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Introduction

Enterococci are Gram positive coccoid bacteria that belong to normal microbiota of the
gastrointestinal tract of humans, most mammals, birds, and many other species. In 
the colon of nearly all humans enterococci can be found in numbers as high as 108

colony-forming units per gram of feces (164, 182). From the more than 13 enteroccocal
species that are described, Enterococcus faecalis and Enterococcus faecium are isolated
most frequently. In the normal healthy host enterococci seldom are causing infections, only
some urinary tract infections are seen. However, surveillance data indicate that enterococci 
are becoming one of the leading causes of nosocomial infections (142, 159, 204).
Nosocomial infections are infections that patients acquire in a health-care institution. These
infections can be caused by transmission of the bacterium from patient to patient or from
the health care worker to the patient. Nosocomial infections with enterococci are frequently
seen in critically ill patients at intensive care units, for example in liver transplant patients,
which are often considered especially vulnerable to enterococcal infections (248, 250).The
problem of nosocomial enterococcal infection is compounded by emerging antibiotic
resistance (113). Different studies describe a longer length of stay in hospital and increased
mortality due to vancomycin-resistant E. faecium compared to vancomycin-susceptible E.
faecium (70, 140). However, resistance alone does not explain the increase of enterococci
in nosocomial infections. Although resistance is relatively uncommon among E. faecalis
isolates compared to resistance among E. faecium isolates (113), E. faecalis currently
accounts for the majority of clinical enterococcal isolates (up to 90 %), followed by E.
faecium (142, 206). This disparity might be explained by the relative abundance of E.
faecalis in the gastrointestinal tract (164, 182) or enhanced virulence of E. faecalis. This
report will focus on E. faecalis infections as these are more prominent among hospital
acquired infections. 
The pathogenesis of enterococcal infections is quite complex because under most circum-
stances, enterococci stably coexist with the host and are often even considered beneficial 
to the host. However, situations can arise where this balanced commensalism is disrupted.
This disruption may result from a breakdown in host mechanisms that hold commensal
organisms in control. For example, the natural barrier of the skin or mucosa might 
be disrupted in hospitalized patients that underwent large operations in the abdominal
cavity or received indwelling biomaterial implants like drains or catheters. An increasing
number of patients also receives immune suppressive therapy e.g. after solid organ
transplantation, suppression of the immune response can also lead to infection with
commensal microorganisms. Disruption may further result from the organism acquiring 
new traits that enable the organism to circumvent the host defense or to adhere to
biomaterial implants and cause biomaterial associated infections. 
The goal of this introduction is to highlight different aspects of the pathogenesis and clinical
manifestation of (nosocomial) E. faecalis infection, both from the side of the host as well the
side of the microorganism.
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Virulence of E. faecalis

Enterococcal virulence factors can contribute to enterococcal disease in different ways; by
enhancing colonization, adherence and invasion of host tissues, by modulation of the host
immunity, and by inducing pathological changes in the host associated with increased
severity of infection (123, 125, 167). Generally, the pathogenesis of enterococcal infections
follows a common sequence of events and different virulence factors of E. faecalis can play
a role in each of these steps (95, 167). First, enterococci possessing various virulent traits
asymptomatically colonize the gastro-intestinal tract (233, 229). Subsequently, this
population is expanded and in some patients the enterococci can invade the host tissue and
cause disease. Factors that enhance the virulence of enterococci through this way are found
more frequently among isolates from hospitalized patients compared to isolates from the
community. Finally, enterococci can cause symptomatic disease at the level of tissue
destruction or toxicity (39, 117, 213, 223, 226). The virulence factors enhance patho-
genicity through this way would not necessarily appear in increased numbers among
various clinical isolates but would be associated with more severe clinical presentation.
Therefore, the contribution of certain enterococcal traits to virulence can be proven by a
higher incidence in nosocomial isolates and/or increased severity of disease in patients or
animals.
The contribution of virulence factors to the pathogenesis of nosocomial infection is
somewhat blurred due to the fact that patients with high immune suppression are also
susceptible to commensal strains without virulence factors (9, 50, 93). Therefore, collections
of infection-derived hospital isolates possibly contain a spectrum of types of strains, from
pure commensals to strains harboring a combination of virulence factors. Strains that cause
hospital ward outbreaks among different groups of patients might represent the true
virulent enterococcal lineages; therefore the ability to cause outbreaks should be included in
the analysis of a possible virulence trait. Below the different stages of pathogenesis and the
role of different virulence factors herein are discussed.

