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Abstract
Enterococcus faecium and Enterococcus faecalis are commensal bacteria that
colonize the gastrointestinal tract. Although these bacteria are in principal nonpathogenic, E. faecium and E. faecalis have emerged as important nosocomial
pathogens with high-level resistance to antibiotics causing clinical infections including
urinary tract infections, bacteremia and bacterial endocarditis in elderly and
immunocompromised patients. Since the prevalence of enterococcal infections in
hospitalized patients is still increasing every year, much research is focussed on the
pathogenicity of these specific strains. Thus far, no clear evidence is has been found
that explains the ecological success of these infectious causing strains. In order to
understand what characteristics of E. faecium and E. faecalis really favour its ability
to colonize and infect its host, this review focuses on the physiology of these bacteria
rather then its pathology.
The potential to degrade mucin glycoproteins via the production of specific
glycosidases might contribute to an enhanced fitness of the organism because this
substrate can be used as an additional nutrient source. Furthermore, E. faecium and
E. faecalis have been shown to be resistant to bile acids. Besides bile salt hydrolases
(BSH) that can detoxify conjugated bile acids (CBA), also other proteins, like gls24,
are associated with CBA resistance. In addition to these characteristics, E. faecalis
and to a lesser extend also E. faecium, are the primary source of Reactive Oxygen
Species (ROS). In healthy individuals, the mucosa protects the underlying epithelial
cell layer against harmful luminal contents like ROS. However, since E. faecium and
E. faecalis produce glycosidases that reduce thickness of the mucosa, less protection
is provided against ROS. ROS can cause genomic alterations, which is correlated to
colorectal cancer. In conclusion, better understanding of the physiology of E. faecium
and E. faecalis is essential to gain more insight into the pathogenicity of these
bacteria. This review will discuss some essential adaptations of E. faecium and E.
faecalis that might contribute to its increased fitness and prevalence.
Key words: Enterococcus faecium, Enterococcus faecalis, mucin degradation, bile acid hydrolases,
gls24, reactive oxygen species (ROS), colorectal cancer
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Introduction
In humans, the gastrointestinal tract (GI tract) is colonized by in total 10

14

bacteria, representing more

1

then 500 species . Molecular analysis has shown that only a small fraction, approximately 1% of the
2

total microbiotic community, belongs to the genus of Enterococcus . Only Enterococcus faecalis,
Enterococcus faecium, Enterococcus avium, and Enterococcus durans can colonize the human
intestine, the others are present in the gut of animals (Enterococcus gallinarum, Enterococcus hirae)
3

or live on plants (Enterococcus casseliflavus, Enterococcus muntdii) . Although these commensals
are in principal non-pathogenic, E. faecium and E. faecalis have emerged as important nosocomial
pathogens with high-level resistance to antibiotics causing clinical infections including urinary tract
infections, bacteremia and bacterial endocarditis in elderly and immunocompromised patients

4-6

.

Enterococci are currently the most frequent nosocomial pathogen isolated from intensive care unit
7

patients in the United States . After the USA, the prevalence of enterococci is increasing in Europe
and Asia too, heading for a true endemic. Clinical isolates from hospitalized individuals that suffered
from enterococcal infection have shown to be mainly E. faecalis and to a smaller extend E. faecium,
8

representing 90% and 10% of all cases, respectively . However, a partial replacement of E. faecalis
by E. faecium is taken place in European and U.S. hospitals

9-11

. Analysis by multilocus sequence

typing (MLST) revealed that the majority of the E. faecium clinical isolates, currently labelled as CC17,
are genetically distinct from indigenous E. faecium strains that belong to the normal intestinal flora
13

12,

. Much research is directed towards CC17 E. faecium, but thus far no clear evidence is found that

explains the ecological success of these infectious causing strains. CC17 is typified by resistance to
ampicillin and the presence of a pathogenicity island, which carries the enterococcal surface protein
Esp involved in biofilm formation

15

. Additionally, the identification of a CC17-specific genomic island

(GI) might explain enhanced adaptation to harsh environments where nutrients are limited, since this
GI may represent a novel metabolic island involved in carbohydrate transport and metabolism

14

.

Presumably, this GI is mobile and can horizontally be transferred; therefore this phenotype might be
associated with high pathogenicity. Compared to E. faecium, relatively more is known about the
virulence of E. faecalis. So far different putative virulence determinants were identified as collagen
binding protein (ace), gelatinase, aggregation substance, haemolysin, and the enterococcal surface
protein gene (esp), which is also located on a pathogenicity island

15

. Since E. faecium and E. faecalis

are both becoming more and more an emerging nosocomial pathogen with multiple resistance to
antibiotics, the focus of the majority of studies is directed towards the pathogenicity of these strains
while little is known regarding it physiology.
In order to understand what characteristics of E. faecium and E. faecalis really favour its ability to
colonize and infect its host, this review focuses on the physiology of these bacteria rather then its
pathology. To survive in the GI tract, bacteria have to coop with competition to obtain nutrients, but
also have to withstand chemicals, like bile acids, that are secreted by the host, which not only facilitate
digestion but are also most often bactericidal. Small adaptations to this harsh environment can result
in increased fitness for the bacterium, however, when the balanced symbiosis is disturbed, it may also
affect the vitality of the host. In this review we focus on the fermentation of sugars and resistance to

5

bile acids. Furthermore, the production of reactive oxygen species (ROS) by enterococci, and the
effect of these ROS on the host are described.

Fermentation of sugars
To live, survive and multiply, every organism is dependent on the ability to obtain enough energy to
sustain essential metabolic processes. For bacteria that colonize the GI tract this impairs competition
for the available nutrients with both the host and other bacteria.
The GI tract consortium has access to non-absorbed dietary polysaccharides of which at least 13
sugars (carbohydrates) can be (anaerobically) fermented by enterococci. These sugars, derived from
dietary starches, plant cell wall polysaccharides (fibres) and oligosaccharides, form the major carbon
and energy source for bacteria

16

. Besides these non-absorbed conventional sugars, also colonic

mucins can be fermented. Given their high amount of oligosaccharide side chains, mucins are a
potential high-energy source for those bacteria that display the appropriate set of enzymes to degrade
the mucins. However, little is known regarding the ability of E. faecalis and E. faecium to use complex
carbohydrates as an energy source.
Under optimal conditions the facultative anaerobic enterococci can switch to oxidative phosphorylation
instead of fermentation. Although oxidative phosphorylation is much more efficient in generating ATP it
has a serious consequence, namely, the production of potent radicals. This review will discuss these
topics in more detail regarding the bacteria E. faecium and E. faecalis in contrast to it natural
environment, the small intestine of humans.

