analyzed as described in detail in section 2.2.3.9.
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Figure 7: Cluster analysis of genetic fingerprints of 52 E. faecalis isolates and 10 isolates of E.
faecium generated by the use of RAPD-PCR. At a cut-off level of 65 % a species-specific
clustering is shown (cluster I-IV versus cluster V). Similarity coefficients were calculated using the
method of Pearson, and the clustering was calculated using UPGMA approach.
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Figure 8: Cluster analysis of mass spectra from 52 E. faecalis and 10 E. faecium isolates. For the
analysis only peaks with a detection rate (PDR) of 0.6 were included. Similarity coefficients were
calculated using the method of Pearson, and the clustering was calculated using UPGMA approach.
Four clusters were generated (I-1V).
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3.5.1 Proteome analysis of E. faecalis grown under aerobic and anaerobic conditions

Strain E. faecalis OGIRF was grown either under aerobic conditions through agitation
(200rpm), or otherwise through anaerobic conditions. Samples were taken from both

approaches at mid exponential growth phase (ODsqg 0.5-0.6), see Figure 9.

E. faecalis strain OG1RF growth curve

0,80
r—? z[) —O— aerobic
o 0,60 // —®—anacrobic
0,40

000 ®Z&>Y"
01234567 8 91011121314151617 18 192021222324
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Figure 9: Growth-curves of E. faecalis OG1RF (TMW 2.622) in BHI medium under aerobic (open
square) and anaerobic (black square) growth conditions. Each time point represents the mean value
of three biological replicates. Optical density (OD) was measured at a wavelength of 590 nm at
certain time points.

Each growth condition was assessed in triplicate. In total, eight differentially expressed
proteins could be identified. Five of the eight proteins were induced upon aeration and
were absent under anaerobic growth conditions, whereas the other three proteins were
expressed under anaerobic conditions but not under aerobic growth conditions (see Figure
10 and Figure 11). For details see Table 14 and Table 15, the identified proteins with their
corresponding change in protein expression (n-fold) and their significance level (p-value)
were calculated by Progenesis SameSpots'™ software (version 4.1). The identified proteins
and their function are presented in Tables 12 and 13.

Two of the identified proteins involved in the aminoacyl-tRNA biosynthesis: asparaginyl-
tRNA ligase (AsnS) and phenylalanyl-tRNA synthetase subunit alpha (PheS). AsnS
catalyzes the attachment of L-asparagine to its cognate transfer RNA (tRNA) under the
consumption of energy through the degradation of ATP. The alpha subunit of
phenylalanyl-tRNA synthase is part of the enzyme catalyzing the same reaction as AsnS,
but instead of L-asparagine L-phenylalanine is attached to its specific tRNA.
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The aerobically induced SufC protein is an ABC-type ATPase that is involved in the
biosynthesis of iron-sulfur clusters through an active enterococcal SufCDSUB complex
(Riboldi et al., 2009). In contrast to other ABC ATPases that are part of ABC transporters
and located in the cell membrane, the SufC does not contain transmembrane domains and

is present in the cytosol (Nachin et al., 2003).

Table 12: Proteins identified from 2D-electrophoresis that were expressed of E. faecalis strain
OGI1RF after growing under aerobic conditions. Accession numbers designated gi refers to NCBI
database entries. Proteins are listed according to their molecular weight (Mw).

Protein Gene ID Mw (kDa) Accession no. Function
PBP4 OGIRF_11907 74 gi | 327535760 penicillin-binding protein 4
AsnS OGI1RF_11805 51 gi | 327535658 asparagine-tRNA ligase
PheS | OGIRF 10893 39 gi | 327534746 phenylalanyl'tRI:@}fgmhetaSe subunit
SufC OGIRF 11829 30 o | 327535682 ABC superfamily ATP bmdlng cassette
transporter, ABC protein
Gls24 OGI1RF_10071 28 gi | 327533924 stress response regulator Gls24 protein

Also aerobically expressed was one protein that is part of the enterococcal cell membrane:
penicillin-binding protein 4 (PBP4). PBP4 is and is responsible for the resistance of
E. faecalis to B-lactam antibiotics (Duez et al., 2001). Another identified protein expressed
under aerobic growth conditions was the stress response regulator Gls24 protein. This is an

important protein for the stress response of various challenges, e.g. glucose starvation

(Giard et al., 2000)

Table 13: Proteins identified from 2D-electrophoresis that were expressed of E. faecalis strain
OGIRF after growing under anaerobic conditions. Accession numbers designated gi refers to
NCBI database entries. Proteins are listed according to their molecular weight (Mw).

Protein Gene ID Mw (kDa) Accession no. Function
ArcB OGIRF_10100 39,00 gi | 327533953 ornithine carbamoyltransferase
ArcC OGI1RF_10101 32,00 gi | 327533954 carbamate kinase

L-serine dehydratase, iron-sulfur-

SdaA | OGIRF 10094 30,00 gi | 327533947 dependent, o subunit
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Figure 10: Two-dimensional electrophoretic analysis of silver stained total protein from E. faecalis
strain OG1RF (TMW 2.622) grown under aerobic conditions. Marked proteins (PBP4, AsnS, PheS,
SufC and Gls24) were only expressed under aerobic growth of E. faecalis OG1RF.

Table 14 Induced proteins in E. faecalis OG1RF grown under aerobic conditions. The picture of
protein spot, p-value and fold difference were generated and calculated by Progenesis SameSpots™ ™
software (version 4.1; Nonlinear Dynamic Ltd., UK). Protein spot on the left (highlighted in light-
red) is originated from anaerobic growth and protein spot on the right (highlighted in blue) is
originated from aerobic growth.
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In comparison to aerobically induced proteins a total of three proteins were differentially
expressed in OGIRF under anaerobic conditions (see Figure 11 and Tables 13 and 15).
Two of these three proteins are part of the arginine catabolism, which is called arginine

deiminase (ADI) pathway: the ornithine carbamoyltransferase (ArcB) and carbamate

kinase (ArcC).

Another anaerobically induced protein that was identified is the alpha subunit of L-serine

dehydratase (SdaA), which catalyzes the degradation of L-serine to pyruvate and

ammonium.

49




linear 24 cm IPG 4.0 - 7.0 pH 7

pH 4
200 kDa —j
116 kDa | v
. -
| » L] -
| Y
. -
} ! 4 ' | ¥
: "‘ 0
67kDa — ‘ .

45kDa — ‘ U )
- “EA;B

L »
. ArcC
@ SdaA
29 kDa — ; )
21 kDa — ¢ . ©  —
. .
® .
. »
12.5 kDa —
6.5 kDa —

Figure 11: Two-dimensional electrophoretic analysis of silver stained total protein from E. faecalis
strain OG1RF (TMW 2.622) grown under anaerobic conditions. Marked proteins (ArcB, ArcC and
SdaA) were only expressed under anaerobic growth of E. faecalis OG1RF.

Table 15: Induced proteins in E. faecalis OG1RF grown under anaerobic conditions. The picture of
protein spot, p-value and fold difference were generated and calculated by Progenesis SameSpots™ ™
software (version 4.1; Nonlinear Dynamic Ltd., UK). Protein spot on the left (highlighted in light-
red) is originated from anaerobic growth and protein spot on the right (highlighted in blue) is
originated from aerobic growth

Protei Protein spot in different _val Fold
rotem conditions p-vaiue difference
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3.5.2 Proteome analysis of E. faecalis in contact with mouse colonic epithelial cells in

vitro

For the experiment, E. faecalis OGIRF (TMW 2.622) was exposed to Ptk6 null mouse
colonic epithelial cell line (Ptk6 cells). E. faecalis cells were in the early to mid
exponential growth phase (ODsg9 0.3-0.4) when applied to the cell culture at a multiplicity
of infection (MOI) of 400 (further indicated as CC). As a reference E. faecalis OG1RF was
simultaneously exposed to cell culture media only (further indicated as CM). The sampling
of E. faecalis for proteome analysis was done after three hours of exposure to Ptk6 cells as
well as to sole cell culture media (CM). The experiment was done in triplicates and for
both conditions CC and CM samples were taken out of one batch of E. faecalis overnight
culture. The pH value and CFU/ml were checked before and after the experiment to ensure
that a difference in protein expression is not a cause of different growth phases. The
change of both parameters was similar in conditions with (CC) and without cell culture

(CM) (Table 16).

Table 16: Determination of cell counts of E. faecalis OGIRF and pH value in cell culture media
including confluent Ptk6 cells (CC) and cell culture media without Ptk6 cells (CM) at the start and
endpoint of the experiment.

. Cell counts of E. faecalis
pH value in supernatant (CFU/ml)
E. faecalis exposed to cell culture (CC) or
sole to cell culture medium (CM) cC M cC M
Start of experiment 7.3+0.2 2.4x 10°
End of experiment (after 3 hours) 6.7 +0.3 6.6 £0.3 3.8x 10 3.9x10°

Four protein spots could be identified as expressed in the presence of Ptk6 cells, see Table

17 and 19.
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Table 17: Proteins identified from 2D-electrophoresis that were expressed of E. faecalis strain
OGIRF after 3 hours of exposure to mouse epithelia cells (Ptk 6) in vitro. Accession numbers
designated gi refers to NCBI database entries. Proteins are listed according to their molecular
weight (Mw).

Protein Gene ID Mw (kDa) | Accession no. Function
AsnS OGIRF _11805 51 gi | 327535658 asparagine-tRNA ligase
RmlA | OGIRF 11734 32 gi | 327535587 Glucose-1-phosphate -
thymidylyltransferase
OmpR OGIRF_10965 27 gi | 327534818 DNA-binding response regulator
BudA OGIRF_10986 25 gi | 327534839 a-acetolactate decarboxylase

E. faecalis OGIRF expresses asparagine-tRNA ligase (AsnS), which is involved in the
biosynthesis of aminoacyl-tRNA. AsnS catalyzes the attachment of L-asparagine to its
compatible cognate tRNA.

Glucose-1-phosphate-thymidylyltransferase (RmlA) was also expressed in the presence of
mouse colonic epithelial cells. This enzyme is part of the extracellular enterococcal cell
wall polysaccharide biosynthetic process and catalyzes the junction of a nucleotide with a
sugar. Specifically, thymidine diphosphate glucose and pyrophosphate is generated out of
D-glucose 1-phosphate and thymidine triphosphate (dTTP).

Another induced protein in OG1RF was the DNA-binding response regulator of the OmpR
family, which is part of a two-component system. This regulator shows high protein
sequence similarities (75 %) to response regulators YycF in Bacillus (B.) subtilis and
Staph. aureus as well as to VicR in Streptococcus (S.) pneumoniae. A previously identified
consensus recognition sequence of YycF in B. subtilis was published 5°-
TGT(A/T)A(A/T/C)-Ns-TGT(A/T)A(A/T/C)-3" by Dubrac and Msadek (2003). An in
silico search was performed for this motif in the complete genome of E. faecalis OG1RF
(CP002321.1) with nucleic acid pattern search function (FUZZNUC) of EMBOSS
database (http://proteomics.leeds.ac.uk/emboss/fuzznuc.html). A list of 30 hits could be
found in the genome on either strand of strain OG1RF. According to characteristics of
DNA-binding response regulators, matches located within open reading frames were
eliminated. Five potential binding sites within a 400 bp region upstream from a translation
initiation codon (ATG or GTG) were identified. Among these, only three genes encode
proteins with a putative or known function, OGIRF 10090 encoding a putative
lipoprotein, OG1RF 10218 encoding a thioesterase and OGIRF 12493 encoding the beta
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subunit of a DNA-directed RNA-polymerase (see Table 18).

Table 18: Alignment of nucleotide sequences of putative OmpR-regulated promoter regions in
sequenced strain OG1RF. Accession numbers designated CP002621.1 (genome OG1RF), AE, and
OGI1REF refers to NCBI database entries.