Colonization, adherence and invasion of host tissues

Clinical studies have shown that nosocomial enterococcal infections often arise through
transfer of the enterococci between patients (7, 37, 114, 131, 172, 240, 247). Patients
often get colonized with nosocomial enterococci previous to the development of an
enterococcal infection (95, 275). One of the questions of nosocomial enterococcal infection
is why these nosocomial enterococci so easily colonize niches that are already occupied by
members of the same species. These nosocomial enterococci might have extra capabilities
to colonize, overgrow and invade host tissues. These capabilities might be supported by the
use of antibiotics without significant anti-enterococcal activity, thus outcompeting the
indigenous flora and creating niches which can be readily colonized by the nosocomial
enterococci (20, 273). This is supported by the fact that many nosocomial enterococci are
more resistant to antibiotics compared to commensal enterococci (113, 214). Amplified
fragment length polymorphism (AFLP) analysis of E. faecium isolates from different clinical
subgroups and particular hosts indicated that these isolates could be divided into
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genogroups with an AFLP similarity of > 65%. Interestingly, a clear dichotomy between
isolates from hospitalized and non hospitalized persons was detected (261). This association
of a specific genogroup with a particular host or environment might hold the key to the
question why nosocomial enterococci colonize the hospitalized patient and its environment
more easily. 
Studies in mice showed that following colonization of the GI tract, bacteria may be able to
translocate over the epithelial lining of the lumen (225). The proposed mechanism for the
translocation of intestinal bacteria is that epithelial cells and phagocytes uptake the
gastrointestinal bacteria and the bacteria exit at the apical side or migrate in phagocytes to
the mesenteric lymph nodes, proliferate and spread to distant sites (14, 258). Evidence of
translocation of E. faecalis across the intact intestinal epithelium was given by Wells et al.
who cultured E. faecalis from liver, spleen and lymph nodes of mice with intestinal
overgrowth of E. faecalis (255, 257). Furthermore, they showed that these translocated
enterococci caused systemic infections (225). In another study, Wells et al. suggested that
the site of translocation in mice was the caecum or colon (254).
In an in vitro study Guzman et al. provided evidence for the role of adherence in the
pathogenesis of E. faecalis urinary tract infection and endocarditis (101, 102). They showed
that isolates from urinary tract infections or endocarditis adhered best to respectively urinary
tract epithelial cells and heart cells and that these adhesive properties were induced by
growth in serum (102).

Modulation of the host immunity

E. faecalis must overcome the clearance functions of the host system to successfully cause
infection. Polymorphonuclear leukocytes (PMNs) are a critical component of the human
host response against bacterial infections. Invading bacteria may be coated by complement
proteins or specific antibodies and subsequently phagocytosed and killed by PMNs. This
process of coating of bacteria with complement proteins or antibodies to enhance
phagocytosis is called opsonization. Studies involving the role of antibodies and
complement in the phagocytic killing of enterococci revealed that PMN mediated killing
depended primarily on complement activation by either the classical or the alternative
pathway (5, 106). Antibodies to E. faecalis enhanced the PMN mediated killing, however
they were not essential as different studies showed efficient killing also in the presence of
serum without gamma globulins (84, 106).
Although antibodies to enterococci are found in humans with enterococcal infections (229),
studies on the efficacy of antibodies to E. faecalis in the prevention of infections are quite
contradicting. Huebner et al. (110) found prophylactic and therapeutic efficacy of anti-
bodies to a capsular polysaccharide in a mouse infective model. In addition, the role of
antibodies to the surface protein aggregation substance (Agg) in prevention of endocarditis
is underscored by the absence of host antibodies specific for the Agg during the formation
of endocardial vegetation. Thereby the bacteria are protected from the influence of the
antibodies (155). However, another study to the efficacy of antibodies to Agg in the
prevention of endocarditis in a rabbit model did not show any protection (154).
E. faecalis has developed different strategies to overcome the immune response. Gentry-
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Weeks et al. (92) reported a prolonged intracellular survival of enterococci for up to 72 h in
mouse peritoneal macrophages. This property might contribute to the pathogenesis of
infections in the way that the enterococci migrate to distant sites in the body and be
protected from antimicrobial therapy within the macrophage. In line with these findings are
the results of other investigations reporting that Agg promotes direct, opsonin-independent
binding of E. faecalis to PMN and that through this opsonin-independent binding E. faecalis
was able to survive inside different phagocytes (201, 231, 246). Another study showed that
strains expressing gelatinase, cytolysin, or Agg were not more resistant to neutrophil-
mediated killing, but the in vitro assays were performed under circumstances that might not
support expression of these traits or mimic the in vivo situation (5, 184).The structure of the
enterococcal surface protein (Esp) with multiple repeat motifs in the encoding gene might
be important in the immune evasion of infecting E. faecalis (217).