Mucin degradation
The human GI tract is concealed with a thin layer of mucus gel that protects the underlying epithelial
layer against its luminal contents. Protection is not only provided towards partly digested rough food
materials, since mucus fulfils an important role as a lubricant, but perhaps more importantly, also to
more then 500 different microbes that colonize the intestinal tract

16, 17

. The viscoelastic gel consists

for approximately 95% of water and up to 10% of glycoproteins. This mucosal barrier provides
protection against adhesion and invasion of (pathogenic) bacteria, but also to diverse compounds from
the host that facilitate digestion, such as gastric acid and bile. Analysis of anaerobic fecal bacterial
cultures revealed that enzymes are produced capable of degrading mucus

18

.

The mucosal gel layer consists of mucins that are actively produced and secreted by specialized
epithelial cells, referred as goblet cells. In principle, mucins are cysteine rich glycoproteins, conjugated
with a high content of carbohydrate that constitutes as much as 80% of the total mass of the molecule
19, 20

. Mammalian glycoproteins contain three major types of oligosaccharides, namely: N-linked, O-

linked, and glycosylphosphatidyl inositol (GPI) lipid anchors. In mucus, the oligosaccharides in
glycoproteins are glycosidically linked via the monosaccharide N-acetylgalactosamine (GalNAc) to the
hydroxyl group of serine or threonine, along a polypeptide backbone (see figure 1)

19, 21-25

. Because

oligosaccharides are attached to the oxygen atom of the hydroxyl-group, this binding is therefore
referred as O-linked glycoprotein. As these glycoproteins are enloaded with numerous

6
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Figure 1. Structure of glycoprotein. (A) Mucin structure comprises of multiple oligosaccharide side
chains of which some are branched, along a polypeptide backbone. (B) Many oligosaccharides are linked
via N-acetylgalactosamine (GalNAc) with an O-glycosidic bond to serine or threonine of the polypeptide
backbone. Figures obtained from: grtc.ucsd.edu/lecture6.pdf

oligosaccharides, each containing five to twelve sugars that are glycosidically linked, it forms a
potential energy source for those bacteria that express specific enzymes capable of degrading these
glycoproteins (mucins) into easily excisable monosaccharides, oligomers, and amino acids. The
primary monosaccharides found at the terminal non-reducing ends of the human gut mucins are NAcetylneuraminic acid or Sialic Acid (NeuNAc), GalNAc, N-acetylglucosamine (GlcNAc) or D-galactose
and, less frequently, mannose and fucose residues

26

. The stepwise disassembly of mucins into

smaller molecules requires an array of enzymes, like glycosidases, proteases, peptidases, and
sulfatases (see table 1). However, the initial catabolism of glycoproteins by glycosidases necessitates
the removal of sialic acids before further digestion can occur. For better understanding of how mucus
can be used as a substrate for microbacteria, this part provides an overview of most important
glycosidases that are required for complete mucus degradation. As mucus is aligned along the
epithelial cell layer in the GI tract it faces multiple (chemical) compounds that impairs it structure;

7

Figure 2. Modified monosaccharides. Fucose, acetylgalactosamine (GalNAc), acetyl-glucosamine
(GlucNAc) and sialic acid (N-acetylneuraminic acid) can be modified by addition of different substituents. A
methyl (fucose) and acetyl (GalNAc, GlucNAc and Sia) modification is shown in red but also substitution by
lactyl, sulfate or phosphate is possible. Figure obtained from Biochemistry, 5th edition, J.M. Berg, J.L
Tymoczko, L. Stryer.

especially all glycosidases capable to hydrolyse complex sugars (poly- and oligosaccharides) into
simple sugars (mono- and disaccharides). The first step of mucosal degradation involves the
dissociation of single mucin glycoproteins from the mucosal gel matrix. Once detached from the
matrix, mucins are easily accessible and more vulnerable to proteolytic cleavage at the glycopeptide
sites where no oligosaccharide side chains are present, resulting in subunit fragments of 500kDa

27

.

The fragments are still heavily saturated with oligosaccharides that vary in length and degree of
branching, protecting the polypeptide core of the glycoprotein against proteolytic cleavages of
proteases. Since the density of oligosaccharide side chains correlates with the steric hindrance of the
molecule, glycoproteins with low oligosaccharide levels are more vulnerable to degradation. Despite
the high density of oligosaccharide side chains, some bacterial glycosidases can overcome steric
hindrance and liberate the attached oligosaccharide from the polypeptide backbone and subsequently
degrade the oligosaccharide chain into monosaccharides. Cleavage of each linkage requires the
presence of its linkage-specific glycosidase that catalyzes the glycosidic bond

21

. So, in order to

degrade oligosaccharide chains completely to its constituent monosaccharide, an array of specific
glycosidases is required (see table 1). The reason that human mucins are rarely degraded is probably
caused by a protective host adaptation of the human colonic goblet cells, which comprises the ability
to modify the primary monosaccharides (mentioned above) found at the terminal non-reducing ends of
the oligosaccharide chains (see figure 2). Possible modifications of monosaccharides are O-acetyl, Omethyl, O-sulfate, O-lactyl, or phosphate groups substitutions at the hydroxyl groups on C-4, C-7, C-8,
and C-9. Especially sialic acids at the terminal non-reducing ends of the oligosaccharide chains by Oacetyl substitution is observed. Due to this modification, cleavage by glycosidases (e.g. sialidase) is
partially inhibited

21

. Only a distinct group of enteric bacteria, covering 1% of the total cultivatable fecal

bacteria, have evolved additional enzymes that can overcome protection of sialic acid residues. This
distinct subpopulation of bacteria express cell bound-, and secrete extracellular sialate