R f .
ange of consensus Putative regulated gene

sequence in genome Strand Sequence .
d CP00262gl.1 1 and its product
OGI1RF _10090, putative
102,098-102,114 + TGTTACATTAATGTTAC---N»7---ATG lipoprotein (AEA92777.1)
228,935-228,951 + | TGTTAAGTCAATGTTAC--Nay;—-GTG | OGIRF_10218, thioesterase

(AEA92905.1)

OGIRF_10914,
956,700-956,716 + TGTTATAATTTTGTAAA---Nys---GTG | hypothetical protein
(AEA93601.1)

OGIRF_10532,
558,233-558,249 - TGTAACTAGATTGTAAA---N50---ATG | hypothetical protein
(AEA93219.1)

OGIRF_12493, DNA-
2,635,030-2,635,046 - TGTAACGTAAATGTAAT---Ny---GTG | directed RNA polymerase
subunit beta (AEA95180.1)

The third protein identified in OGIRF that was induced by the exposition to mouse
epithelial cells was a-acetolactate decarboxylase (BudA). This enzyme plays a key role in
the regulation of the a-acetolactate pool in the process of pyruvate catabolism and

biosynthesis of branched-chain amino acids.
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Figure 12: Two-dimensional electrophoretic analysis of silver stained total protein from E. faecalis
OGI1RF (TMW 2.622) exposed to mouse colonic epithelial cells for three hours. Four marked
proteins (AsnS, RmlA, OmpR and BudA) were only expressed in OG1RF during its exposition to
mouse epithelial cells.

Table 19: Induced proteins in E. faecalis OG1RF through contact with mouse colonic epithelial
cells in vitro. The picture of protein spot, p-value and fold difference were generated and calculated
by Progenesis SameSpots'" software (version 4.1; Nonlinear Dynamic Ltd., UK). Protein spot on
the left (highlighted in light-red) is originated from OGI1RF in contact with mouse epithelial cells
and protein spot on the right (highlighted in blue) is originated from OGIRF without mouse
epithelial cells

Protei Protein spot in different val Fold
rotem conditions p-value difference
AsnS 0.007 2.9
RmlA 0.023 2.5




Protei Protein spot in different val Fold
rotem conditions p-value difference
OmpR 0.008 1.7
BudA 0.043 2.6

3.6  Transcriptome analysis of E. faecalis monoassociated in wild type mice in vivo

by next generation SOLiD™ sequencing analysis

For in vivo transcriptome analysis of E. faecalis strain OGIRF (TMW 2.622), nine
germfree wild type mice (129 SvEv TAC) were monoassociated with E. faecalis at 11-12
weeks of age. The intestinal content containing strain OGIRF was collected through
dissection after one week of bacterial colonization. The total RNA of E. faecalis was
extracted out of the fecal content of five male and four female mice, and was pooled to one
RNA sample for further transcriptome analysis.

The verification of a pure culture of E. faecalis in the tested mice and the number of colony
forming units (CFU) was confirmed by plating ten-fold dilution series of mice colon
content on BHI agar plates. A CFU of 2.9 x 10’ per 1 gram of mice colon content could be
detected.

For transcriptome data analysis a reference RNA sample of E. faecalis OGIRF has been
extracted of a bacteria culture grown in BHI media under anaerobic conditions at 37°C.

E. faecalis cells were harvested at mid exponential growth phase. The intestinal tissue

Caecum Small intestine

Figure 13: Hematoxylin and eosin staining of intestinal tissue sections from wild type mice, which
were monoassociated for one week with E. faecalis OGIRF. No impact of OG1RF on intestinal
tissue has been observed.

55



samples of monoassociated wild type mice used in this study were classified by a
histological score of 0, which indicates no tissue damage (see Figure 13). The amount and
quality of both total bacterial RNA samples, the in vivo sample and reference sample, were
determined through NanoDropl000 spectrophotometer measuring and through gel
electrophoresis (see Table 20 and Figure 14).

a) RNA | b) RNA c) d)
in vivo ref. | ADNAIII 100bp Plus
ladder ladder

sample | sample

Figure 14: Quality and integrity of total RNA: a) Total RNA from OG1RF extracted from in vivo
experiment, b) Total RNA from OG1RF grown under reference (ref.) conditions in BHI media, c)
ADNA/EcoRI+HindIlI ladder, d) GeneRuler™ 100 pb Plus ladder. In lane a) and b) bands of 23S
rRNA and 16S rRNA are indicating the efficient quality of total RNA.

Furthermore, the total RNA samples were removed from co-extracted rRNA and DNA
residues by the use of Ribominus™ Transcriptome Isolation Kit and TURBO DNA-free™
Kit. For next generation SOLiD™ sequencing analysis (sequencing by oligonucleotide
ligation and detection, developed by Life Technologies, Carlsbad, California, USA)

samples were sent to CeGat GmbH (Tiibingen, Germany).

Table 20: RNA amount measured with spectrophotometer. Total RNA amount (ng/ul) from
OGI1RF of in vivo and reference (ref.) sample before rRNA depletion and DNase treatment. The
RNA amount (ng/ul) from OGIRF of in vivo and ref. sample after rRNA depletion and DNase
treatment.

Sampl no/ul Ratio of Absorption Ratio of Absorption
ample g 260nm/280nm 260nm/230nm
before tRNA and DNA total RNA in vivo 40 1.99 2.09
depletion total RNA ref. 438 1.87 2.10
after IRNA and DNA | RNA in vivo 10 1.92 2.26
depletion RNA ref. 65 1.80 )
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3.6.1 Results of transcriptome analysis of E. faecalis monoassociated in wild type
mice in vivo

The generated data files of the sequencing were in qual and csfata format. These data were
converted and mapped using Galaxy software (http://usegalaxy.org/) as described in 2.
Material and Methods section 2.2.3.4. The data were mapped with Bowtie for SOLiD
(version 1.1.2) on the available genome sequence from E. faecalis OG1RF. The generated
sequence alignment/map (sam) format was filtered and converted into a file in binary
alignment/map (bam) format. This file was arranged via SortSam and BuildBam Index
tools. The data were further processed at University of Konstanz by Svenja Simon,
Department of Computer and Information Science, Germany. The generated sequence
reads were quantified to transcription levels in reads per kilobase per million mapped reads
(RPKM), which reflects the molar concentration of a transcript in the sample by
normalizing RNA length and the total read number in the measurement (Mortazavi, 2008).
A valid RPKM value was set as a minimum of 10 on the basis of three genes that are part
of the primary metabolism and possessed a similar RPKM value in both conditions
(RPKM values of ung encoding uracil-DNA glycosylase: 14 /40; pyrC encoding
dihydroorotase: 73/36; aroE encoding shikimate dehydrogenase: 51/91; rluD2 encoding
23S rRNA pseudouridylate synthase: 92/96).

Finally, we defined a gene to be significantly differentially expressed if its calculated
significance level (p-value) was < 0.05, and the absolute value of the logarithm (base 2)
fold change (logFC) was greater than 6.55 for an up-regulated gene and smaller than -6.95
for a down-regulated gene. These logFC thresholds were arranged according to the
calculated ratios of RPKM values of the in vivo experiment sample and the reference
sample in which the reference was set as the denominator. If a RPKM value appeared to be
zero no ratio could be calculated and its rate of difference was handled separately. These

data were presented as absolute difference and are marked with n.a. in Table 21 and 22.

Out of 2579 genes that are present in strain OGIRF were 1316 genes identified as
significantly differentially expressed. The group of highly up-regulated genes that meet all
criteria given above consists of 97 genes (see Table 21). The group of genes that were

strongly down-regulated consists of 62 genes (see Table 22).

57



Number of genes

0 5 10 15 20 25 30 35

Amino acid biosynthesis

Biosynthesis of cofactor

Cell envelope

Cellular processes

DNA metabolism ® Distribution of 97 up-regulated genes

. . Distribution of 62 down-regulated genes
Energy metabolism

Fatty acid biosynthesis

Functional categories

Hypothetical proteins

Protein metabolism
Regulation of transcription
Transport and binding proteins

Unknown function

Figure 15: Numbers and functional categories of 159 genes most differentially expressed genes in
E. faecalis strain OG1RF monoassociated in wild type mice. Genes are grouped according to their
functional class. Only log, fold-changes of over 6.55 or below -6.95 as well as a p-value < 0.05
were considered as significantly up- or down-regulated and further criteria were achieved. For
more information see text.

The group of 97 highly up-regulated genes in E. faecalis strain OG1RF, exposed to the
intestinal tract of mice, consists of a major proportion of 32 genes that are encoding
transporters involved in the uptake of energy substrates as well as their associated signal
transduction pathway through corresponding kinases (e.g. PTS family porter component
ITA). In detail, 21 genes encode components of different phosphoenolpyruvate-dependent
sugar phosphotransferase systems (PTS). Mainly the PTS uptake system specific for
mannose, fructose and sorbose were up-regulated (nine genes). Also, PTS family porters
that are specific for lactose, cellobiose, mannitol, ascorbate or galatitol were within the 21
genes encoding PTS systems. Besides the significantly transcribed PTS systems, seven
genes of ABC transporters are transcribed equivalently. Genes for a chitin-binding protein,
a major facilitator family transporter, a molybdopterin-binding domain protein and a

cytosine/purine permease are included this group of up-regulated membrane associated
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proteins.

Another group within the 97 highly up-regulated genes consists of 31 genes encoding
enzymes that are responsible for the energy metabolism (see Figure 15). Out of these three
gene clusters of operon type structures could be detected: part of the iol operon (iolE,

OGIRF 11782; iolG, OGIRF 11782; iolG2, OGIRF 11782), the glp operon (glpF2,

dhaK pathway glpK pathway

Glycerol

NAD* ATP

NADH ADP
Glycerol-

Kinase

Glycerol-
Dehydrogenase

Dihydroxyacetone Glycerol-3-phosphate

Dihydroxyacetone-phosphate

Figure 16: Model for aerobic glycerol catabolism through glpK and dhaK pathways. In the glpK
pathway, glycerol is first phosphorylated to glycerol-3-phosphate by glycerol kinase (encoded by
glpK) and then oxidized to dihydroxyaceton-phosphate by glycerol-3-phosphate-oxidase (encoded
by glpO). In the dhaK pathway, glycerol is first oxidized to dihydroxyacetone by glycerol
dehydrogenase (encoded by gld4) and then phosphorylated to dihydroxyacetone-phosphate by
dihydroxyactone kinase (encoded by dhaK). This figure is modified from Bizzini et al. (2010).

OGIRF 11590; glpO, OGIRF 11591 and glpK, OGIRF 11592), and the bkd operon
(bkdCBAD, OGIRF _11370-73; buk, OGIRF 11374; ptb, OGIRF 11375). In E. faecalis
OGIRF the iol gene cluster consists of eight genes from which three were highly up-
regulated. The remaining genes of this operon were also up-regulated, but with logFC
between 3.0 and 6.2 not in the group of the highest up-regulated genes. The iol operon
encodes enzymes necessary for the degradation of myo-inositol into glyceraldehyde-3-
phosphate.

The highest up-regulated genes with a logFC over 10, are encoding the glp operon that is
responsible for the glycerol dissimilation. In E. faecalis OGIRF glycerol can be
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metabolized in two pathways: glpK and dhaK pathways, see Figure 16 (Bizzini ef al.,
2010). Both were up-regulated but only g/pK was in the group of highest up-regulated
genes.

The bkd operon encodes enzymes that constitute a catabolic pathway for branched-chain a-
keto acids (Ward et al., 1999). Two carbamate kinases (arcC2, OGIRF 10274 and arcC3,
OGI1RF _11956), although not adjacently located in the genome of OGIRF, were also
significantly expressed. A chitinase (chiC, OG1RF_10250) responsible for the degradation
or biosynthesis of polysaccharides was transcribed as well as its adjacent and relating
chitinase-binding protein (OGI1RF _10251). Another up-regulated gene involved in the
metabolism of polysaccharides, such as the previously mentioned chitinase, was the 6-
phospho-B-glucosidase encoding gene (se/l4, OGIRF _10198). Two genes that are encoding
proteins involved in electron transport chain, malate:quinone oxidase and flavodoxin,
showed also an up-regulation in OGIRF. Other high up-regulated genes responsible for the
organisms’ energy requirement were mainly involved in carbohydrate or amino acid
degradation, such as 6-phosphogluconate dehydrogenase (gnd2, OGIRF 12405) and
dihydropyrimidase (hyd4, OGI1RF _11960) respectively.