Pathological changes in the host

The last step in the pathogenesis of infections is the production of pathologic changes in the
host. Such changes can be induced by the host inflammatory response or by direct tissue
damage as a result of secreted toxins or proteases. Enterococcal lipoteichoic acid is most
frequently described as one of the factors that modulates the host immune response and
thereby causes tissue damage. Several groups found lipoteichoic acid to be as inflammatory as
lipopolysaccharide of Gram-negative bacteria and a potent inducer of different cytokines (17,
238). A study to the role of Agg and enterococcal binding substance to the pathogenesis of
endocarditis found that strains without Agg or enterococcal binding substance lacked the
ability to cause disease, strains with either Agg or enterococcal binding substance were
intermediate virulent and strains with both Agg and enterococcal binding substance on their
surface exhibited the greatest ability to cause disease. Furthermore, none of the rabbits
receiving Agg and enterococcal binding substance positive organisms showed gross pericardial
inflammation. The lethality and lack of inflammation are consistent with the presence of a
superantigen (213). Secreted products of E. faecalis that can cause direct tissue damage are
cytolysin and gelatinase (123). The effects of these toxins will be discussed below.

Virulence traits of E. faecalis

Several possible virulence traits are described in literature, including different enterococcal
adhesins that are expressed on the surface of E. faecalis like Agg or Esp (95). These adhesins
possibly play a role in the adhesion to different biological surfaces like epithelial cells and
synthetic biomaterial surfaces like indwelling catheters. Furthermore, some virulence factors
are described that are excreted into the environment like cytolysin and gelatinase (95).
These factors might play a role in the toxicity of the enterococcus and the survival of the
microorganism in different environments. In Table 1 the results of different studies reporting
the incidence of virulence factors in E. faecalis isolates from different sources are
summarized. The results of the different studies are quite variable, depending on the
sources of the E. faecalis isolates and the methods of determination of the virulence factors.
By adding up all results of the different studies for medical and commensal isolates, a
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significant difference between the two groups can be found for the cytolysin and the
gelatinase trait and the presence of the esp gene. Comparing the different studies this way
might be controversial as different methods of detection were used. Recent studies showed
an incongruence between the genotypic and phenotypic detection of cytolysin, gelatinase
and Agg with lower percentages in the phenotypic detection (46, 69). This may be due to
the presence of silent genes that are not expressed under the test conditions. Below the
different virulence factors and their possible contribution to the pathogenesis of infections
are summarized. A schematic representation of most virulence factors and their working
mechanism is given in figure 1.

Aggregation substance and sex-pheromone plasmid system
The Agg was first described as part of the sex-pheromone system, a very efficient system
through which E. faecalis can collect plasmids (63, 65). Figure 2 gives a schematic overview
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Figure 1. Schematic representation of the involvement of the different virulence factors in patho-

genesis.



of the transfer mechanism of this plasmid collecting system (41, 64, 265). The conjugation
involves three steps: (i) the excretion of small linear peptides, the sex-pheromones, by
strains not possessing the corresponding sex-pheromone plasmid, (ii) the sex-pheromone
induces a response in donor cells carrying the corresponding sex-pheromone plasmid, these
cells start to express a plasmid-encoded surface protein, the Agg, (iii) the Agg enables close
cell-cell aggregation between donor and recipient and transfer of the sex-pheromone
plasmid. Many different sex-pheromone plasmids encoding different virulence traits and
antibiotic resistances are described (265). DNA hybridization studies have shown that all
different sex-pheromone plasmids contain a homologous DNA region that encodes the Agg
(e.g. Asa1 encoded on pAD1), except the Agg on plasmid pAM373 (Asa373), which does
not fit the overall homology (50, 88, 175). Sequencing of the asa1 gene encoding Agg
showed that this adhesin contained two RGD (arg/gly/asp) motifs that are also present e.g.
in fibronectin in which it mediates the binding to integrin receptors present on eukaryotic
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Figure 2. Schematic overview of the transfer mechanism of the sex-pheromone system. The
conjugation involves three steps: (1) excretion of sex-pheromones by strains not possessing the
corresponding sex-pheromone plasmid, (2) the sex-pheromone induces a response in donor cells
carrying the corresponding sex-pheromone plasmid, these cells start to express a plasmid-encoded
surface protein, the aggregation substance, (3) the aggregation substance enables close cell-cell
contact between donor and recipient and transfer of the plasmid. The production of pheromone in the
recipient is shut down.