8

Table 1. Steps in the disassembly of the gastrointestinal mucus gel layer.
Step

Process

Associated enzyme

1

Loss of mucin glycoprotein molecules from the

Diffusion, proteolytic attack, physical force

surface of the gel matrix.
2

Proteolytic cleavage of mucin glycoproteins into

Host and bacterial proteases

highly glycosylated subunits

3

Cleavage of O-acetyl esters from sialic acid

Bacterial sialate O-acetylesterase

moieties in oligosaccharide side chain

Reaction:
N-acetyl-O-acetylneuraminate + H2O = N-acetylneuraminate + acetate
4

Cleavage of sulfate esters from mono-

Bacterial glycosulfatases

saccharides in the oligosaccharide side chain

Reaction:
D-glucose 6-sulfate + H2O = D-glucose + sulfate
5

Stepwise cleavage along the oligosaccharide

Bacterial glycosidases, like:

side chain

N-acetylneuraminate lyase (1),
exo-α-sialidase (2), arylesterase (3),
β-N-acetylgalactosaminidase (4) and
α-N-acetylglucosaminidase (5)

Reaction:
(1) N-acetylneuraminate = N-acetyl-D-mannosamine + pyruvate
(2) Hydrolysis of α-(23)-, α-(26)-, α-(28)- glycosidic linkages of terminal sialic acid residues in
oligosaccharides, glycoproteins, glycolipids, colominic acid and synthetic substrates
(3) A phenyl acetate + H2O = a phenol + acetate
(4) Hydrolysis of terminal non-reducing N-acetyl-D-galactosamine residues in N-acetyl-β-Dgalactosaminides
(5) Hydrolysis of terminal non-reducing N-acetyl-D-glucosamine residues in N-acetyl-α-Dglucosaminides
6

Proteolytic cleavage of the residual peptide core

Host and bacterial proteases

in subunit fragments
Table based on review of L.C. Hoskins. Chemical equations obtained from protein database expasy,
(www.expasy.org).

9

O-acetylesterase and arylesterase, in addition to the more widely distributed glycosidases such as
sialidase, β-N-acetylglucosaminidase and β-N-acetylgalactosaminidase

19, 21, 24

. The bacteria that

synthesize these enzymes are Gram-positive, obligatory anaerobe, and non-pathogenic, belong to the
intestinal microflora and are collectively referred as Mucin Oligosaccharide Degrading (MOD) strains.
Identified MOD-strains are Ruminococcus gnavus, R. torques and Bifidobacterium species, which
constitutively produce up to 15 different glycosidases as extracellular or cell bound enzymes

28

. In

addition, also Escherichia coli and facultative anaerobic species, such as E. faecalis, are capable in
producing these enzymes, although in smaller amounts compared to MOD-strains

21

.

In theory, hydroxyl groups on carbon atom 4, 7, 8 and 9 of sialic acid are highly susceptible for Oacetyl substitution. The preponderance (nearly 40%) of the moieties in sialic acid that can be
acetylated is di- or tri-acetylated
resistance to sialidase activity

24

21

. The degree of acetylation of sialic acid is correlated with increased

. Although chemical studies revealed that the O-acetylated carbon

atom C4 in sialic acid totally resist sialidase activity, this variant of sialic acid has not been found in
human colon

21, 29

. Mucin glycoproteins with acetylated carbon atom on position 7, 8 and 9 can, to a

certain extand, still be cleaved by sialidases that hydrolyse glycosidic bonds between the Oacetylgroup and the sialic acid residue. Sequential analysis revealed that at least in Clostridium
sordellii G12, C. perfringens A99, Salmonella typhimurium LT-2 and Vibrio cholerae 395 conserved
motifs were discovered in the primary structure of sialidase, that constitutes a set of a common “asp
boxes” with an amino acids sequence with the formula Ser-X-Asp-X-Gly-X-Thr-Tyr

30

. The

conservation of this sequence, where X represents variable residues, maintains the protein
configuration and illustrates the importance of this enzyme throughout evolution. Similarly to the
attachment of acetyl esters, also modification of sialic acids by O-linked sulfate substitution is possible
that protects against catalytic enzymes. Sulfate esters have been identified on carbon atom 3, 4 and 6
of sialic acid, GlcNAc, Gal, and occasionally GalNAc

31

. Although very little is known about the process

of O-sulfate substitution, it is clear that a few bacterial strains can produce glucosulfatases that can
circumvent this protection. Multiple bacterial strains have adapted to O-acetylation of sialic acids in
colonic mucins since sialate O-acetylesterase, N-acetylneuraminate lyase and glycosulfatase activities
have been detected in fecal extracts from humans and rats

21

.

Focus on Enterococcus
The ability to sequentially degrade mucins was believed to be restricted to R. gnavus, R. torques and
Bifidobacterium, the so-called MOD-strains, because only these strains showed enzyme activity of the
required glycosidases. However, Corfield et al. showed that also multiple Bacteroides strains, Bacillus
longus, E. coli and E. faecalis are capable to catalyse mucins since sialidase, sialate O-acetylesterase
and arylesterase enzyme activities were measured in culture medium

21

. Sialidase is, in contrast to the

other enzymes, not cell bound, but extracellular released by Ruminococcus and Enterococcus
species. When bacteria are cultured on mucins containing 0,5% sialic acid, increased activities were
found for sialidase, sialate O-acetylesterase and arylesterase, respectively. Interestingly, Corfield et al.
showed that enzyme production correlates significantly with increasing sialic acid contents of

10

glycoproteins

19

. Compared to Bacteroides and MOD strains, the facultative anaerobic E. faecalis had

the weakest sialidase activity together with E. coli. When the production of sialate O-acetylesterase
was measured in E. faecalis, only three of the five strains were found positive. On the other hand, the
produced quantities of arylesterase were relative high compared to the other glycosidases.
Glycosulfatases, which remove O-linked sulfate ester moieties, could only be detected in purified
supernatant fractions of MOD-strains and not in E. faecalis.
Besides (serine/threonine) O-linked glycoproteins, also (asparagine) N-linked glycoproteins, which
appear both in the circulation and on host cells and tissue, can be used as potential nutritional source.
Since E. faecalis is poorly equipped with enzymes that can degrade O-linked glycoproteins, Roberts et
al. investigated whether E. faecalis is able to degrade the N-linked high-mannose glycoproteins and
can utilize the released carbohydrates for growth

26

. The demonstration that endo-β-N-

acetylglucosamine, capable of degrading N-linked glycoproteins, is extracellularly produced by E.
faecalis, suggests that besides O-linked glycoproteins also N-linked glycoproteins (such as highmannose-type glycoproteins present on RNase B and laminin) provide another additional energy
source to support metabolic processes

32

.