Genes, which are grouped as part of the cell envelope, are surface or membrane proteins
(OGIRF _10450: WxL domain surface protein; OGIRF 11777: putative lipoprotein;
OGI1RF _12558: cell wall surface anchor family protein) and enzymes that are involved in
the biosynthesis or degradation of surface polysaccharides and lipopolysaccharides
(OGI1RF_10107: family 20 glycosyl hydrolase; endOF3, OGIRF 12167: mannosyl-
glycoprotein endo-f-N-acetylglucosaminidase).

Other functional categories in which the highly up-regulated genes could be classified are
protein metabolism (se/D, OGIRF 11948 encoding selenide water dikinase;
OGIRF 11949 encoding putative cysteine desulfurase; ygeY, OGIRF 11958 encoding
M20/DapE family protein YgeY), amino acid biosynthesis (glt4, OGIRF 11941 encoding
glutamate synthase), cellular processes (OGIRF 10325 encoding immunity protein PInM)
and regulation of transcription (OGIRF 11232 encoding DNA-binding/PRD domain
protein and OG1RF11309 encoding AraC family transcriptional regulator).

Two of the highly up-regulated genes are involved in DNA metabolism: OG1RF 10314
(rhiN) encoding RhiN protein and OG1RF 11306 encoding MuT/NUDIX family protein.
Four genes could not be classified in a category of function due to the fact that their
biological role in E. faecalis is unclear: OGIRF 11369 encoding a regulatory protein,

OGIRF 11950 encoding a Ygf] family molybdenum  hydroxylase accessory
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protein, OGIRF 11951 selenium-dependent molybdenum hydroxylase 1 and
OGIRF 11955 endoribonuclease inhibitor of translation. Two genes classified in the
functional category of biosynthesis of cofactors are genes moaC (OGIRF _ 11181) and
moaB (OG1RF _11184) encoding molybdenum cofactor biosynthesis protein C and B.

The group of high up-regulated genes further includes thirteen genes encdoding
hypothetical proteins whose sequence did not match significantly any gene in NCBI

database entries after searching with Blast program (htttp://www.ncbi.nih.gov/).

Table 21: Differentially expressed genes ranked by gene identification (ID). All listed genes were
significantly up-regulated (p-value < 0.05), the absolute value of the base 2 logarithm indicating the
fold change (logFC) in gene expression in E. faecalis OGIRF in intestinal tract of wild type mice
(in vivo). Genes marked with "n.a." (not applicable) no logFC could be calculated because the
RPKM value of the reference sample was zero. In this case the absolute expression magnitude with
RPKM value > 10 of the gene is given in parentheses.

Gene ID I?:;Z Product logFC Functional category
01(;')11%5— - family 20 glycosyl hydrolase 6,71 cell envelope
OGIRF .

10198 aldA aldehyde dehydrogenase (NAD(+)) 6,83 energy metabolism
01(;')1225— celAd 6-phospho-beta-glucosidase 6,85 energy metabolism
OGIRF PTS family lactose-N,N'-

10235 celB | diacetylchitobiose-beta-glucoside (lac) 8,78 transport and binding protein

porter component I[IBC

OGIRF_ . .. n.a. .

10250 chiC chitinase C1 (RPKM absolute 997.58) energy metabolism
OGIRF_ } chitin-binding protein/carbohydrate- n.a. transport and binding protein

10251 binding protein (RPKM absolute 1011.7) P P
OGIRF_ mqo malate:quinone oxidoreductase - energy metabolism

10264 (RPKM absolute 211.0)
01(;')1;;11:— - hypothetical protein 6,64 hypothetical protein
Ol%lzf;g— - hypothetical protein 7,40 hypothetical protein
01(;')1;;5— - major facilitator family transporter 7,19 transport and binding protein
01(;')1;;5— arcC2 carbamate kinase 7,37 energy metabolism
OGIRF_ PTS family mannitol porter, EIICB n.a. o .

10206 | MiA2 component (RPKM absolute 155.18) | "ansport and binding protein
OGIRF_ PTS family fructose/mannitol porter n.a. L .

10207 | M2 component [IA (RPKM absolute 319.60) | ransport and binding protein
Ol%lzfgg— mtlD manrg;;l};é;gzgzg?:te > 8,51 energy metabolism
OGIRF_ . . . n.a. .

10314 rhiN RhiN protein (RPKM absolute 15.07) DNA metabolism
OGIRF_ . . . n.a.

10325 - immunity protein PInM (RPKM absolute 86.61) cellular processes
OGIRF _ PTS family mannose/fructose/sorbose n.a. transport and bindine protein

10340 . porter component 11C (RPKM absolute 16.24) P Ep
Ol%fig— - hypothetical protein 9,36 hypothetical protein
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Gene

Gene ID name Product logFC Functional category
OGIRF_ . . n.a.
10450 - WxL domain surface protein (RPKM absolute 662.42) cell envelope
OGIRF . . n.a. . .
10451 - hypothetical protein (RPKM absolute 366.93) hypothetical protein
OGI1RF . . n.a .
_ } PRD .a. o
10560 domain protein (RPKM absolute 56.16) regulation of transcription
OGIRF . . n.a. . .
10562 - hypothetical protein (RPKM absolute 40.63) hypothetical protein
OGIRF_ ABC superfamily ATP binding o .
10665 ) cassette transporter, ABC protein 7,25 transport and binding protein
OGIRF . . n.a. . .
10691 - hypothetical protein (RPKM absolute 18.96) hypothetical protein
OGIRF_ . PTS family lactose/cellobiose porter n.a. ¢ ¢ and bindi tei
10746 component IIC (RPKM absolute 96.71) | A"SPOrt and binding protein
OGIRF . . n.a. . .
10747 - hypothetical protein (RPKM absolute 109.29) hypothetical protein
OGI1RF . . n.a
- - hypothet o i i
10748 ypothetical protein (RPKM absolute 108.26) hypothetical protein
OGIRF . . n.a. . .
10749 - hypothetical protein (RPKM absolute 123.53) hypothetical protein
OGI1RF n.a
- IM -a. .
10848 ga galactose mutarotase (RPKM absolute 100.00) energy metabolism
OGI1RF n.a
_ I ” .a. .
10907 ulaD hexulose-6-phosphate synthase (RPKM absolute 33.58) energy metabolism
OGIRF N4-(beta-N- inyl)-L-
10935 | 9B (bete Naifaitryaﬁﬁfisammy” - 8,08 energy metabolism
OGI1RF . n.a
_ I .a. o .
10936 celd4 PTS family porter, enzyme I (RPKM absolute 118.69) transport and binding protein
OGIRF PTS family oli ic beta-gl i
10937 celB2 an;lo};t(;rliggle)rolrclekr)z ?I g ucoside 8,73 transport and binding protein
OGIRF . .
10938 - hypothetical protein 6,91 hypothetical protein
OGIRF_ . ABC superfamily ATP binding n.a. ¢ ¢ and bindi tei
11004 cassette transporter, membrane protein | (RPKM absolute 21.38) ransport anc binding protein
OGIRF _ moaC molybdenum cofactor biosynthesis n.a. bi thesis of cofact
11181 protein C (RPKM absolute 38.40) tosynthests of cotactor
OGIRF_ molybdenum cofactor biosynthesis n.a. . .
11184 | M08 protein B (RPKM absolute 60.07) | Piosynthesis of cofactor
OGIRF S . . n.a. . .
11185 - molybdopterin-binding domain protein (RPKM absolute 72.38) transport and binding protein
OGIRF molybdenum ABC superfamily ATP
11186 modA binding cassette transporter, binding 6,55 transport and binding protein
protein
OGIRF_ o . . n.a. . s
11232 - DNA-binding/PRD domain protein (RPKM absolute 10.77) regulation of transcription
OGIRF _ . n.a. . .
11235 - PTS family porter component IIA (RPKM absolute 16.12) transport and binding protein
OGIRF _ . . n.a. .
11306 - MutT/NUDIX family protein (RPKM absolute 33.35) DNA metabolism
OGIRF_ . s n.a. . s
11309 - AraC family transcriptional regulator (RPKM absolute 53.14) regulation of transcription
OGIRF . n.a. .
11369 - regulatory protein (RPKM absolute 212.84) unknown function
OGI1RF . . n.a
— | bkd hed- - o i
11370 C branched-chain alpha-keto acid (RPKM absolute 543.85) energy metabolism
OGI1RF 3-methyl-2-oxobutanoate n.a. .
= | bk
11371 B dehydrogenase (RPKM absolute 391.69) energy metabolism
OGIRF_ 3-methyl-2-oxobutanoate n.a. .
11372 | Pkd4 dehydrogenase (RPKM absolute 424.38) energy metabolism
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Gene

Gene ID Product logFC Functional category
name
OlGl 1355— Ipd?2 dihydrolipoyl dehydrogenase 9,73 energy metabolism
OGIRF_ . n.a. .
11374 buk butyrate kinase (RPKM absolute 166.76) energy metabolism
OGIRF . n.a. .
11375 ptb branched-chain phosphotransacylase (RPKM absolute 174.71) energy metabolism
OGIRF_ PTS family mannose/fructose/sorbose o .
11511 - porter component 11D 7,51 transport and binding protein
OGIRF_ PTS family mannose/fructose/sorbose o .
11513 levE porter, 1B component 6,94 transport and binding protein
OlGl 1;:5— bgal2 beta-galactosidase 6,98 energy metabolism
OGIRF_ lacA galactose-6-phosphate isomerase LacA n.a. eneray metabolism
11556 subunit (RPKM absolute 11.38) 24
OGIRF_ } PTS family fructose/mannitol porter n.a. transport and binding protein
11557 component IIA (RPKM absolute 27.84) P g prote
OGIRF n.a. . .
11558 - PTS system, IIB component (RPKM absolute 14.36) transport and binding protein
OGIRF_ PTS family galactitol (gat) porter o .
11559 - component I1C 6,94 transport and binding protein
OGIRF_ MIP family glycerol uptake facilitator .
11590 gipF2 protein GlpF 11,63 energy metabolism
OGIRF_ ; | 1-3-phosph . .
11591 glpO glycerol-3-phosphate oxidase 11,44 energy metabolism
IRF . .
OlGl 500 glpK glycerol kinase 10,75 energy metabolism
OIGI 16I1{113_ - phosphosugar isomerase 7,38 energy metabolism
OlGl 16I1{§_ - phosphosugar-binding protein 10,16 energy metabolism
OGIRF _ ) PTS family mannose/fructose/sorbose n.a. transport and bindi tei
11613 porter component 11D (RPKM absolute 444.41) Spo fnding protemn
OGIRF _ ) PTS family mannose/fructose/sorbose n.a. transport and bindi tei
11614 porter component IIC (RPKM absolute 277.49) Spo {naing protemn
01G116I1{§— ulaB PTS family ascorbate porter, I1B 8,85 transport and binding protein
component
OGIRF _ ) PTS family mannose/fructose/sorbose n.a. transport and bindi tei
11616 porter component ITA (RPKM absolute 327.56) spo {naing protemn
OGIRF_ ABC superfamily ATP binding o .
11761 ) cassette transporter, binding protein 788 transport and binding protein
OGIRF carbohydrate ABC superfamily ATP
11762 - binding cassette transporter, membrane 7,27 transport and binding protein
protein
OGIRF_ ABC superfamily ATP binding o .
11763 ) cassette transporter, membrane protein 9,25 transport and binding protein
OGIRF_ ABC superfamily ATP binding o .
11767 ) cassette transporter, membrane protein 8,26 transport and binding protein
OGIRF_ . brp/Blh family beta-carotene 15,15'- n.a. taboli
11771 monooxygenase (RPKM absolute 12.95) energy metabolism
OGIRF . . . .
11776 - hypothetical protein 8,33 hypothetical protein
OGIRF_ - utative lipoprotein o 11 1
11777 P pop (RPKM absolute 37.48) cell envelope
OGIRF_ . L . . .
11782 iolE myo-inositol catabolism protein IolE 7,56 energy metabolism
OGIRF_ | . — n.a. .
11783 iolG inositol 2-dehydrogenase (RPKM absolute 257.42) energy metabolism
OGIRF_ | . N n.a. .
11784 iolG2 inositol 2-dehydrogenase (RPKM absolute 200.76) energy metabolism
OGIRF . i .
11941 gltA glutamate synthase 7,67 amino acid biosynthesis
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Gene ID I?;;llz Product logFC Functional category
OlGl 1955— - flavodoxin 6,63 energy metabolism
OGIRF_ . _ n.a. . .