cells (87, 208). To date, the sex-pheromone system has been confined to E. faecalis and
was not observed in other enterococcal species although the transfer of plasmid through
this system is an interesting object of study as this would explain transfer of antibiotic
resistance and virulence genes. The only evidence for interaction with other bacterial
species is the fact that expression of Asa373 is also induced by a pheromone produced by
Staphylococcus aureus (42, 176).
The finding of the RGD motif in Asa1 led to the investigation of the in vitro adherence of E.
faecalis expressing Agg to eukaryotic cells. Kreft et al. (132) found a sevenfold higher
adhesion to renal tubular cells of E. faecalis constitutively expressing Agg compared to a
plasmid free control strain. Interestingly, the binding capacity could be reduced by the
addition of RGD peptide to the epithelial cells prior to the binding assay thus blocking the
receptors on the epithelial cells. Further studies report the role of Agg in the invasion of
enterococci in intestinal epithelial cells or colonic mucosa and show that the presence of
Agg on the surfaces promotes the internalization of enterococci into these tissues to levels
similar to that of Salmonella typhimurium (119, 185), however Agg did not increase the
adhesion and internalization to cells derived from the ileum (212). Another argument for
the role of Agg in interaction with epithelial cells was the fact that Agg expression in
Lactococcus lactis also increased the internalization to cultured colonic enterocytes (259).
Waters et al. (252) used mutations constructed in Asc10, the Agg encoded by the plasmid
pCF10, to prove that the Asc10 functional domain and not the RGD motif was critical for
efficient internalization by enterocytes. This is in contrary to earlier reports about the role or
the RGD motif in the interaction with epithelial cells. They also found that expression of
Asc10 in the non-aggregating E. faecalis strain INY3000 did not mediate the adhesion
which indicated that apart from the Asc10 functional domain other enterococcal traits
might play a role in the eukaryotic cell internalization. This might also explain the difference
with earlier reports on the role of the RGD motif in internalization.
Table 1 shows that Asa1 is present in about 50 % of both medical and commensal isolates,
providing evidence that although it might enhance host bacterium interaction, it is not a
prerequisite for infection. A reason for the lack of enrichment for Asa1 among medical
isolates may be the variable expression of Asa1 in vivo. Agg is produced upon induction by
its homologous pheromone. However, serum factors might also induce expression of Agg
(108, 132). Only few studies investigated the presence of Asa373 in E. faecalis isolates,
these studies showed that the general incidence is much lower than the incidence of Asa1.
The role of Agg in pathogenesis was further studied in different animal models. However,
results were not consistent and depended on the strains and models used. Two studies to
the role of Agg in endocarditis in rabbits found that Agg contributed to the development of
endocarditis. However, additional factors, cytolysin or binding substance, were necessary to
develop serious disease (39, 213). Another animal study with rats failed to find a
contribution of Agg to the development of endocarditis (15), as well as an experimental
study to the development of endophthalmitis in rabbits (122) and a study to the virulence
of E. faecalis in the roundworm Caenorhabditis elegans (91). 
In conclusion, the Agg might contribute to the pathogenesis of E. faecalis infections at
different levels. First, it plays a role in the dissemination of plasmids encoding virulence
factors or antibiotic resistance. Furthermore, Agg plays a role in the immune evasion of E.
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faecalis through prolonged intracellular survival in macrophages and finally, Agg plays a role
in adhesion to and internalization in epithelial cells a first step to infection. 

Enterococcal surface protein
The Esp was initially identified in E. faecalis MMH594, a clinical isolate that caused multiple
infections in a hospital ward outbreak. Esp is a large cell-surface-localized protein that has
similar structure to other streptococcal surface proteins that have be shown to be virulence
determinants and contribute to immune evasion through their different number of repeat
motifs (217). Esp was also found to be part of a pathogenicity island that codes for most
known auxiliary traits that enhance virulence and a number of additional previously
unknown genes that are rare in non-infection-derived isolates (215). In an animal model of
ascending urinary tract infection, significantly higher numbers of E. faecalis expressing Esp
were recovered from the bladder and urine but not from the kidney compared to an Esp
negative strain. However, no difference in histopathological changes was seen between the
two strains, suggesting that Esp only contributes to maintenance and colonization of E.
faecalis in acute urinary tract infections and thus suggesting an adhesive role for this protein
(216). Furthermore, analysis of the relationship between the presence of Esp and biofilm
formation showed a high association with the biofilm formation capacity on polystyrene
surfaces (235). Table 1 shows an overall significant difference in the prevalence of Esp
among medical and commensal E. faecalis isolates, confirming its role in pathogenesis.

Adhesin to collagen of E. faecalis
Adhesion of bacteria to host cells or extracellular matrix proteins is the initial step in
infection. Many different studies to the enterococcal adherence to extracellular matrix
components, fibronectin, collagen(s) and laminin are performed. However, these studies
showed conflicting results depending on the strains used, the experimental protocol or the
growth conditions (136, 218, 220, 228, 266, 272). Xiao et al. (266) demonstrated an
increase in binding to immobilized laminin and collagen types I and IV when E. faecalis was
grown at 46 ºC but not at 37 ºC. Searching the genome database of E. faecalis revealed a
protein that showed significant similarities with the collagen-binding protein, Cna, of S.
aureus. This protein was given the name adhesin to collagen of E. faecalis (Ace) (203).
Disruption mutation studies of the ace gene showed reduction in the 46 ºC growth-elicited
binding to collagen type I and IV and laminin (179, 180). However, the role of this protein
in infection remains unclear as the ace gene was found in 62 of 62 E. faecalis isolates
regardless of their origin (62). Results from Nallapareddy et al. (180) indicate that Ace might
be produced during infection because antibodies to Ace were found in 90 % of sera from
endocarditis patients.