In general, enzyme activity is limited by its substrate specificity and its ability to cleave specific
linkages

between

different

moieties.

Modification

(acetylation

or

sulfation)

of

substrates

(monosaccharides) aligned in the oligosaccharide chain negatively effect both enzyme activity and
specificity because most enzymes are not able to cleave these modifications. Enzymes of
Streptococcus pneumoniae, Alcaligenes and Bacillus species can hydrolyze the O-glycosidic linkage
between GalNAc and serine/threonine residues. However, the enzyme activity in these strains is
restricted by their narrow substrate specificity. In contrast, E. faecalis produces smaller amounts of
mucin degrading enzymes compared to MOD strains, however, its specificity is not limited to one
certain linkage

22

.

Furthermore, ones the oligosaccharide side chains is detached from its polypeptide backbone,
peptides are more vulnerable to proteolytic cleavages. Hoskins et al. descirbed that E. faecalis is one
of the most important sources of extracellular protease production

33

.

Discussion
In order to survive in the GI tract, not only bacteria have to maintain their selves but also the enzymes
that they produce must withstand chemical and enzymatic activity from host and competitors.
Resistance of bacterial glycosidases to enteric intraluminal proteases seems an essential evolutionary
adaptation that permits continued growth of bacteria. Dietary starches, plant fibres and
oligosaccharides form the dominant energy source and although there is an excess of these nutrients,
this involves competition, not only between host and microbial flora but also between species. The
capability to use additional sources to obtain energy is limited to just a small subset of bacteria and
can especially be advantageous when the host is fasting. Where mucus primary function is to protect
the underlying epithelial cell layer against intraluminal contents, it also carries huge amounts of
complex sugars that are a potential energy source for bacteria that express the right enzymes.

11

Although the GI tract comprises bacteria that in general express at least a few glycosidases, these
enzymes are not sufficient to extract energy from mucosal glycoproteins because the oligosaccharide
chain is protected for degradation by modification of its terminal sugar sialic acid. The ability to fully
degrade mucin is limited only to those bacteria that can remove this terminal sugar. However, since
sialic acid can be modified in multiple ways it requires numerous enzymes before hydrolytic
disassembly of glycoproteins can take place. Degradation of mucins can only be achieved by bacteria
that produce sialate O-acetylesterase, arylesterase, glycosulfatases and sialidase. When protective
residues of oligosaccharides are cleaved by the specific glycosidases, the peptide core is vulnerable
to proteases deriving from both human and bacterial origin. In addition to MOD-strains, also E. faecalis
is responsible for the production of mucin degrading enzymes

24

. Sialic acid moieties of the

oligosaccharide side chain are frequently modified by esterification, the number of O-acetyl and sulfate
esters per sialic acid can differ. The rate of esterification correlates with resistance to glycosidases
and thus with the capacity to hydrolyze mucus. Enzymes that promote the modification of sialic acids
(acetyl esterification) are either an acetyl coenzyme A: sialate-4-O-acyltransferase or 7(9)-Oacetyltransferase

29

. In other words, mucin degradation can be promoted either via enzymes that

catalyze glycosidic bonds or by inhibiting the latter enzymes so that sialic acids cannot be modified.
Furthermore, one could argue that not all bacteria have to express the entire subset of glycosidases to
gain access to additional energy sources since at least some bacteria secrete their mucin degrading
enzymes extracellularly. In this way the products become available to every nearby bacterium and are
not restricted to the bacterium that produces this enzyme. This symbiotic phenomenon is also referred
as cross-feeding

16, 28

. In case of Enterococcus species, glycosidic bonds of terminal sialic acids can

be hydrolyzed, though their sialidase production is very limited. However, when these substrates are
converted by MOD-strains, enterococcal species possess enough enzymes to degrade the rest of the
molecule. In this way MOD-strains can support in nutritional need for other species. This form of
microbial symbiosis is also observed in Vancomycin resistant enterococcus (VRE). Pultz et al. showed
that nine VRE faecium strains could not ferment hog gastric mucin or bovine submaxillary mucin, but
that metabolites derived from this substrate such as D-glucose, D-mannose, D-glucosamine and Nacetylglucosamine could indeed further be processed and used as energy source

28

.

In conclusion, mucus can be used as an additional energy source by bacteria that express the
appropriate glycosidases. In addition to MOD-strains also enterococcal species have been shown to
synthesize glycosidases by which mucin degradation is facilitated. However, since only few (essential)
enzymes are being investigated, just little information is provided to understand the complex
mechanisms of mucin degradation. To fully understand how and to what extend enterococcal species
can use mucins as an additional energy source, more research is required since mechanisms of
cross-feeding are underexposed.

12

Bile acid resistance
To obtain better knowledge of how enterococci can survive and colonize the GI tract, it is not only
important to understand how the bacteria extract nutrients from the environment but also how they
8

withstand multiple chemical compounds like gastric acid, salts, ethanol, azide, and bile . In the GI
tract the physiology is constantly changing which requires additional adaptation mechanisms, for
example the tolerance to a broad pH range varying from very acidic (pH 4.8) to very alkaline (9.6) in
the small intestine. In order to understand more about enterococci and the way they deal with extreme
physiological conditions, this paragraph is directed towards the subject of bile resistance.
Bile is produced by the liver, stored in the gallbladder and secreted in the duodenum, the upper part of
the small intestine were the bile concentration ranges from 0,2-2,0%

34

. Bile consists of bile salts,

cholesterol, phospholipids, and bicarbonate and as a detergent it promotes lipid absorption in the
proximal small intestine. Moreover, this amphipatic molecule with a hydrophobic and hydrophilic side
acts as a bactericidal component to limit overgrowth. To coop with this, some bacteria have gained
mechanisms to withstand this harsh environment. Resistance to extreme concentrations of detergent
was already observed in Gram-negative bacteria that could resist Sodium Dodecyl Sulphate (SDS)
concentrations up to 10% while Gram-positive bacteria were already killed at a concentration of 0.1%
35

. Since E. faecalis has directly been isolated from the gallbladder where the bile reaches a

concentration of nearly 8%, enterococci must have established alternative ways to circumvent high
bile concentrations

36, 37

. This extraordinary phenomenon has raised a lot of questions, which will be

discussed in the next paragraphs.