11948 selD selenide, water dikinase (RPKM absolute 134.00) protein metabolism
01(}11955_ - putative cysteine desulfurase 6,95 protein metabolism
OGIRF_ T YgfJ family molybdenum hydroxylase 9.4 unknown function

11950 accessory protein
OGIRF_ selenium-dependent molybdenum .

11951 - hydroxylase 1 7,09 unknown function
OGI1RF endoribonuclease inhibitor of .

- - ; 8,54 unknown function

11955 translation
OlGl lgfs{g— arcC3 carbamate kinase 8,60 energy metabolism
OlGllgfs{g— ygeY M20/DapE family protein YgeY 7,39 protein metabolism
01(}11;5{5— dpal diaminopropionate ammonia-lyase 6,62 energy metabolism
OGIRF_ . s n.a. .

11960 hydA dihydropyrimidinase (RPKM absolute 83.93) energy metabolism
OGIRF . . n.a. . .

12166 - hypothetical protein (RPKM absolute 12.46) hypothetical protein
OGIRF_ | endOF | Mannosyl-glycoprotein endo-beta-N-

12167 3 acetylglucosaminidase 9,22 cell envelope
OGIRF_ - PTS system fructose IIA component e transport and binding protein

12262 Y p (RPKM absolute 10.83) P EpP
OGIRF_ - cytosine/purine permease o transport and binding protein

12280 (RPKM absolute 11.14)

Olelzfgg— - hypothetical protein 7,85 hypothetical protein
OGIRF_ PTS family mannose/fructose/sorbose o .

12399 sord porter component ITA 6,76 transport and binding protein
01(}22%(1;_ sorB2 PTS fan;g}rltérrlaillr}lg)s:j)/rf;ln;(c)t;:;/sorbose 8,65 transport and binding protein
OGIRF _ . PTS family mannose/fructose/sorbose o .

12402 sorC porter component [IC 7,63 transport and binding protein
OGIRF .

12405 gnd?2 6-phosphogluconate dehydrogenase 6,73 energy metabolism
Olelsfs{g— - cell wall surface anchor family protein 8,42 cell envelope

The group of 62 significantly down-regulated genes in E. faecalis strain OG1RF, exposed
to the intestinal tract of mice, contains of 29 genes encoding hypothetical proteins (see
Figure 15). Additional sequence analysis of those 29 genes with Blast program on NCBI
database did not reveal significantly similar genes (htttp://www.ncbi.nih.gov/).

The second largest group of down-regulated genes includes an operon of ten genes that are
responsible for fatty acid biosynthesis (fab): OGIRF 12178 to OG1RF 12187 encoding
acetyl-CoA carboxylase carboxyl transferase subunit a (accA4), - (accD), acetyl-CoA
carboxylase subunit A (accC), hydroxymyristoyl-[acyl-carrier-protein] dehydratase
(fabZ2), acetyl-CoA carboxylase biotin carboxyl carrier subunit (accB), B-ketoacyl-acyl-

carrier-protein synthase Il (fabF2), 3-oxoacyl-[acyl-carrier-protein] reductase (fabG3),
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malonyl-CoA-[acyl-carrier-protein]  transacylase (fabD), enoyl-[acyl-carrier-protein]
reductase Il (fabK) and acyl carrier protein (acpP). These genes with their function are

illustrated in Figure 17.

Acetyl-CoA
B-Hydroxyacyl-ACP
ab72
accADCB ﬁl/)G,/ \}‘abZ_
v
Malonyl-CoA B-Ketoacyl-ACP Trans-2-enoyl-ACP
fabD
acpP
v fabF2 fabK
Acyl-ACP
Malonyl-ACP cy

l
|

Phospholipids

Figure 17: Overview of fatty acid biosynthesis and the detected down-regulated genes in E. faecalis
OGIRF. Genes encoding enzymes catalyzing the corresponding reaction are presented in italics.
Gene marked with * had a log, fold-change of -5.33 and is not listed within the lowest down-
regulated genes. All other genes showed in this figure had log, fold-changes below -6.95. CoA
means Coenzyme A and ACP means Acyl carrier protein. This figure is modified from Heath and
Rock (2004).

Seven genes encoding transport and binding proteins were also prominently down-
regulated: two ABC superfamily transporters (OGIRF 11541 and OGIRF 12268), a
quaternary ammonium compound-resistance protein SugE (sugEl, OGIRF 10248), a
NRAMP family Mn®"/Fe*" transporter (OGIRF 10838), an amino acid permease
(OGIRF _11654), a ThiW protein that is a predicted thiazole transporter (thilV,
OGI1RF 12138) and a sulfate anion transporter, that has a carboxy-terminal cytoplasmic
segment organized around a sulfate transporter and anti-sigma factor antagonist (STAS)
domain (OG1RF 12284).

Within the group of yet unknown function consisting of five significantly down-regulated
genes encoding proteins of two GNAT family acetyltransferases (OG1RF 11307 and
12348). These GcnS-related N-acetyltransferases (GNAT) catalyze the transfer of an acetyl
group originated from acetyl coenzyme A (CoA) to an acceptor of a primary amine. This
reaction is implicated in various functions and could not be specifically classified. A

putative secreted protein (OGIRF 10696), a competence protein (OGIRF 11881), and
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an extracellular protein (OGIRF 12253) were also classified in the group of genes
encoding proteins with unknown function.

Two genes, OGIRF 11687 (rpmB) and OGIRF 11687 (rpsN2), encoding ribosomal
proteins and thus they are responsible for protein biosynthesis. The gelatinase and serine
protease encoded by gelE (OGIRF 11526) and sprE (OG1RF _11525) are within the group
of down-regulated genes belonging to the organisms’ protein metabolism. In general, these
enzymes catalyze the degradation of proteins, but they have been demonstrated to be
virulence factors in E. faecalis.

Two genes involved in the regulation of transcription encode a DNA-binding protein
(hupB, OGIRF 10081) and an arsenical resistance operon repressor (arsR,
OGIRF 12237). The down-regulation of this arsenical resistance operon repressor in
OGI1REF in mice indicates an activated arsenic resistance.

A gene (metC, OGIRF 10233) responsible for the biosynthesis of amino acid, the
cystathionine y-synthase, is down-regulated. The generation or hydrolysis of cofactor
thiamine is down-regulated (ten4, OG1RF 12127) as well as a gene encoding a putative

lipoprotein that is possibly involved in the cell envelope (OG1RF 10989).

Table 22: Differentially expressed genes ranked by gene identification (ID). All listed genes were
significantly down-regulated (p-value < 0.05), the absolute value of the base 2 logarithm indicating
the fold change (logFC) in gene expression in E. faecalis OGIRF in intestinal tract of wild type
mice (in vivo). For genes marked with "n.a." (not applicable) no logFC could be calculated because
RPKM value of the experiment sample was zero. In this case the absolute expression magnitude
with RPKM value > 10 of the gene in reference sample is given in parentheses.

GIG;I)le Saelﬁz Product logFC Functional category
OGIRF : . s . :
10080 - hypothetical protein (RPKM absolute 279.70) hypothetical protein
OGI1RF . . n.a. . o
10081 hupB DNA-binding protein (RPKM absolute 12.81) regulation of transcription
OIG0 121§1; . hypothetical protein -6,08 hypothetical protein
OlGolzl;g metC cystathionine gamma-synthase -6,42 amino acid biosynthesis
OGI1RF quaternary ammonium compound- n.a. o
10248 sugkl resistance protein SugE (RPKM absolute 35.53) transport and binding
OIG0 12125 . hypothetical protein -6,12 hypothetical protein
OGIRF : . na. . .
10403 - hypothetical protein (RPKM absolute 54.20) hypothetical protein
OGIRF : . na . :
10441 - hypothetical protein (RPKM absolute 125.14) hypothetical protein
OGI1RF . . n.a. . .
10535 - hypothetical protein (RPKM absolute 17.08) hypothetical protein
OGIRF . . n.a. . .
10536 - hypothetical protein (RPKM absolute 12.98) hypothetical protein
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Gene Gene .

ID name Product logFC Functional category
OGI1RF . . n.a. . .
10596 - hypothetical protein (RPKM absolute 244.02) hypothetical protein
OGIRF . ) na . )

10658 - hypothetical protein (RPKM absolute 25.62) hypothetical protein
OGI1RF . . n.a. . .
10664 - hypothetical protein (RPKM absolute 15.55) hypothetical protein
OGI1RF . . n.a. . .
10693 - hypothetical protein (RPKM absolute 11.65) hypothetical protein
OGIRF . . na )
10696 - putative secreted protein (RPKM absolute 16.83) unknown function
OGIRF . . n.a. . .
10697 - hypothetical protein (RPKM absolute 18.30) hypothetical protein
OGI1RF . . n.a. . .
10773 - hypothetical protein (RPKM absolute 18.68) hypothetical protein
OGIRF NRAMP family Mn2+/Fe2+ o
10838 ) transporter -8,27 transport and binding
OGIRF - universal stress protein -7,40 cellular processes
10839
Oﬁ)gg B hypothetical protein -10,47 hypothetical protein
OGIRF . . na. . .
10876 - hypothetical protein (RPKM absolute 1847.24) hypothetical protein
OGI1RF . . n.a. . .
10883 - hypothetical protein (RPKM absolute 57.86) hypothetical protein
OGIRF - putative lipoprotein n-a. cell envelope
10989 (RPKM absolute 20.88)
OGI1RF . . n.a. . .
11048 - hypothetical protein (RPKM absolute 31.32) hypothetical protein
OGIRF ) FtsW/RodA/SpovE family cell n.a. cellular processes
11070 division protein (RPKM absolute 25.82) P
OGI1RF . . n.a. . .
11086 - hypothetical protein (RPKM absolute 128.11) hypothetical protein
OGI1RF . n.a. .
11307 - GNAT family acetyltransferase (RPKM absolute 64.46) unknown function
OIGIISIEE sprk SprE protein -7,19 protein metabolism
OlGl 15135 gelE gelatinase -7,15 protein metabolism
OGI1RF . ABC superfamily ATP binding n.a. o
11541 cbio cassette transporter, ABC protein (RPKM absolute 56.52) transport and binding
o B amino acid permease fa transport and binding
11654 (RPKM absolute 125.60)
OGIRF . ) na . )
11685 - hypothetical protein (RPKM absolute 24.13) hypothetical protein
OGI1RF . . n.a. L .
11687 rpmB 50S ribosomal protein L28 (RPKM absolute 14.90) protein biosynthesis
OGIRF . ] na . .
11708 - hypothetical protein (RPKM absolute 372.12) hypothetical protein
01(}117131; - hypothetical protein -6,27 hypothetical protein
OGI1RF . . n.a. . .
11756 - hypothetical protein (RPKM absolute 13.81) hypothetical protein
OGIRF . ] na . .
11817 - hypothetical protein (RPKM absolute 11.45) hypothetical protein
OGIRE - competence protein n.a. unknown function
11881 (RPKM absolute 16.65)
OGI1RF . . n.a. . .
11897 - hypothetical protein (RPKM absolute 42.70) hypothetical protein
OGIRF . . n.a. . .
11978 - hypothetical protein (RPKM absolute 68.32) hypothetical protein
OGIRF L n.a. . .
12127 tenA thiaminase (RPKM absolute 27.24) biosynthesis of cofactor
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Gene Gene .
ID name Product logFC Functional category
OGI1RF . . . n.a. .
12138 thiw ThiW protein (RPKM absolute 40.53) transport and binding
OGIRF acetyl-coA carboxylase carboxyl . .
12178 aced transferase subunit alpha 6,93 fatty acid metabolism
OGI1RF acetyl-coA carboxylase carboxyl . .
12179 aceD transferase subunit beta 7,61 fatty acid metabolism
Olelll;g accC acetyl-CoA carboxylase subunit A -8,34 fatty acid metabolism
6G IRF (3R)-hydroxymyristoyl-[acyl-carrier- . .
12181 fabZ?2 protein] dehydratase -7,01 fatty acid metabolism
OGI1RF acetyl-CoA carboxylase biotin . .
12182 accB carboxyl carrier subunit “TAT fatty acid metabolism
OGI1RF beta-ketoacyl-acyl-carrier-protein . .
12183 fabF2 synthase 11 -6,10 fatty acid metabolism
OGI1RF 3-oxoacyl-[acyl-carrier-protein] . .
12184 fabG3 reductase -7,78 fatty acid metabolism
OGI1RF fabD malonyl-CoA-[acyl-carrier-protein] 633 fatty acid metabolism
12185 transacylase
OGI1RF . enoyl-(acyl-carrier-protein) . .
12186 fabK reductase 11 -7,77 fatty acid metabolism
01(}211125 acpP acyl carrier protein -6,63 fatty acid metabolism
OGI1RF . . n.a. . .
12219 - hypothetical protein (RPKM absolute 117.43) hypothetical protein
OGIRF arsR arsenical resistance operon repressor n-a. regulation of transcription
12237 (RPKM absolute 35.53)
OGIRF - extracellular protein n-a. unknown function
12253 (RPKM absolute 12.81)
OGI1RF _ ABC superfamily ATP binding n.a. transport and bindin
12268 cassette transporter, ABC protein (RPKM absolute 21.07) P £
OGI1RF sulfate transporter/STAS domain o
12284 - protein -6,73 transport and binding
Olengl; - GNAT family acetyltransferase -6,13 unknown function
OGI1RF . . n.a. . .
12412 - hypothetical protein (RPKM absolute 54.90) hypothetical protein
OGI1RF . . n.a. . .
12430 - hypothetical protein (RPKM absolute 33.55) hypothetical protein
OGI1RF . . n.a. . .
12468 rpsN2 30S ribosomal protein S14 (RPKM absolute 12.81) protein metabolism
OGI1RF . . n.a. . .
12501 - hypothetical protein (RPKM absolute 74.73) hypothetical protein
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4 Discussion