E. faecalis antigen A
The E. faecalis antigen A (EfaA) was identified by two groups through screening of different
surface proteins with sera from endocarditis patients (143, 267). In a mouse peritonitis
model, mice infected with an E. faecalis mutant that lacked the EfaA showed more
prolonged survival compared to mice infected with the parent strain (222). However, the
contribution of EfaA to pathogenesis could not be confirmed through a higher incidence in
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infection derived isolates as the gene was found in 42 of 42 E. faecalis isolates from both
infection and healthy volunteers (222) and also in Table 1 EfaA was found in up to 90 % of
medical and commensal E. faecalis isolates although total numbers are low. 

Extracellular polysaccharides
Different research groups found several polysaccharides that might play a role in infections.
Cloning a genomic library of E. faecalis in cosmid vectors and screening with rabbit immune
serum and serum from patients with enterococcal endocarditis revealed a non protein
antigen that was identified as a carbohydrate (267, 268). Further analysis of this cosmid
clone identified a gene cluster, enterococcal polysaccharide antigen (epa), encoding
homologues of many genes involved in polysaccharide biosynthesis (267-269). Evidence
showed that this epa gene is widespread among E. faecalis isolates and increases resistance
to neutrophilic killing of E. faecalis (232). Mutants with disrupted genes showed delayed
killing and a higher lethal dose in a mouse peritonitis model. Furthermore, the antigen was
detected in two mucoid E. faecalis strains from chronic urinary tract infections (269).
Another study by Huebner et al. (111) isolated and chemically characterized a capsular
polysaccharide antigen by immunization of rabbits with killed E. faecalis strains. This
capsular polysaccharide antigen was found on approximately one third of 15 E. faecalis
strains. Furthermore, they showed that antibodies against the capsular polysaccharide
antigen were protective in a mouse model of infection (239). Another capsular
polysaccharide was detected by Hancock et al. (104). Evidence for the role of this capsular
polysaccharide in pathogenesis was given by the fact that insertional inactivated mutants
were enhanced susceptible to phagocytic killing and were significantly compromised in their
ability to persist in lymphatic tissue in vivo (104).

Cytolysin
The cytolysin/hemolysin of E. faecalis is a secreted, posttranslational modified protein that
is regulated by a two-component regulatory system via a quorum sensing mechanism
(103). The cytolysin is distantly related to streptolysin S and also to members of a class of
bacteriocins known as the lanbiotics, it lyses human, rabbit and horse erythrocytes and is
active against many Gram-positive bacteria (10). Details of the discovery and charac-
terization of the working mechanism are described in a recent review (43). The encoding
operon for cytolysin is either encoded on the sex-pheromone plasmids or integrated into
the chromosome within a pathogenicity island (115, 215). It has been hypothesized that the
cytolysin may influence the pathogenesis of infection through lysis of erythrocytes or the
destruction of other host cells (43). Furthermore, the cytolysin may impact pathogenesis by
lysing PMNs and macrophages as was shown by Miyazaki et al. (158).
Isogenic mutants of the cytolysin operon were used to study the role of the cytolysin in the
pathogenesis of infection in different animal models. Generally, these models showed an
increased virulence of cytolytic E. faecalis compared to non-cytolytic E. faecalis. First, Ike et
al. (117) examined the contribution of cytolysin to pathogenicity in intraperitoneally
infected mice. Strains exhibiting the normal cytolysin phenotype were significantly more
virulent than the non-cytolytic insertion mutants. A mutant plasmid with an increased
cytolytic phenotype rendered host strains more virulent than the wild-type cytolytic
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enterococci in mice. The role of cytolysin in the pathogenesis of peritonitis in mice was
confirmed in different studies (67, 223). Dupont et al. (67) found the lowest 50 % lethal
dose (LD50) with strains of E. faecalis expressing the cytolysin or a combination of the
cytolysin with Agg. In addition, Singh et al. (223) reported a 35-fold lower LD50 with E.
faecalis producing cytolysin in a mouse peritonitis model with added sterile rat fecal
extracts. Cytolysin has also been shown to contribute to the mortality due to endocarditis in
a rabbit endocarditis model (39). Mortality was significantly increased in animals given E.
faecalis expressing Agg and cytolysin (55 %) compared with E. faecalis expressing only Agg
(15 %) or only cytolysin (no mortality) (39). In an endophtalmitis model, E. fecalis positive
for cytolysin destroyed the neural tissue of the retina and its architecture whereas non-
cytolytic strains produced few or no destructive changes (124). Furthermore, in a C. elegans
model, the cytolysin was observed to enhance nematode killing by E. faecalis (91). An
indication of the virulence of cytolysin in human infections was the observation that
patients with bacteremia with a cytolytic strain had a fivefold increased risk of mortality. In
this study, the cytolytic strains were also gentamicin resistant (114). However, Caballero-
Granado et al. (35) reported that the mortality associated with high-level gentamicin
resistant E. faecalis bacteremia was not significantly different from mortality associated with
gentamicin susceptible strains. The role of cytolysin in infection is confirmed by the
epidemiological data in Table 1 which show a significant difference in the incidence of
cytolytic E. faecalis among commensal and medical isolates. 