Bile salt hydrolases
The dominant form of bile is the conjugated bile acid (CBA) or bile salt that consist of a steroid ring
that is conjugated with either taurine (tauro-CBA) or glycine (glyco-CBA)

38, 39

. The discovery that

bacteria produce bile salt hydrolase (BSH) or choloylglicine hydrolase has led to more research that
investigates how bacteria coop with bile. BSH catalyzes the deconjugation of CBA and liberates
primary bile acids and amino acids (see figure 3). A metagenomic study by Jones et al. has shown
that the gene encoding for BSH is widely distributed among all major bacterial divisions, including
38

enterococci, and suggests that BSH can mediate resistance to CBA in the small intestine . Once CBA
is converted to its unconjugated form, additional processing is implemented by a broader population of
bacteria whereby secondary and tertiary forms emerge due to dehydroxylation, dehydrogenation, and
sulfation

38

. Since CBAs play an important role in regulating many homeostatic mechanisms via

endocrine signalling and in repressing bacterial growth in the small intestine, BSH can disturb
physiological processes on multiple levels

37, 38
4

. The reason that the small intestine is colonized by just
5

a small fraction of bacteria, ranging from 10 to 10 colony-forming units/ml under normal conditions, is
probably caused by the combination of high concentration of CBA (10mM during digestion), gastric
acids, and the presence of immune activating products like IgA and defensins together with long-chain
fatty acids

39

.Interestingly, when bile secretion is partially blocked by liver cirrhosis it triggers bacterial

13

Figure 3. Cleavage of Conjugated Bile Acid (CBA) by the Bile Salt Hydrolase (BSH). BSHs cleave
the peptide linkage of bile acids to liberate the amino acid side chain from the steroid core.

overgrowth in the small intestine

39, 40

. According to this observation, an experiment was performed in

which bile duct ligation was executed in mice that resulted in an increase of both aerobic and
anaerobic bacteria by 2 and 10-fold, respectively

40

. This strongly suggests that bile implements direct

or indirect bactericidal functions.

Farnesoid X receptor
Farnesoid X receptor (FXR), a member of the steroid/thyroid hormone receptor family, has recently
been identified as a nuclear receptor for bile acids that is highly expressed in the liver and proximal
part of the small intestine, but also in the kidneys and adrenals

40

. Upon ligand binding, FXR forms a

dimer with retinoid X receptor (RXR) and translocates to the nucleus were is binds DNA response
elements of target genes (reviewed by Nguyen

41

). One of the target genes is cytochrome P450, which

transcription is repressed when FRX/RXR has bound. Cytochrome P450 is directly linked to bile acid
production since it is the rate-limiting enzyme for bile acid synthesis. If bile binds to FXR, and
FXR/RXR complex translocates to the nucleus of the target cell it provides a negative feedback
mechanism that reduces bile secretion. Other target genes, which become activated when FRX/RXR
is bound, promote epithelial integrity by encoding for bile salt export pumps or stimulate antibacterial
properties for example by the transcription of the inducible nitric oxide synthase (iNOS) that is
responsible for the production of nitric oxide. Based on these findings, a hypothesis could be that
interfering with the FXR/RXR bile receptor is beneficial for bacteria. However, direct antagonists or
mechanisms that impede with the dissociation of the FXR/RXR dimer do not exist or wait still to be
explored. Because bile duct ligation is associated with bacterial overgrowth, invasion, and rupture of
mucosal barrier, Inagaki et al. investigated the potential of GW0464, a FXR agonist, to restore
40

mucosal integrity . They showed that clinical effects of bile duct ligation could be abolished when

14

GW0464 was administered. This proves that bile has besides direct effects also indirect effects on
bacterial growth since bile signalling promotes optimal protection of the epithelial layer and mucosa by
restoring its integrity. So perhaps, GW0464 can be used in hospitalized patients to re-establish their
mucosal barrier that suffers from intestinal infections.

General stress protein 24
Microorganisms that colonize the GI tract have to deal with different stress conditions. The better the
adaptation to a certain stressor, the higher the fitness of that particular microorganism. In order to
understand more about the possible mechanisms to withstand stress-like conditions, Giard et al.
conducted an experiment were a clinical E. faecalis isolate (JH2-2 strain) was cultured for 24 hours
(hr) in deprivation of glucose

42

. During this 24-hr glucose starvation, synthesis of 42 proteins was

significantly enhanced. One particular protein that was up regulated, referred as protein number 24,
was of special interest since this protein was continuously expressed during the starvation period. This
protein was called glucose starvation protein 24. However, when it became clear that this protein was
also highly expressed under other forms of stress, such as bile exposure, it was renamed general
stress protein 24 (gls24). To investigate the role of this protein in more detail, gls24 mutants were
constructed. These mutants had an extended generation time (58 minutes instead of 45 minutes) and
were more vulnerable to 0,3% bile when starved for 24hr (26-fold lower survival rate) compared to the
wildtype strain

43

. Also Flahaut et al. investigated the stress response in E. faecalis to bile and SDS

44

.

In total 45 and 34 proteins had altered expression in E. faecalis after stimulation with bile and SDS,
respectively. That only twelve of the 79 proteins were similar indicates that E. faecalis can distinguish
between these comparable stressors and react in a specific manner. Genome sequence analysis of
gls24 revealed multiple homologues of this gene, two in E. faecalis V583 (Ef0079 and Ef0604) and two
in L. lactis IL1403 (ymgG and ytgH). With a 60% identity on average, these genes constitute to the socalled “Gls24 family” (see figure 4). One gene of the gls24 family was even claimed to be located
within a 16-kb mobile genetic element

45

what emphasizes its putative virulence. The four gls24

homologous genes in E. faecalis and L. lactis are located in different operons (see figure 4). The
operon containing both Ef0079 and Gls24 genes has been previously characterized, the other three
are putative operons. Ef0079 is located in an operon that consists of 6 open reading frames (ORFs).
Not only ORF4 (Ef0079), preceding to gls24, showed very strong identity (71%) with gls24 but also the
other putative genes located in the operon were very similar. When the four operons are compared for
identity, three groups may be distinguished: the first, including Ef0077, Ef0605, YmgI, and YtgA with
an average of 33% identity, the second, corresponding to Ef0078, OrfX, YmgH, and YtgX, presenting
48% identity, and the last, GlsB, YmgJ, and YtgB, which were 80% identical