During this work the distribution of known virulence factors was determined in different
E. faecalis strains. The absence of any correlation of their distribution to the origin of
isolation of the strains suggests that all strains are intrinsically intestinal strains, regardless
of their specific source of isolation in which they may be considered as "contaminants".
Interestingly, a negative correlation was found of the number of virulence traits with the
presence of CRISPR elements/cas genes, which indicates that such traits may be more
easily acquired in strains with less or no such systems. This also underlines that the
currently known virulence factors cannot explain the switch from a commensal to a
pathogen, whenever strains with a high number of such factors and concomitant lack of
CRISPR elements/cas may have a higher probability for that.

In the proteomic in vitro study and namely in the transcriptomic in vivo study in
monoassociated mice novel fitness factors of E. faecalis OGIRF describing the adaptation
ability to the host as a first step in a switch from a commensal to a pathogen could be
identified. These relate to clear changes in the expression of genes involved in the cellular
surface and its biosynthesis such as glucose-1-phosphate-thymidylyltransferase (RmlA),
phosphoenolpyruvate-dependent sugar phosphotransferase systems (PTS), penicillin-
binding protein (PBP4) as well as genes encoding various catabolic pathways. The
bacterium also undergoes vast adaptation with respect to its metabolism when it comes to
the change of the environment, such as aerobic/anaerobic growth conditions, the contact

with mouse colonic epithelial cells in vitro or conditions in the intestinal tract of mice.

4.1  Distributions of virulence genes and CRISPR-cas genes

In this work, E. faecalis and E. faecium strains of diverse origin were typed by the
distribution of virulence factors and presence of CRISPR elements/cas genes in search of a
relation of origin and virulence association of strains. The tabulation of the 62
Enterococcus isolates showed a multiple number of detected virulence genes, mostly
within E. faecalis strains, whereas the E. faecium isolates were devoid of these virulence
genes except for esp and efaAfm. This finding corroborates the results of Eaton and Gasson
(2001) and Coque et al. (2002) in which esp appears to be more frequent in E. faecium
than in E. faecalis. Generally, studies have identified numerous virulence factors such as
gelatinase, collagen-binding protein, enterococcal endocarditis antigen A or cytolysin,

although there is no clear association of a single gene or origin of isolation with
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pathogenicity (Eaton and Gasson, 2001; Hew et al., 2007; Martin et al., 2005). The
incidence of virulence traits is not only limited to isolates from clinical origin, but also a
common trait in Enterococcus commensal and food isolates. This indefinite occurrence of
virulence traits within different strains indicates that all isolates are from intestinal origin.
In particular, their persistent nature enables Enferococcus its wide spread in diverse
environments. We suggest that any E. faecalis isolate should just be considered as
intrinsically “fecal”, irrespective of the specific source of isolation for a single strain as this
appears to be rather irrelevant in judging its virulence.

The CRISPR system is a diverse defense mechanism towards invading nucleic acids.
CRISPR motives are typically located near CRISPR-associated (cas) genes (Koonin and
Makarova, 2009; Sorek et al., 2008). No cas genes could be detected in the tested E.
faecium isolates. E. faecium is generally referred to as the less virulent species compared to
E. faecalis, and all strains of this species typically contain much less of the established
Enterococcus virulence factors. Preferably, this should be attributed to a different lifestyle
of this species or other mechanisms limiting virulence factor presence or acquisition may
be involved.

Recently, a significant correlation of the absence of CRISPR-cas loci and the presence of
antibiotic-resistance genes was reported for E. faecalis (Palmer and Gilmore, 2010). We
could not find such a general inverse correlation between cas and genes encoding virulence
traits, which is probably attributed to the fact that there is no selective force for the
virulence traits as it can be expected from the application of antibiotics towards selection
of antibiotic resistance. However, we found that the distribution of cas genes correlates
inversely with the presence of the cytolysin operon, cob and as. The cytolysin operon, cob
and esp are reported to reside on the same pathogenicity island, which was found in large,
pheromone-responsive plasmids or in the chromosome (Shankar ef al., 2001; Shankar et
al., 2004). However, we could not find a respective correlation for esp. The cob and as
genes promote pheromone production and aggregation promotion, respectively, and thus
enhance the probability of genetic exchange. This negative correlation shows that
counteraction of a CRISPR-cas defense system versus enhanced genetic flexibility in the
presence of cob and as is minimized in these strains, and suggests that CRISPR-cas has a
role in acquisition prevention of (parts of) the respective pathogenicity island. The absence
of virulence factors and also CRISPR-cas probably results from the fact that some strains
did not at all have the opportunity to pick up these virulence factors from others. While the

molecular background is yet to be confirmed by demonstration of active
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CRISPR-cas systems, this view is further supported by the finding that cob and as negative
strains generally have less virulence traits.

However, the sole possession of virluence factors does not explain the different behavior of
E. faecalis strains and therefore we focused phenotypical analysis as well as on

transcription and translation responses (see following sections).

4.2  Phenotypic screening of gelatinase and cytolysin activity

The most investigated and clearly proven virulence traits (not only in enterococci) are
gelatinase and cytolysin (also referred to as hemolysin), which were phenotypically tested
on corresponding agar plates in this work. The main part of positive tested phenotypes is
comprised from clinical isolates, which is of course an outcome of the focus on isolates
from clinical environment in this study but is equivalent to other studies (Mannu ef al.,
2003; Semedo et al., 2003). Interestingly, no B-hemolysis caused by cytolysin could be
detected on Columbia blood agar plates under aerobic conditions, whereas under anaerobic
conditions eight strains did express this phenotype. However, the use of horse blood
revealed remarkably more cytolysin positive strains than the use of Columbia blood agar
plates containing sheep blood. The B-hemolytic activity on horse blood agar plates was
even more intense by the application of anaerobic incubation conditions. These results are
in agreement with the data of Semedo ef al. (2003), which verified a different sensitivity of
erythrocytes among different species. A similar sensitivity of horse and human
erythrocytes against cytolysin produced by enterococci has been determined (Semendo et
al., 2003).

The incidence of this virulence trait could only be detected in E. faecalis (eighteen strains),
which conforms to other studies that showed a higher incidence of cytolysin in this
Entercoccus species (Coque et al, 1995; Franz et al., 2001). Despite the fact that 17 out of
the 18 positive strains were from clinical origin, a correlation could not be found in the
clustering of RAPD or MALDI-TOF-MS.

The prevalence of gelatinase activity among all isolates was assessed, and 22 strains
possessed this phenotype. Out of the six isolates originating from food three showed a
positive gelatinase phenotype, which was unexpected because of a low number of food-
associated strains in comparison to the number of the tested isolates from clinical origin.
Mostly, gelatinase-positive food strains were originated from cheese, and possibly this is
due to the protein-rich environment to utilize cheese protein as a source of amino acids

(Franz et al., 2001).
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4.3 Comparison of clustering approaches of Enterococcus isolates by MALDI-
TOF-MS analysis and RAPD-PCR analysis

The application of MALDI-TOF-MS analysis was used to identify bacteria on genus,
species (Pribil et al., 2005) and even strain level (Pignogne et al., 2006). The identification
and characterization of Enterococcus isolates in accordance with their origin using the
MALDI-TOF-MS has been subject of recent studies (Giebel et al., 2008; Geijersstam et
al., 2007). In contrast to those studies our clustering of the isolates according to their
MALDI-TOF-MS profiles did not differentiate according to their origin of isolation.
Actually, based on our findings, we would not necessarily expect such a correlation, as the
source of isolation may not always be decisive for the traits a strain exhibits. MALDI-
TOF-MS profiles and RAPD fingerprints enabled distinction at species level, accounting
for the validity of the method, and RAPD discriminated even close to strain level. The
occurrence of virulence genes or the cas genes did not show a distinct distribution, neither
within the groups of MALDI-TOF-MS clustering, nor within the groups of RAPD-PCR
clustering. While distribution of strains with various origins was random in MALDI-TOF-
MS profiles, two RAPD clusters nearly exclusively contained strains of clinical origin.
This may indicate some role of a diseased host in selecting for specific types or indeed
some genotypes causing clinical infections with an increased probability, while the
biodiversity of E. faecalis is broader, also containing commensal strains. In this context it
is interesting to note that these isolates clustered together in RAPD analysis were isolated
from patients suffering from different diseases (e.g. renal insufficiency, newborns with
infection, patients with pneumonia, endocarditis, bacteremia, sepsis, and patients with

different kinds of cancer).

4.4  Proteome analysis of E. faecalis grown under aerobic and anaerobic conditions

The comparative proteome analysis of strain OGIRF under aerobic and anaerobic growth
conditions delivered insights into the strain's metabolic response.

Strain OGIRF growing under aerobic conditions highly expressed two representatives of
the protein biosynthesis: asparaginyl-tRNA ligase (AsnS) and subunit alpha of
phenylalanyl-tRNA synthetase (PheS). Despite the fact that these two enzymes belong to
two different classes of synthetases, both enzymes are relevant in the translation process
catalyzing the specific bond of tRNAs with their corresponding amino acids pointing to an
enhanced protein biosynthesis of OG1RF in mid exponential growth phase under aerobic

conditions. Both amino acids involved in this enzymatic process, apsaragine and
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phenylalanine, belong to non-essential amino acids in OGIRF (Murray et al., 1993).