Proteases
Two secreted proteases have been described for E. faecalis, namely gelatinase and serine
protease, and both are regulated by the fsr system that is described below. The gelatinase
was shown to hydrolyze gelatin, collagen, casein, lactoglobulin, porcine myofibrillar
proteins, porcine sarcoplasmic proteins, and other small biologically active peptides (149).
The gelatinase might therefore contribute to virulence by degradation of specific host
proteins and damaging host tissue. Experiments in animals confirmed the role of gelatinase
in virulence. In a rabbit endocarditis model, proteolytic E. faecalis strains were associated
with partial dissolution of the vegetation and a more severe clinical picture (100). In two
mouse peritonitis models the gelatinase positive strains showed a lower LD50 than the
gelatinase negative strain (67, 223), however this effect was not observed in a rat peritonitis
model (67). Finally, an E. faecalis deletion mutant defective in gelatinase production was
attenuated in its ability to kill C. elegans (221). Table 1 shows a significant difference
between the incidences of gelatinase positive isolates from medical and commensal sources
thus indicating a possible role in infection in humans.
The serine protease was detected by sequencing the regions downstream of gelE, the gene
coding for the gelatinase (199). Northernblot analysis revealed that gelE and the gene for
the serine protease (sprE) were cotranscribed (199). However, experiments in a mouse
peritonitis model with a sprE mutant showed a prolonged survival of the mice compared to
survival after infection with the parent strain, indicating that the serine protease is
independently important for infection in this model (199).
Sequencing the regions upstream of the gelE gene revealed three open reading frames that
were named the fsr (E. faecalis regulator) locus. The Fsr system is a quorum-sensing system
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that regulates the expression of gelatinase and serine protease (200). Disruption mutants of
all three open reading frames of the fsr locus showed a prolonged survival of the mice
compared to the parent strains in a mouse peritonitis model (199, 221). In addition,
mutants in one of the open reading frames of the fsr locus were attenuated in their
pathogenicity in the rabbit endophtalmitis model (178) and C. elegans model (91, 221). The
role of the Fsr system in virulence was confirmed by a retrospective epidemiological study
that found fsr in a significant higher percentage of endocarditis isolates versus of stool
isolates, however this difference was not found for other clinical isolates (195).

Nosocomial infections with E. faecalis

E. faecalis is a frequent cause of hospital acquired infections. In a recent study on the
frequency of isolation of different bacterial species from patients in intensive care units in
Europe, E. faecalis was found in about 4 % of the isolates ranking number 8 in the list of
most frequently isolated microorganisms (79). In many of the nosocomial enterococcal
infections local and/or systemic immunity is compromised for example by catheterization,
surgery in areas that are normally colonized with enterococci or medical immune
suppression after transplantation (8, 40). A combination of these factors is present in many
of the critical ill patients at intensive care units, for example in liver transplant patients that
are often considered especially vulnerable to enterococcal infections (248, 250).

Nosocomial transmission and acquisition of enterococci

The intrinsic robustness of E. faecalis may allow members of this species to survive for
extended periods of time, leading to its persistence and nosocomial spread. E. faecalis can
grow at 10 to 45 ºC, in 6.5 % NaCl, in the presence of 40 % bile salts and over a broad
range of pH (74). Originally, enterococcal infections were thought to arise from a patient’s
own endogenous flora or to be introduced into the abdomen during transplant surgery or
its complications (6, 73). However, molecular epidemiological studies provided evidence for
epidemic spread of enterococci in a hospital setting and nosocomial acquisition of
enterococci (7, 131, 171). Zervos et al. (274, 275) were among the first to demonstrate
nosocomial acquisition and nosocomial spread of gentamicin-resistant E. faecalis, using
plasmid content as an epidemiologic marker. They suggested that the transmission might
have been through the hands of personnel (275). Later, Livornese et al. (141) were the first
to document an inanimate object, in this case rectal thermometer probes, as the mode of
transmission of a vancomycin resistant E. faecium. Removal of the rectal thermometer
probes resulted in termination of the outbreak. These reports were followed by many
reports on nosocomial outbreaks and transmission of antibiotic resistant enterococci (131,
172, 191). Risk factors for the nosocomial acquisition of enterococci that are described in
the majority of studies are: previous antimicrobial therapy, duration of hospitalization,
severe underlying disease, or invasive procedures (20, 131). Nosocomial enterococcal
acquisition and infection are often due to superinfection after the use of antibiotics with
little or no anti-enterococcal activity like cephalosporins or quinolones (38, 273). Prevention
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and control of transmission include the controlled use of antibiotics, active surveillance
cultures to identify the reservoir for spread and stringent application of recommended
contact precautions (171).
A variant of the esp gene was detected in all epidemic vancomycin-resistant E. faecium in
hospitals but not in non-epidemic animal isolates (260). This indicates that the surface
protein Esp is associated with enterococcal colonization and spread. Analysis of the
mechanism underlying the influence of this surface protein on enterococcal transmission
might lead to new ways to prevent colonization and transmission.