43

. Upon stress, the

operon containing the Ef0079 and gls24, is probably completely transcribed since no translational
terminator was found between the ORFs. gls24 and glsB, two adjacent genes in this operon, are
important for bile salt resistance and therefore putative virulence factors. Gls24 might also be
associated with virulence in an endocarditis

46

and peritonitis model in mice

47

. This was not observed

in an Ef0079 mutant, which suggests that despite the high homology between gls24 and Ef0079 they
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Figure 4. The Gls24 family. Genetic organization of the four operons containing gls24 homologous genes in
E. faecalis (A,B) and L. lactis (C,D). Arrows with the same motif indicates homologous genes, and are the
beginning of a new Open Reading Frame (ORF). P1 and P2 represent the promoters in the operon. Figure
copied from J.C.Giard, FEMS Microbiology Letters, 2002, volume 206.

fulfill different physiological roles. Although the correlation of Gls24 with bile resistance is proven, the
function of Gls24 remains unclear.
Since detergents, like the anionic bile salts, exert their bactericidal and toxic effect primarily by acting
on microbial membranes it is likely that bile resistance is associated with proteins that reside in the
membrane. Solheim et al. has shown that treatment with either bovine bile (BB) alone or in presence
with the detergent SDS induces transcriptional alterations in the membrane-associated genes
EmbB/QacA (drug-resistance transporters) and a vacuolar-type ATPase in E. faecalis V583,
respectively

37

. Also in L. reuteri a multi-drug resistance transporter (lr1584) was found that is up

regulated upon bile stress. This gene is located in an operon that is conserved in many lactic acid
bacteria including E. faecalis, which exemplifies its evolutionary importance

34

. In addition, le Breton et

al. performed random mutagenesis of E. faecalis, which allowed the isolation of 10 bile salt-sensitive
mutants

48

. Their characterization revealed that the mutation loci corresponded to genes related to

either fatty acid biosynthesis or cell wall synthesis. Further characterization of one mutant revealed

16

that the insertion within the E. faecalis sagA gene led besides decreased resistance to bile salts, to
changed cell division and morphologies of the cell membrane. Furthermore, Flahaut et al. showed that
upon bile salt stimulation in E. faecalis ATCC19433, enhanced expression of genes homologue to
classical heat shock proteins DnaK and GroEL of E.coli occurred

44

. This is not very surprising,

considering the function of heat shock proteins. These proteins are evolutionary conserved
chaperones that repair misfolded proteins under stressful conditions. Remarkable is that E. faecalis
can resist the bacteriocidal effect of bile salts, after they have been exponentionally grown and preexposed for only 5 seconds with a sub-lethal concentration of bile salts or SDS. This so-called “flash
adaptation” results in nearly full resistance to lethal concentrations of bile salt or SDS, or other stress
factors (cross-protection)

44

.

Discussion
CBAs are amphipatic molecules that promote lipid absorption in the small intestine. Moreover, it has
been clarified that conjugated bile acids also yield endocrine signaling functions that protect the
epithelial cell layer of the GI tract by inhibiting bacterial overgrowth. The presence of BSH indicates
that bacteria have found a way to deal with the direct bactericidal properties of CBAs. Conversion of
CBA to a less harmful variant of bile salts improves colonization of bacteria. For Gram-negative
bacteria it was already known that they can resist high concentrations of detergents like bile and SDS,
but that the same ability was observed in Gram-positive bacteria remained a long time underexposed.
It is likely that commensals such as enterococci have developed other strategies to protect themselves
against bile since the composition of the membranes is totally different from Gram-negative bacteria.
The identification of Gls24 but also SagA and multiple drug resistance transporters provided better
insight of how important it is for the bacterium to cope with CBA in order to survive in the intestine.
Although the function of Gls24 has not been clarified until now, it possibly exerts its function in the
membrane. The discovery that pre-exposure for only five seconds to a certain stressor can induce
resistance towards much higher concentrations of the same or other stressors, suggests that bacteria
can activate specific protective mechanisms. Probably, gls24 fulfills an important role in the evolution
of bile salt resistance, because this gene is conserved in different species. That different levels of bile
salt resistance emerge among species can be explained by the distribution of genetic mobile elements
among the strains

49

. In summary, this paragraph provided an overview of genes that are involved in

bile salt resistance for enterococci and other related bacteria. Transcription of these genes and
translation was significantly enhanced when challenged with bile. The exact routes via which bile
inhibits bacterial overgrowth in a direct and indirect manner still need to be explored. Glucose and
oligotrophic starvation can trigger a mechanism by which E. faecalis and related bacteria gain extra
protection to survive physiological stresses like bile. It is arguable how often this form of starvation will
take place in the small intestine and if this is really the way in which bacteria are activated in vivo.
Since enterococci together with MOD-strains have the ability to use mucins as an alternative energy
source it is more likely that not starvation but another unconventional mechanism is responsible for
enhanced resistance towards bile. Furthermore, infection by enterococci is mainly observed in
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hospitalized individuals, which makes it less likely that malnourishment is the cause. However, it is
imaginable that hospital food can alter bile production and secretion and therefore influence
susceptibility to bacteria. In addition, flash-adaptation might be an important mechanism to obtain bile
acid resistancy. Leakage of bile in small amounts from the gallbladder, before the stomach releases its
contents, might trigger the activation of for example multi-drug resistance transporters that are
involved in bile protection. In this way, bacteria that have not yet been challenged with bile, can
survive. Maybe, enterococci can colonize the upper tract of the small intestine, survive and proliferate
to maintain their population, by using a mechanism as flash-adaptation.
The ability of enterococci to circumvent the bactericidal effect of bile might cause overgrowth of
enterococci in the GI tract, which is presumably a negative effect for humans. Jones et al., who also
38

studied bile resistance of enterococci, found effects that seem beneficial for humans . For example,
BSH activity as well as the bile acid modification might lead to a reduced risk of obesity,
arthrosclerosis, and cardiac diseases since lipid and cholesterol levels are changed. However,
besides this positive side effect it has also been argued that modified bile acids have been implicated
as carcinogens and are possibly involved in colorectal cancer. The next paragraph is dedicated to the
bacterial mechanisms that might be responsible for colorectal cancer.
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Reactive oxygen species and colorectal cancer
As previously described, a continuous mucus layer lines the mucosal surface that protects the
underlying epithelial cells against multiple forms of stress. Besides gastric acids and bile also other
agents can affect the integrity of the mucosal barrier. One such agent, that is produced by a specific
subset of bacteria and released in the colonic lumen, are the reactive oxygen species (ROS). Different
-

forms of ROS exist, but superoxide (·O2 ), hydrogen peroxide (H2O2), and hydroxyl radicals (·OH) are
most commonly found in biological systems. The primary source of superoxide radicals are the
commensals E. faecalis and L. lactis, and to a lesser extend E. faecium that extracellularly produces
these radicals when it is deprived of haematin