One further protein that was identified to be expressed aerobically is associated with the
enterococcal cell membrane: penicillin-binding protein 4 (PBP4). The PBP4 is responsible
for the resistance of E. faecalis to f-lactam antibiotics (Duez et al., 2001). In general PBP
proteins are involved in the synthesis of peptidoglycans and are essential for cell wall
structure with its function of selective permeability and protection.

The induced SufC protein is part of the enterococcal SufCDSUB complex that is involved
in the biosynthesis of iron-sulfur clusters. In general, iron-sulfur clusters are responsible
for many biological processes, e.g. electron transfer, redox and nonredox catalysis and are
important prosthetic groups in all organisms. The Suf system is one of three described
machineries of iron sulfur biogenesis, whereas in species of the phylum Firmicutes it
appears to be exclusive. SufC has an ATPase activity that supports iron acquisition, cluster
formation and delivery of the cofactor to target proteins (Riboldi et al., 2009). In other
species the Suf system has been linked with cellular stress conditions, such as the presence
of reactive oxygen species or iron starvation (Nachin et al., 2003). As E. faecalis is
generally adapted to anaerobic energy gain and growth, the exposure to oxygen exerts
oxidative stress, because E. faecalis is only capable of aerobic respiration when heme is
availabel for incorporation into proteins involved in electron transport (Bryan-Jones and
Whittenbury, 1969). Since heme is absent in BHI medium, E. faecalis truly dealed with
oxidative stress in our experiment, even because the heme-dependent catalase is inactive
for detoxification.

Another identified protein expressed under aerobic growth conditions was the stress
response regulator Gls24 protein. This protein has been identified in many studies
determining the capability of resistance in E. faecalis due to stress response to various
challenges such as glucose starvation, bile salt, pH 3.7, pH 11.9, 62 °C or H,0, (Giard et
al., 2000; Hartke et al., 1998). Studies have shown that Gls24 even plays an important role
in the virulence response in animal infection models (Teng et al., 2005; Nannini et al.,
2005). The mechanism underlying the function of Gls24 has not yet been identified.
However, its appearance under aerobic growth conditions seems to be an additional
indicator of a stressed microorganism caused by oxygen as well as reactive oxygen species.
Interestingly, in the in vivo experiment, in which E. faecalis was monoassociated in wild
type mice, the gene encoding the stress response regulator Gls24 was significantly up-

regulated (with a logFC of 5.1). Whether this up-regulation is caused by oxygen is unclear
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because all genes of the other identified proteins - induced through aerobic growth
conditions - are not significantly regulated (PBP4 and SufC) or even down-regulated
(AsnS and Phes). In contrast, all genes encoding proteins induced during anaerobic growth
conditions (arcB, arcC, sdaA) were significantly up-regulated in OG1RF exposed to the
intestinal tract of mice. Summing up, we suggest that the identified proteins induced under
aerobic growth indicate a stress condition to E. faecalis OG1RF and they have to be seen

in the context of an adaption process to the exposure of oxygen.

In comparison to aerobically induced proteins a total of three proteins was identified and
differentially expressed in OG1RF under anaerobic conditions. Two of these proteins are
part of the arginine catabolism, also called arginine deiminase (ADI) pathway (see Figure
18). After L-arginine is deiminated to L-citrulline the ornithine carbamoyltransferase
(ArcB) and carbamate kinase (ArcC) are responsible for its further degradation to
carbamate, which finally dissociates to carbon dioxide and ammonia (NHj3). This pathway
of anaerobic arginine degradation leads to the assembly of energy in the form of ATP. The
ADI pathway was originally demonstrated and characterized in the species E. faecalis.
Despite the fact that the presence of arginine is strongly inducing the ADI pathway, in
addition the availability of oxygen, glucose and fumarate act as a significant repressor on
this pathway (Jones and Lipmann, 1960). Due to the absence of oxygen our results are in
concordance with these studies and support the hypothesis that a change in energy
expenditure causes a decrease of the ATP pool during exponential growth phase and leads
to an induction of the ADI pathway activity (Forrest, 1965; Jones and Lipmann, 1960). L-
Arginine may represent an additional energy source for growth and it offers protection
against acid stress (Marquis et al., 1987).

The third protein that was found to be induced anaerobically in strain OGIRF was the
alpha subunit of L-serine dehydratase (SdaA). The enzyme SdaA plays a role in the energy
metabolism through the direct degradation of L-serine to pyruvate and ammonium (NHy").
Although, only the up-regulation of the a-subunit could be detected the induction or
presence of the residual parts of SdaA are strongly assumed. The generated pyruvate is a
key intersection in the network of metabolic pathways. This fact supports the other
anaerobically induced proteins we identified and shows the metabolic adaptability of E.
faecalis. As mentioned above, all genes encoding proteins induced during anaerobic
growth conditions (arcB, arcC, sdaA) were identified in transcriptome analysis as

significantly up-regulated in OGIRF when exposed to the intestinal tract of mice.
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Although the logFC between 2.5 and 3 is not in the highly up-regulated group of genes, it

supports the assumption of anaerobic conditions within the intestinal tract.
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Figure 18: Arginine catabolism in E. faecalis. The relevant genes are presented in italics. The cell
boundary is marked by broken line. "IN" and "OUT" denotes extracellular and intracellular.
Enzymes and their encoding genes of arginine deiminase pathway: arginine deiminase ADI (arcA),
ornithine carbamoyltransferase OTC (arcB) and carbamate kinase CK (arcC). Arginine and
ornithine antiporter (arcD). Figure from Barcelona-Andrés ef al., 2002.

4.5  Proteome analysis of E. faecalis in contact with mouse colonic epithelial cells in

vitro

In this experiment we identified four proteins in E. faecalis OGIRF whose expression was
induced in response to mouse colonic epithelial cells in vitro. These proteins were from
different functional categories of E. faecalis' metabolism. In this experiment E. faecalis
OGIRF expressed asparagine-tRNA ligase (AsnS), which is responsible for the attachment
of L-asparagine to its compatible cognate tRNA indicating an activity of protein
biosynthesis in general. Interstingly, this protein is also induced in OG1RF under aerobic
growth conditions in BHI medium. However, compared to the in vivo experiment of mice
monoassociated with OGIRF, a significantly down-regulation was observed in

transcriptome analysis.
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Another induced protein in E. faecalis, when exposed to mouse epithelial cells in vitro,
was the glucose-1-phosphate-thymidylyltransferase (RmlA). This enzyme is involved in
the biosynthesis of enterococcal surface polysaccharides and lipopolysaccharides. The
gene encoding this specific transferase (other names were orfde6, epaE or EF2194) is part
of the enterococcal polysaccharide antigen (epa) gene cluster, which - besides affecting the
cell shape - is also involved in adherence and invasion of host tissues (Xu et al., 1998;
Hulse et al., 1993). Studies have shown that disruption of the gene encoding glucose-1-
phosphate-thymidylyltransferase in E. faecalis resulted in a reduced biofilm formation and
translocation through eukaryotic cells in vitro (Xu et al., 2000; Zeng et al., 2004). This
identification clearly shows a response of E. faecalis to colonic epithelial cells.
Unfortunately, no significant regulation of the encoding gene could be determind in the in
vivo experiment.

The third induced protein identified in E. faecalis OG1RF exposed to mouse epithelial
cells was a DNA-binding response regulator of the OmpR family that is part of a two-
component system and shows close similarities to response regulators VicR and YycF of
other major human pathogens, such as the Gram-positive S. pneumoniae, Staph. aureus
and B. subtilis. Therefore we searched in silico for a previously published consensus
recognition sequence of the YycF regulator by Dubrac and Msadek (2003) in OG1REF. Five
genes could be identified as putative regulated genes in which only three possess a known
function: putative lipoprotein (OG1RF _10090), thioesterase (OGIRF 10218) and B-
subunit of a DNA-directed RNA-polymerase (OG1RF 12493). Unlikely to VicR or YycF
in S. pneumoniae and B. subtilis, respectively, no clearly proven virulence gene seems to
be regulated by the identified DNA-binding response regulator in E. faecalis. The YycF
regulator of Staph. aureus binds specifically to genes involved in virulence and cell wall
metabolism (Dubrak and Msadek, 2003). However, a differential expression of this DNA-
binding response regulator in E. faecalis could be observed under stress response to bovine
bile (Bohle ef al., 2010). Despite the lack of detailed information about the regulated genes
of the DNA-binding response regulator, a shift in its expression indicates a change in gene
expression and hence a response to the mouse epithelial cells that could possibly lead to
yet uncharacterized virulence traits. A slightly up-regulation (logFC of 1.37) of the gene
encoding the DNA-binding response regulator could be detected in OGIRF in mouse
intestinal tract. Unfortunately, none of the predicted regulated genes of this regulator
identified through in silico search (putatuve lipoprotein, thioesterase, hypothetical proteins

and B-subunit of a DNA-directed RNA- polymerase) was significantly different in
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OGIRF in mice. Anyhow, there must be some regulated genes, which are not identified
yet.

The fourth protein identified in OGIRF that was induced by the exposition to mouse
epithelial cells was a-acetolactate decarboxylase (BudA). This enzyme plays a key role in
the regulation of the a-acetolactate pool in the process of pyruvate catabolism and the
biosynthesis of branched-chain amino acids (Curic et al, 1999). The a-acetolactate
decarboxylase is regulated due to allosteric activation leucin or valine biosynthesis by
activating BudA towards acetoin when branched-chain amino acids are present at a high
concentration (Monnet ef al., 2003). The activation of BudA is also influenced by a high
pyruvate level because of its very low affinity to pyruvate. Also, it is only active when the
intracellular pyruvate concentration is high (Dolin and Gunsalus, 1951; Snoep ef al., 1992).
Through the catalyzed reaction the bacterial cell tries to avoid lactate production and
produces neutral 2,3-butanediol instead (see Figure 19).
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Figure 19: Pathway of diacetyl formation in E. faecalis. Ldh, lactacte dehydrogenase, Als, a-
acetolactate synthase; BudA, a-acetolactate decarboxylase; D/AR, acetoin and diacetyl reductase.
Dotted arrow (+) indicates allosteric acivation. This Figure is modified from Curic et al. (1999).

The various functions of these induced proteins in enterococcal metabolism indicate a
response to mouse epithelial cells on different levels. Even when only four proteins could
be identified in this experiment a definite response of E. faecalis strain OG1RF could be
demonstrated, which clearly relates to its adaptive response to the presence of the intestinal

cells and environment.
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4.6  Transcriptome analysis of E. faecalis in the intestinal tract of monoassociated
mice in vivo

In this in vivo experiment wild type mice were monoassociated for the duration of one
week with E. faecalis strain OG1RF to analyze the behavior of E. faecalis under conditions
within the mice intestinal tract. We used transcriptome data generated from next generation
sequencing technology to identify differentially expressed genes in the whole genome to
enable a quantitative analysis of gene expression. The genome of strain OG1RF is 2.7 Mb
in size and encodes 2,579 genes (Bourgogne et al., 2008). In our transcriptome analysis we
identified 1,316 genes in E. faecalis OG1RF whose levels are significantly (p-value < 0.05)
up- or down-regulated in response to the intestinal tract of living mice. Under these
conditions over 50 % of genes in E. faecalis OGIRF are differentially expressed. We
focused on genes, whose expression levels belong to the highest up-regulated and lowest
down-regulated genes. In total, 159 genes belong to these peaks of transcriptional changes.

The major part of highly up-regulated genes consists of transport and binding proteins as
well as genes encoding for energy metabolism. Mainly phosphoenolpyruvate (PEP)
carbohydrate phosphotransferase systems (PTS) were up-regulated that catalyze the
binding, transport and phosphorylation of numerous energy sources.