Clinical manifestation of E. faecalis infections

Urinary tract infections
The most frequent hospital infections caused by enterococci are urinary tract infections.
Enterococci are found in up to 15 % of urine isolates, ranking only second after Escherichia
coli (23, 24, 78, 142). Risk factors for enterococcal urinary tract infection have been
identified as urinary tract instrumentation or catheterization, other genitourinary tract
pathology and previous use of antibiotics, especially cephalosporin (165). The influence of
instrumentation on infection and colonization was illustrated by a study by Gross et al. (98).
In this study, 30 of 34 urinary tract infections associated with enterococci were preceded by
urinary tract instrumentation and not related to antecedent antibiotic therapy. The clinical
manifestations of enterococcal urinary tract infection are similar to those of other
organisms. A reliable diagnosis of urinary tract infection can be difficult because enterococci
are opportunistic pathogens that can also be colonizers or cause asymptomatic bacteriuria.
Different studies were performed to investigate the role of surface proteins of E. faecalis in
the interaction with uroepithelial tissue (132, 216). Kreft et al. (132) showed a potential role
for Agg in the adhesion of enterococci to renal epithelial cells. In addition, Esp was shown
to contribute to colonization and persistence of E. faecalis at the urinary tract (216).

Endocarditis
E. faecalis is associated with endocarditis in a significant percentage of cases. In a 2-year
study of all endocarditis cases in The Netherlands E. faecalis accounts for about 8 % of the
isolates, thereby being the third most common species following Staphylococcus aureus
and Streptococcus sanguis (241). The probable source of infection in cases of enterococcal
endocarditis is the genitourinary tract (14 to 70 % of cases), followed by the gastrointestinal
tract (3 to 27 % of cases) and dental tract (2 to 12 % of cases) (156). Manipulation, surgery
or disease in these areas is generally the immediate cause of the infection. Enterococci can
infect normal valves as well as those with pre-existing damage or pathology. Usually, native
valve enterococcal endocarditis is a subacute infection with a more protracted course (138,
148). In patients with valve replacements, E. faecalis is one of the predominant species in
late prosthetic valve endocarditis (241). Mortality due to enterococcal endocarditis has been
quoted as being between 10 and 40 % (99, 151, 156).
Different enterococcal virulence mechanism might be involved in the pathogenesis of
endocarditis (153). As noted above, enterococci cultured in serum exhibit enhanced binding
to Girardi heart cells (101, 102). Furthermore, experiments with E. faecalis endocarditis in
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animal models suggest that both cytolysin and Agg are associated with increased mortality
and/or vegetation weight (39, 213) and proteases are associated with a more severe clinical
picture (100).

Bacteremia
About 5 to 10 % of bloodstream isolates is E. faecalis, thereby E. faecalis ranges number 6
in the list of causative microorganisms of bacteremia (77, 142). However, up to 45 % of
enterococcal bacteremias are polymicrobial (90, 148, 219). Enterococcal bacteremia is much
more common than enterococcal endocarditis. The proportion of significant episodes of
enterococcal bacteremia that was deemed to represent endocarditis ranged from 1 to 30 %,
where the percentage generally depended on the definition of bacteremia in the underlying
study (156, 169). The sources of bacteremia without endocarditis are similar to the sources
of endocarditis as mentioned above with soft tissue infections and burn wound infections
added to the list. However, for a significant number of bacteremias no source could be
identified (90) which stimulates the speculation that the translocation of enterococci across
an intact intestinal epithelial barrier might lead to many of these bacteremias (255).
The reported mortality among patients with enterococcal bacteremia has been high (up to
45 %), most probably because of severe underlying complicating factors (138, 148, 150,
219). Only few comparative studies on the attributable mortality and morbidity associated
with enterococcal bacteremia are published and their results are contradictory partly due to
differences in design of the study. In a prospective, matched case-control study, Caballero-
Granado et al. (34) found no increased mortality but an increased duration of stay among
patients with enterococcal bacteremia. On the other hand, Landry et al. (137) reported an
attributable mortality rate due to enterococcal bacteremia of 31 % in a retrospective cohort
study. Factors predicting a fatal outcome of enterococcal bacteremia are: (i) infection with
a resistant organism, (ii) inadequate antimicrobial therapy, (iii) prior use of antimicrobial
therapy, (iv) severe underlying disease, (v) use of intravascular catheter, (vi) renal dialysis,
and (vii) prior need for mechanical ventilation (34, 137, 247). Risk factors for the
development of enterococcal bacteremia are: (i) neutropenia, (ii) urinary catheter, and (iii)
previous administration of cephalosporins and imipenem (33). These studies underline the
importance of appropriate use of antibiotics with no or little anti-enterococcal activity.
One epidemiological study by Huycke et al. (114) showed a relation between the presence
of the virulence trait cytolysin and mortality due to enterococcal bacteremia. However, this
relation could not be confirmed in a recent study investigating the association between the
presence of enterococcal virulence factors and mortality among patients with enterococcal
bacteremia (247).