8, 50

. Although other prokaryotic species can produce

superoxide in the cytoplasm, this is not extracellularly secreted. The Gram-positive enterococci are
facultative anaerobic, which means that they can use both aerobic and anaerobic respiration. Aerobic
respiration is more energy efficient then fermentation, but is also the source of ROS

51

. The required

oxygen for aerobic respiration is probably provided via passive diffusion from epithelial cells into
lumen.
Haematin, a member of the group porphyrins, is an important molecule that is incorporated in several
proteins like cytochrome bd, essential in the respiratory chain, and cytosolic catalases, that protect the
body against uncontrolled oxydation by hydrogen peroxide. Since E. faecalis cannot synthesize
porphyrins, that is required to produce cytochrome bd, a successful proton flow to terminal acceptors
is inhibited, unless extracellular haematin, extracted from the intestine, can provide in this need. If
there is no extracellular haematin available, respiration is blocked and ROS, like hydrogen peroxide,
superoxide, and hydroxyl radicals are produced

52, 53

. Only in presence of the exogenous nutrient

haematin, functional respiratory metabolism, e.i. oxidative phosphorylation can be fully completed in E.
faecalis. What the minimal concentration of haematin in the faeces must be to circumvent superoxide
production is not determined until now. Although E. faecalis and E. faecium preferably use the
fermentative energy metabolism, the amount of produced radicals is substantial and equals the level
9

of radicals that is released by neutrophils undergoing a respiratory burst; ±30μM/min per 10 CFU,
when rates are normalized to cell surface area

53

.

Superoxide is anionic and due to its negative charge poorly diffusible through cell membranes. It is
8

generated by a univalent reduction of oxygen by the membrane-associated demethylmenaquinone .
Grown in the presence of sufficient haematin levels, this molecule prevents superoxide production
because it completes the respiratory chain. Besides the fact that superoxide is a radical itself, it
participates in the formation of other reactive oxygen species, e.g. hydroxyl radical

54

. Furthermore, E.

faecalis contains intracellular hydrogen peroxide-forming enzymes, like NADH oxidase, superoxide
dismutase, and pyruvate oxidase that also indirectly contribute to the production of hydroxyl radicals
51

. In a healthy individual the thickness of the mucosa is equally and continuously distributed

throughout the GI tract. As long as this barrier remains intact it is sufficient in protection against all
natural occurring stress factors. However, oxidative stress is aggressive and destructive to its nearby
surrounding, affecting both the mucosa and the underlying epithelial cells. Brownlee et al. has shown
that native colonic mucus gel is resistant to ROS breakdown but that exposure of isolated and purified
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mucins to ROS leads to a significant loss of terminal sugars (i.e. sialic acid and GalNAc) and to a more
modest loss of internal sugar moieties (e.i. galactose, N-acetylglucosamine)

55

. However, evidence is

provided that when purified mucins are treated with 10mM H2O2 for 24 hrs, a 50% reduction of its
polymeric structures is observed. Interestingly, incubation with 5mM H2O2 resulted in an 5% increase
of mucosal layer, while 50mM H2O2 for 24hrs totally destroyed the polymeric structure of the mucus

20

.

A potential mechanism that can explain this observed enlargement of the mucosal barrier has not yet
been described. Furthermore, even the polypeptide backbone can be destructed by the effect of ROS,
demonstrating that ROS, unlike proteolytic enzymes, are capable to penetrate to the mucin protein
core despite that it is heavily glycosylated. ROS treatment caused an loss amino acids that was
equivalent to a 6% reduction of total protein weight in comparison to control proteins

55

. However, not

all amino acids were cleaved off as easily, given the fact that nearly 63% of histidine residues were
lost upon ROS treatment compared to only small alterations in serine and threonine abundance (<3%
loss). It is likely that the latter two residues still obtain some protection by the remaining residues of the
oligosaccharide chains. Brownlee et al. suggests that probably additional, non-mucin components
within the mucus gel have ROS-scavenging and thus protective properties

55

. Possible candidates that

might have ROS-scavenging characteristics are bile salts, intracellular antioxidants like glutathione, or
antioxidant compounds derived from the diet such as the well-known ascorbic acid (vitamin C). Once
the integrity of the mucosa is disturbed, protection against ROS and other harmful agents is
suboptimal. Restoring the mucosal barrier is energy consuming since the synthesis of one mucin
molecule takes over 43000 ATP molecules

20

. Therefore it is not surprisingly that dietary intake is

related to mucosal turnover. In healthy rats the mucosa is approximately 500μm thick, however, it is
shown that deficient fibre intake leads to decreased thickness of mucosa and mucosa production

20

.

Unfortunately for the host, ROS does not only destroys the mucosal layer it can also damage epithelial
cells when the mucosa is dramatically reduced. Normally, the thickness of the mucosa provides
enough protection against freely diffusing ROS, but when this protective mucus layer is partly
destroyed, it can react with the underlying cell layer. One way by which radicals can affect epithelial
cell integrity is by induction of genomic instability that arises accidentally by the accumulation of
somatic mutations. Examples of genomic instability are microsatellite instability (MSI), chromosomal
instability (CIN) and chromosomal translocation

56

. All these forms of genomic instability are directly

linked to colorectal cancer (CRC) whereby MSI and CIN are observed in 15% and 85% of all CRC
patients, respectively, suggesting that genomic instability plays a central role in cancer formation in the
colon

56

. CRC is typified by different forms of genetic and epigenetic changes, e.g. gene

rearrangements, aneuploidy, acquirement or loss of DNA fragments and aberrant promotor
methylation