Studies have shown that E. faecalis possesses the ability to adhere to different types of
eukaryotic cells and to develop a biofilm. Hufnagel et al. (2004) demonstrated in
E. faecalis a putative sugar-binding transcriptional regulator (referred to as bop) as a novel
gene operon involved in biofilm formation and showed a significant correlation to
prolonged bacteremia in mice. Vebg et al., (2010) also demonstrated an up-regulation of
this operon in OGIRF grown in human urine as well as the up-regulation of a cognate
maltose PTS system indicating its involvement at biofilm development. However, in our
experiment none of these genes were in the group of highly up-regulated genes although
the major part of up-regulated genes in OG1RF constists of different PTS. A direct relation
to PTS and biofilm formation has been shown in many other Gram-positive bacteria on a
regulatory basis (Sutrina et al., 2007). Therefore, besides a highly efficient catalytic
function in sugar transport and phosporylation by PTS systems, regulatory functions seem
to be an important trait (Deutscher et al., 2006). This regulatory function is linked to the
occurrence of carbon catabolite repression (CCR), which explains the hierarchic utilization
of carbon sources in bacteria (Contesse et al., 1969). Therefore, as long as preferred sugars

are available, transporters and enzymes necessary for metabolizing less favored sugars are
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repressed. Studies have shown that the commonly preferred sugars were glucose, fructose,
or sorbose. The mechanism underlying the repression could be through the prevention of
transcription activation, the repression of transcription or through protein modification. A
mechanism of regulation through a PEP-dependent phosphorylation by PTS has been
demonstrated by the enhanced activity of the glycerol kinase (GlpK) in E. faecalis
(Deutscher and Sauerwald, 1986). The presence of rapidly metabolizable PTS sugar
inhibits glycerol uptake and metabolism. Inversely, the absence of preferred sugars leads to
a decrease in repression. In the Gram-positive B. subtilis the expression of glpFK operon is
mediated by CCR through the expression of gene ccpA encoding the catabolite control
protein A, which is a transcriptional regulator (Henkin ef al., 1991). The ccpA is also
present in E. faecalis and a similar function has been verified (Leboeuf et al., 2000).
Whether a regulation through ccpA in E. faecalis in our experiment has taken place could
not be determined because the expression level of ccpd (OGIRF _11453) was not
significant. However, genes encoding the glycerol catabolic pathway (glpK pathway) were
the highest up-regulated genes in E. faecalis response to the intestinal tract of mice. In
addition, the iol operon that is controlled by CCR in B. subitilis is also part of the high up-
regulated genes in E. faecalis. This operon is responsible for the myo-inositol catabolism
an unusual energy source and enhances the hypothesis of an inactivated repression through
the absence of preferred sugars in the environment of E. faecalis in the intestinal tract of
mice. Additionally, the enzymes of the iol operon -catalyze myo-inositol into
glyceraldehyde-3-phosphate, which is a substrate for the g/lpK pathway and thereby also
affect this pathway.

Another high up-regulated gene cluster was the ptb-buk-bkdCBAD operon that encodes
enzymes responsible for the catabolism of branched-chain a-keto acids (Ward et al., 1999).
This gene cluster is regulated by the presence of branched-chain a-keto acids and also by
CCR (Ward et al., 2000). The fact that genes encoding a chitinase, responsible for the
degradation of polysaccharides, are up-regulated further indicates the absence of favored
energy substrates of E. faecalis OGIRF and shows that an adaption process is turned on
within the intestinal tract of mice. The large group of up-regulated genes responsible for
the uptake of energy substrates, such as the ABC transporters and PTS, support the
observed change in energy metabolism indicating an eminent energy demand in E. faecalis
OGIREF in the intestinal tract of mice. A reason for this initiation could be that the E.
faecalis 1s in a condition of glucose starvation. A study of Vebg et al. (2009) observed a

similar up-regulation of genes of the glpK operon in E. faecalis strain V583 during its
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growth in blood, indicating an exhaustion of its glucose reservoir. In our experiment the
main part of calories in the mouse feed was provided by carbohydrates (mainly from
strach). It seems as though the mouse almost entirely utilized the carbohydrates and left
insufficient sugars in the environment of E. faecalis.

Some genes differentially expressed are involved in the adaption of the cell membrane
composition in Enterococcus. This group includes the highly up-regulated genes encoding
a WxL domain surface protein, a putative lipoprotein, a cell wall surface anchor family
protein, and enzymes that are involved in the biosynthesis or degradation of surface
polysaccharides (20 glycosyl hydrolases and mannosyl-glycoprotein endo-p-N-
acetylglucosaminidase). Interstingly, the mannosyl-glycoprotein endo-B-N-
acetylglucosaminidase cleaves high mannose-type glycans in glycoporteins between N-
acetylglucosamine residues of the pentasaccharide core (Koide and Muramatsu, 1974;
Roberts et al., 2001). High mannose-type glycans are part of a range of host glycoproteins
that are widely distributed within the host’s body and are encountered in glycoproteins,
such as laminins and thrombospondin (Fujiwara et al., 1988; Furukawa et al., 1989). The
modification by endo-B-N-acetylglucosaminidase renders in an altered function of the
glycoproteins and the cleaved residues could be used as a source of nutrients. In our
experiment, a contact of E. faecalis to laminins, which are part of proteins in the basal
lamina (a component of the basement membrane), is assumed through natural scaling of
epithelial cells as no specific tissue damage was observed. Another reason for the up-
regulation of the mannosyl-glycoprotein endo-B-N-acetylglucosaminidase may also be
defined through a degradation of mucins. Within the gastrointestinal tract mammalians
mucins are cystein rich glycoproteins in which approximate 80 % of the total mass consists
of glycans (Johansson ef al., 2011). Besides the major part of O-linked oligosaccharides in
glycans of mammalians, for which E. faecalis has only little ability to degrade, N-linked
oligosaccharides are also included in these complex molecules and point to another

possible target of nutrient (Corfield et al., 1992).

The distinct down-regulated gene cluster that encodes a complete complex of enzymes
responsible for the fatty acid fatty acid biosynthesis (accABCD, fabD, acpP, fabH, fabG3,
fabZ2, fab K, fabF2; see Figure 17) completed the picture of a change in the cell envelope
in E. faecalis OGIRF. The fact, that the fatty acid biosynthesis is inactive in OG1RF
growing in the intestinal tract in mice suggests that an adjusted membrane fluidity is

already achieved and a change is unnecessary or OGIRF is in a growth
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condition in which all required fatty acids are available, most likely derived from mouse
feed, and there is no need for their biosynthesis. Some transcriptome studies have shown
that a transcriptome change in those genes is often related to stress responses, such as bile
and blood (Behle et al., 2010; Vebg et al., 2009).

Interestingly, the two virulence traits in E. faecalis OGIRF, serine protease (SprE) and
gelatinase (GelE) encoded by sprE and gel/E in an operon type structure together with frsB,
were significantly down-regulated (see Table 22). These two proteases were grouped in the
functional category of protein metabolism because of their enzymatic function to degrade
long protein chains into short fragments. The expression of SprE and GelE is regulated by
a quorum-sensing system mediated by a pheromone linked to fs» genes. A missing signal
through quorum-sensing would leave the genes sprE and ge/E unexpressed, indicating that
the cell density required for the fsr system was not sufficient. However, a cell density of
well-colonized E. faecalis OGIRF (CFU 2.9 x 10° per 1 gram) within the mice intestinal
tract should be high enough to activate the quorum-sensing system of GelE and SprE.
Another reason for a down-regulation of GelE and SprE could be the absence of substrates
for these proteases in the intestinal tract of wild type mice or E. faecalis founds sufficient

nutrients through the up-regulated PTS.

4.7 Conclusion

The original habitat of E. faecalis is the intestinal tract of mammalians whenever it is
found as well as in many other niches including various organs of diseased individuals,
mother's milk or fermented foods. This indicates the vast adaptive potential of this species.
In this work it was demonstrated that this adaptive potential includes specific changes at
the cellular surface and its biosynthesis, which may change the hydrophobicity and zeta
potential and also specific adherence factors by surface proteins. These proteins may be
assigned a specific metabolic function, still their mere presence at the surface forms a
target structure, which may contribute to cell interaction. These bacteria also undergo vast
adaptation with respect to their metabolism when it comes to a change in their
environment. Actually, one can view E. faecalis (and other bacteria) as being a "sensor",
which can be used to explore the true environmental conditions in the gastrointestinal tract
with respect to availability of nutrients and redox conditions compared to the conditions
we offer in laboratory media. Indeed, if E. faecalis is considered a commensal at first
glance, any upregulated gene in the intestinal tract may be better interpreted as a

downregulated gene under lab conditions. So what is seen in the transcriptomic data from
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E. faecalis in monoassociated mice may certainly have its limits, because the rest of the
vast microbiota is absent. Still, it provides deep insight into the "true habitat" of this
bacterium. This knowledge can now be used to derive novel evidence-based targets, which
can be used to further elucidate the switch from a commensal to a pathogen. Also, it can
possibly help to delineate this species into groups of higher and lower risk for applications
in a food or medical context versus improved treatment strategies of the so far hard to cure

infections.
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5 Summary

Enterococcus (E.) faecalis is considered to be a member of the healthy human intestinal
flora. Strains of E. faecalis are used as probiotics and are often found as part of the
autochthonous flora in a variety of fermented foods, namely cheeses and sausages.
However, in recent years this human commensal has been recognized as an opportunistic
pathogen in the hospital environment causing diseases such as endocarditis, bacteremia and
urinary tract infections. A variety of virulence factors have been described for this species.
So far, insight into the commensalism of E. faecalis is limited. Therefore, we wanted to
identify latent novel fitness and adaptive functions to enable a better understanding of the
ambivalent nature of this species. Initially, the genetic background of different E. faecalis
isolates, with respect to known virulence factors, was investigated to clarify if a
classification of isolates is possible with regards to their origin of isolation and if an
alleged behavior is associated with that. The absence of any correlation of their distribution
to the origin of isolation of the strains suggests that all strains are of intrinsically intestinal
origin, regardless of their specific source of isolation. Interestingly, a negative correlation
was found between the number of virulence traits and the presence of CRISPR
elements/cas genes, which indicates that such traits may be more easily acquired in strains
with less or without such genetic elements. This underlines that the currently known
virulence factors cannot explain the switch from a commensal to a pathogen, although
strains with a high number of such factors and concomitant lack of CRISPR elements/cas

genes may have a higher probability for that.

In this study, the ambivalent nature of strains within this species was highlighted through
the analysis of E. faecalis strain OGIRF, a human isolate with some known virulence
traits. In both the proteomic in vitro study and the transcriptomic in vivo study in
monoassociated mice, novel fitness factors could be identified. These relate to clear
changes in the expression of genes involved in the cellular surface and its biosynthesis, for
instance phosphoenolpyruvate-dependent sugar phosphotransferase systems (PTS) as well
as genes encoding various catabolic pathways some of which may be regulated by PTS.
Although the strain OGIRF features some known virulence factors, their expression under
the conditions present in the healthy host could not be demonstrated. The bacterium also
undergoes vast adaptation with respect to its metabolism when it comes to the change of
the environment. In fact, describing the adaptation ability to the host seems to be a key

function in the ambivalent nature of this species. The transcriptomic data from E. faecalis
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in monoassociated mice provides deep insight into the "true habitat" of this bacterium. This
knowledge can further be used to derive novel evidence-based targets to elucidate the
switch from a commensal to a pathogen and possibly delineate this species into groups of
higher and lower risk for applications in a food or a medical context versus improved

treatment strategies of the so far hard to cure infections.
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6  Zusammenfassung

Enterococcus (E.) faecalis ist Teil einer gesunden Darmflora des Menschen. Manche
Stimme von E. faecalis finden sogar Anwendung als Probiotika und sind in der
autochthonen Flora fermentierter Lebensmittel, wie z.B. Kése- und Wurstprodukten, zu
finden. Allerdings hat dieses kommensale Darmbakterium in den letzten Jahren
zunehmend an Bedeutung als Erreger von nosokomialen Infektionen gewonnen. E. faecalis
kann zum Teil schwere Erkrankungen und Entziindungsprozesse, wie z. B. Endokarditis,
Bakteridmie und chronische Harnwegsinfektionen verursachen. Viele verschiedene
Virulenzfaktoren wurden bereits in der Spezies Enterococcus beschrieben. Der
Kenntnisstand zu E. faecalis als kommensales Bakterium ist dagegen sehr eingeschrénkt.
Das Ziel dieser Arbeit war es daher latente Eigenschaften zu entdecken die es E. faecalis
ermoglichen sich an sein Habitat anzupassen und die sein Verhalten innerhalb einer
Wirtinteraktion beschreiben. Dazu wurden zunéchst die Verbreitung und Héufigkeit von
Virulenzgenen innerhalb von Stdmmen, die aus klinischer Umgebung, aus Lebensmitteln
sowie der Umwelt isoliert wurden, untersucht. Es konnte keine signifikante Korrelation
zwischen der Héufigkeit von Virulenzgenen und der klinischen Herkunft sowie der damit
vermuteten Pathogenitit nachgewiesen werden. Dies deutet darauf hin, dass alle Stimme —
unabhingig von ihrem Isolierungsort — ihren eigentlichen Ursprung in der intestinalen
Umgebung haben. Das Vorkommen von CRISPR-Elementen und cas-Genen verhielt sich
invers zu der Héufigkeit von Virulenzfaktoren und zeigt die erschwerte Aufnahme von
Virulenzgenen bei Stimmen, die diese genetischen Elemente besitzen. Die bisherigen
Virulenzfaktoren kénnen somit nicht die Verdnderung eines kommensalen Bakteriums in
einem Pathogen erkldren, auch wenn vermutlich solche Stimme mit einer hohen Anzahl
dieser Faktoren und dem gleichzeitig Fehlen von CRISPR-Elementen und cas-Genen eine
hohere Wahrscheinlichkeit dafiir aufweisen.