53, 56

. Worldwide, nearly 1 million people are diagnosed with CRC accounting for many

deaths each year, illustrating that it is a serious health problem.
Since E. faecalis is responsible for superoxide production in the GI tract it might be a potential source
for CIN. Given the fact that DNA damage induced by E. faecalis could be averted by the addition of
catalase, but not manganese superoxide dismutase (MnSOD), indicates that hydrogen peroxide and
not superoxide itself is the harmful agent

57

. In a slightly acidic environment as the intestine, produced

20

superoxide radicals spontaneously convert into hydrogen peroxide. Hydrogen peroxide that originates
from superoxide freely enters epithelial cells where hydroxyl radicals are generated through an iron
mediated Fenton reaction. The hydroxyl radicals that derive from superoxide precursors can induce
DNA breaks, base modifications or protein-DNA cross-linkages. Accumulation of these alterations will
eventually lead to CIN, causing the transformation of epithelial cells into adenocarcinomas.
Furthermore, Wang et al have described other effects of extracellular superoxide, produced by E.
faecalis

53

. They revealed that in macrophages superoxide induced the upregulation of

cyclooxygenase-2 (cox-2), a gene encoding for an enzyme responsible for inflammation. Specialized
epithelial M cells present, via a process of transcytosis, luminal bacteria to innate and adaptive
effector cells located underneath the intestinal epithelium. These bacteria include superoxideproducing enterococci that can trigger the activation of macrophages. This superoxide induced
activation of macrophages, initiates the upregulation of cox-2 which results in generation of diffusible
mediators that eventually drive carcinogenesis in neighboring epithelial cells

52, 53

. Since cox-2 is

associated with the Nuclear Factor kappa B (NFκB) signaling pathway it is presumably that also
inflammatory mediators are involved

58, 59

. Although this upregulation of cox-2 and NFkB signaling

activity was increased upon exposure to haematin starved E. faecalis, this enhanced activity could be
counteracted when MnSOD was added

52

. This suggests that extracellular superoxide from haematin-

starved bacteria is an essential factor for the activation of the NFκB pathway since MnSOD catalyzes
the conversion of superoxide into hydrogen peroxide. There are a lot of gaps in the knowledge of how
enterococci induce CIN in a precise manner however, the activated NFkB signaling pathway is so far
the best studied mechanism. This pathway can promote tumorigenesis in multiple ways, namely: (i) by
inhibiting apoptosis, (ii) dysregulating tumor specific immune response and (iii) production of ROS that
directly damages genomic DNA

52

.

Discussion
The ability to produce ROS is restricted to only a small subpopulation of bacteria that colonize the
intestine, of which E. faecalis is the most prominent one. Determinants that are responsible for ROS
production together with enzymes that can catalyse these products are related to enhanced survival
and virulence of the organism. In order to withstand self-secreted ROS, E. faecalis uses catalases that
convert hydrogen peroxide into water and oxygen. Frankenberg et al. has shown that in the presence
51

of haematin and oxygen, E. faecalis can synthesize water-soluble haematin B-containing catalases .
Furthermore, protection against self-imposed oxidative stress is achieved by antioxidant mechanisms
like the inducible manganese superoxide dismutase that dismantles superoxide

60

. So, by the

production of ROS and enzymes that protect against these self-produced ROS, E. faecalis and E.
faecium can outcompete other bacteria that are not able to detoxify these components. Furthermore,
ROS provides advantages in order to degrade impenetrable mucin structures where glycosidases are
not sufficient enough. This feature can also contribute to the enhanced fitness of the organism. The
degradation of mucus can provide bacteria additional energy source when less nutrients are available

21

in the GI tract. In a clinical perspective, decreased thickness of the mucus layer is associated with
ulcerative colitis (UC) and Crohnʼs disease in patients

61

. Although direct and indirect effects of

extracellularly secreted superoxide have been proven in relation to CIN, it is arguable whether ROS
can be correlated to decreased thickness of the mucus layer resulting in diseases as mentioned
above. Firstly, its not known what amount of radicals really reaches the epithelial cell layer, since
bacteria are usually not in direct contact with the colonic cells, and, secondly, radicals are so reactive
that it directly reacts with it close surrounding.
Moreover, the effect of an appropriate diet must also not be underestimated. A healthy state of the
host is essential to control bacterial growth in the intestine. To restore the partly degraded mucosa,
energy is required in the form of food. Furthermore, fruits, vegetables and fibres are enloaded with
antioxidants that are beneficial for the host since they reduce the amount of harmful radicals produced
by the microfloral consortium. Fecal analysis has shown that a diet with a high fat (> 50 %), meat and
low fibre content produced more radicals compared to a diet with low fat (< 20%) and high fibre
content

62

. The presence of higher hydroxyl radical levels in faeces can also be subjected to an

increased iron intake via the consumption of meat. While iron is not absorbed from the intestine, its
presence affects metabolic processes of the bacteria, since iron facilitates the catalysis of superoxide
to hydroxyl radicals.
Besides the correlation between ROS and CIN potentially leading to CRC, commensal bacteria could
also induce CRC when dietary procarcinogens are converted into carcinogens

54

. Behavioral aspects

such as alcohol consumption can also influence microfloral compositions and possibly lead to CRC. In
all cases a variable and versatile diet controls commensal growth and maintains or restores the
balances in the intestine. Pre- and probiotics claim to do the same. To understand what factors are
involved in the formation of CRC, it is important not to focus on a single condition.

Summary
Nosocomial infections caused by E. faecalis and E. faecium are emerging worldwide. High resistance
to various antibiotics, as well as the ability to survive outside the body on for example medical
instruments or bedsides, enabling cross-transmission, makes this situation even more alarming. Until
now no clear evidence has been found that explains the high level of pathogenicity of this commensal
bacterium. To better understand how this bacterium can maintain itself in the hostile environment of
the human GI tract, issues concerning mucin degradation and bile resistance were discussed.
Although not fully equipped with the total array of mucin degrading enzymes it is probably sufficient to
gain more energy to increase its fitness. Furthermore, it is arguable whether all enzymes need to be
present since there might exist something like “cross-feeding” as described above.
The presence of enzymes that can convert conjugated bile acids into less harmful metabolites
together with the existence of proteins that are involved in bile resistance, are beneficial for bacteria
that exposes these proteins. In this way enterococci can colonize parts of the intestine were there is
no or less competition for nutrients, because only few bacteria can survive this harsh environment.

22

Hopefully this review has contributed to a better insight of the complex mechanisms and processes
supporting the growth of entercocci in the intestine.
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