Das ambivalente Verhalten von Stimmen innerhalb dieser Spezies wurde anhand des
Stamms E. faecalis OG1RF untersucht. OG1RF ist ein intensiv erforschter Stamm, der aus
der menschlichen Mundhohle isoliert wurde und einen Teil der bekannten
Virulenzfaktoren besitzt. Durch in vitro Proteomanalysen sowie durch die
Transkriptomanalyse von OGIRF im Mausversuch konnten neue Fitnessfaktoren
nachgewiesen werden. Diese erkldren sich durch deutliche Verdnderungen der Expression
von Genen, die in der Zelloberfliche und dessen Synthese beteiligt sind, z B.

Phosphotransferasesysteme (PTS) und Gene, die verschiedene katabole Reaktionen zur
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Energiegewinnung kodieren und zum Teil sogar durch PTS reguliert scheinen. Obwohl im
Genom des Stamms OGIRF ein Teil der bekannten Virulenzfaktoren kodiert ist, wie z.B.
Gelatinase, war die Expression dieser Gene im Intestinaltrakt der gesunden Maus nicht
nachweisbar. Das Bakterium zeigt eine enorme Anpassungsfihigkeit hinsichtlich seines
Metabolismus sobald es zu einer Verdnderung der direkten Umgebung kommt. Diese
prizise Anpassungsfahigkeit an den Wirt scheint eine Schliisselfunktion des ambivalenten
Charakters dieser Spezies zu sein. Die Transkriptomdaten von E. faecalis in
monoassoziierten Maiusen erbrachten wichtige Erkenntnisse aus dem eigentlichen
Lebensraum dieses Bakteriums, sowie sein Verhalten in diesem. Dieses Wissen kann
genutzt werden, um neue evidenzbasierte Ziele abzuleiten, welche die Verdnderung von
einem kommensalen zu einem pathogenen Bakterium aufzukldren hilft oder eine mogliche
Einteilung der Spezies in Risikogruppen ermoglicht, beispielsweise fiir die Anwendung in
Lebensmitteln  oder im  medizinischen = Kontext zur  Verbesserung von

Behandlungsstrategien bei schwer einzuddmmenden Infektionen.
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8 Appendix

Prolab® RMH 3500, Autoclavable

5P04*

DESCRIPTION

Prolab* Rat/Mouse/Hamster 350¥ 15 an autoclavable dset

tormulated for growth and reproduction. It 1 the companion

product of Prolab® RMH 3000, Protemn, mineral and vitamm levels

have been fortified and carefully balinced so that maximum foed

values are mantamed after stenhization. It can also be pasteurzed or

sterihized without clumping Thes diet is formulated using the unsque

and innovative concept of Constant Nutrition®, paired with the

selection of highest qualsty ingredients to assure manimal inherent

biologecal varaton in long-term studies.

Features and Benefits

* Constant Nutrition® formula helps minimaze nutninonal variables

* Processed and packaged for autockiving

* Supports optimum growth and efficient reproduction performance
of rats, hamsters and mace

* Fortified with extra nutrients to compensate for losses during
autockiving

* Processed with sshcon dioxide to reduce sticking and dumping

Product Forms Available

* Onal pellet, 10 mm x 16 mm x 25 mm length (3/8"x5/

GUARANTEED ANALYSIS

Crude protem not bess than .
Crude fat not less than

Crude fiber not more than
Ash not more than

Added mmernals not more xh an

AUTOCLAVING SUGGESTIONS

To autoclave the pellets, place on trays, in small bags, or in larger
bags, to a depth of no more than 3 mches. When steam autochived,
the pellets swell and exert force on adjacent pellets. Confinement by
a bag or contamner creates addittonal pressure, which may result in
sticking. Assay before and after antoclaving: Conditions of
sterthzation must be determined for each autochiving unz
Microbiologacal evaluation should be done to insure stenhizaton is
achieved. It = best to asay the diet before and after sterihzation to
determme nutrient losses

INGREDIENTS

Ground wheat, soybean meal, wheat maddlings, ground vellow corn,
fish meal, soybean hulls, soybean odl, alfalfa meal, calcium hgnin
sulfonate, calcium carbonate, brewers dried veast, salt, dicalcium
phosphate, slicon dioxide, DL-methsonme, L-lyane, manganous
oxtde, magnesium oxide, ferrous sulfate, zine oxade, copper sulfate,
calcium 1odate, cobalt carbonate, vitamin A acetate, cholecalciferol,
dl-alpha tocopheryl acetate, vitiman B, supplement, rhothvan,
nicotinic a1d, calaum pantothenate, menadsone
dimethylpyramidinol bsulfite (source of vitamm K], folsc acid,
pyradaxine hydrochlorsde, thiamin monomtrate, biotin, chohine
chlorde.

FEEDING DIRECTIONS

Prolab® RMH 3500, Autoclavable i designed for growth and
reproduction of rodents. It contains all the nutrients that are required
tor growth, lictation, and reproduction. This diet should be fed free
choice in a self-feeder. Keep a constant supply of fresh water
avatlable

Rats= All rats will eat varying amounts of feed depending on their
genetic orygn. Larger strains wall eat up to 30 grams per day Smaller
strams will eat up to 15 grams per day. Feeders m rat cages should be
deagned to hold two to three days supply of feed at one ame
Mice-Adult mice will eat up to 5 grams of pelleted ratson dady.
Some of the larger strams may eat as much as 8 grams per day per
ammal. Feed should be available on a free choice bass m wire

" 1")

feeders abave the thor of the cage

Hamsters-Adults will eat up to 14 grams per day.
Important: A feeding program is only as effective s the
management practces followed

Caution: Store in 2 dry, well ventilated area, free of pests and

insects. Do not use moldy or msect-infested feed
s

Figure 1: Mouse feed, standard autoclavable diet Prolab® RMH 3500 for LabDiet® PMI Nutrition

CHEMICAL COMPOSITION'

Nutrients’
Protein, %
Arginine, %

Cystine,

Glycine, %
Histidine, %

Lsoleucine,

Threonmne,
Tryprophan, %
Valine, %
Serine, % .
Aspartic Acd
Glutamic Acid
Alanine, %
Proline,

Taurine, % o
Fat (ether extrac() '/.. .
Fat (acid hydrolysis), %
Cholesterol, ppm .

Linoleic Aad, ¥
Linolenic Acd.

Arachidonie Aad, %
Omeyga-3 Fauy Acads, %
Total Saturated Fauy Acids,
Totl Monounsaturated
Faty Acids, % o
Fiber (Crude), % .
Neutral Detergent Fiber
Acid Detergent Fiber', %
Nitrogen-Free Extract
(by difference), %
Starch, ¥

Glucose
Fructose
Sucrese.
Lactose, % . .
Total Dlgndhle Numenu,% .
Gross Energy, keal/gm .
Physiological Fuel Value',
keal/gm
Metabolizable Energy.
keal/gm

Minerals
Ash, % ...

Calctum, %

Phosphorus,

Phosphors (non- ph\ tate),

Potassium, ¥

Magnesium,

International, Purina Mills, Inc Richmond, Indiana, USA
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L.al
.20
.63
003
.59
.67

..225
1.32
..0.29
112
053
116
.66
.35

L 051
A0
C061
083
. 0.50
A5
.16
|

7

265

...272
L0534
0L
065
119

129
S48

15.0

.64

50.1

313
L0
S0
...08
0.0
794

4.10

343

3.19

. 6.7
117
076
.051
.0.82
0.21

Sulfur, C.0.24
Sodiun ..0.27
Chlorine Lo .0.47
Fluorine, ppm ... .. ... .. .20
Iron, ppm . A0
Zine, ppm .. 120
Manganese, ppm ... ... .. 130
Copper.ppm ... ............13
Cobalt, ppm . ..0.27
lodine, ppm 099
Chromum. ppm .. .. ........15
Selenium, ppm ..0.28
Yitamins

Carotene, ppm 24

Vitamin K (a mumlmm, Ppm

18
Thuamin Hydrochlonde, ppm .. 90
Riboflavis, ppm . .. .. ....... .15
Niacin, ppm Ce. B0
Pantothenie Aad, ppm . ... .. 3]
Choline Chloride, ppm 1500
Folic Acad, ppm 29
Pyridoxine, ppm . 6.4
Bioun,ppm . ... ... .033
B, meg/kyg 3

Vitamin A, 1U/gm . L
Vianun D) (added), [U/gm .. ..
Vitamin E, IU/kg

LR I IR

wr ke

Ascorbic Aad, mg/gm ..

Calories pmwded by'

Proten, ..26.201
Fat -.clln:x extrac 15.459
Carbohydrates, . 58540

*Product Code

19

bl

W

. Formulatuon based on caleulated

values from the Litest ingredient
Since
nutrient il‘lllp()\l(ll'll l'l_ ll.llullll

analysis information.

ingredients varies and some
nutrient loss will occur due to
manuficturing processes, analysis
wall differ accordingly

Nutrients expressed as percent of
ration t'.\l.L'Pl W l)l'ft' \ldlt’r\\'l\t’
indicated. Moisture content 1
asumed to be 10474 for the
purpose of caleulattons.

NDF = approximately cellulose,

henu-cellulose and ligran
ADF = approximately cellulose
and lignin.

. Physiological Fuel Vilue

(keal/gm) = Sum of decimal
fractons of protein, fat and carbo-
hydrate (use Nutrogen Free
Extract) x 4,94 kal/gm
respectively.

www. labdiet.com
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Figure 2: RAPD-PCR pattern of Enterococcus isolates 2.936, 2.937, 2.938, 2.939, 2.940, 2.941,
2.942,2.923,2.944,2.945,2.946, 2.947, 2.629, 2.647,2.622,2.777, 2.852
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Figure 3: RAPD-PCR pattern of Enterococcus isolates 2.63, 2.354, 2.520, 2.645,
2.630, 2.136, 1.1045, 2.648, 2.798, 2.815
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Figure 3: RAPD-PCR pattern of Enterococcus isolates 2.918, 2.919, 2.921, 2.922,
2.923,2.924,2.925,2.926,2.927,2.928, 2.929, 2.930, 2.931, 2.932, 2.933, 2.934,
2.935
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Figure 3: RAPD-PCR pattern of Enterococcus isolates 2.900, 2.901, 2.902, 2.903, 2.904, 2.905,
2.906, 2.907, 2.908, 2.909, 2.910,2.911,2.912,2.913,2.914, 2.915,2.916,2.917

108