Intra-abdominal infections
Although enterococci can be isolated in a significant number of intra-abdominal infections,
usually as part of a polymicrobial infection, their role in these infections is controversial (55).
Animal models of bacterial peritonitis showed that enterococci alone did not cause any
abscess formation (186), but a mixed inoculation of E. faecalis and other aerobe or
anaerobe bacteria resulted in death and abscess formation suggesting a synergistic effect of
E. faecalis in the pathogenesis of bacterial peritonitis (152, 162, 163, 186). This finding is
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underscored by the fact that antibiotics that lack activity against enterococcus can often be
employed successfully in intra-abdominal infections, even when enterococci are present as
part of the polymicrobial flora (227, 262). However, others suggested that the role of E.
faecalis in experimental peritonitis might depend on the presence of virulence factors (67,
117). Furthermore, several reviews on bacteremia have revealed that the source of
enterococcal bacteremia is intra-abdominal infection in a number of cases (90, 148, 150,
219) and some clinical report describe enterococci as the sole cause of intra-abdominal
infections (48, 273). Finally, Burnett et al. (29) reported enterococcus as a predictor of
treatment failure in complicated intra-abdominal infections. Predisposing factors for the
presence of enterococcus in intra-abdominal infections include age, severity of underlying
disease, hospital length of stay, and the presence of foreign bodies e.g. drains and prior
antibiotic use (29, 40, 273). A problem in evaluating the importance of E. faecalis in the
pathogenesis of intra-abdominal infection in humans is that surgical drainage is usually part
of the therapy, and drainage alone may be enough to achieve cure. 

Skin and soft tissue infections
E. faecalis accounts for up to 5 % of isolates from skin and soft tissue infections (78, 126).
Enterococci generally cause infections only in previously damaged tissues and are not
apparently responsible for primary cellulites. Especially in wound infections after abdominal
surgery enterococci are frequently cultured (8). However, since enterococci from skin and
soft tissue infections are frequently cultured in association with other pathogens, their role
in pathogenicity is unclear.

Biomaterial associated infections
Many nosocomial enterococcal infections are associated with medical devices such as
intravascular or urinary catheters, bile drains and prosthetic heart valves (54, 75, 97, 270).
Biomaterial-centered infections are initiated by bacterial adhesion and biofilm formation on
the indwelling device. This biofilm can be a source of persistent infection, because the
biofilm mode of growth protects the adhering bacteria against the host defense and the
action of antimicrobial agents (45). These biomaterial related infections cause significant
morbidity and can be very difficult to treat, often removal of the device is necessary (210).
Recently, Sandoe et al. (211) reported that E. faecalis isolated from intravascular catheter
related bloodstream infections produced significant more biofilm compared to bloodstream
isolates from other sources. This suggests that the ability to form a biofilm might be a
marker of virulence. By use of a polystyrene microtiter plate biofilm assay, Toledo-Arana et
al. (235) confirmed the association of Esp and biofilm formation. However, also E. faecalis
without Esp or Agg was shown to be able to produce biofilms (133). In this study, the
production of gelatinase enhanced the biofilm formation of E. faecalis (133) but this was
not confirmed in another study (127). Furthermore, different environmental conditions can
influence the ability of E. faecalis to adhere and produce biofilms. Adherence of E. faecalis
to different biomaterials increased by growth in the presence of 10 % serum or sub-
inhibitory concentrations of ampicillin and vancomycin (85, 86). Biofilm formation also
increased in the presence of a nutrient poor medium but decreased with higher osmolarity
of the medium (133). Possibly, the different virulence factors of E. faecalis work in concert
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in a biofilm; the surface proteins Esp and Agg function to mediate clumping or adherence
leading to biofilm formation and thereby increasing the local density of bacteria to the level
necessary to induce the cell density dependent expression of cytolysin or gelatinase
regulated by the Fsr system (95). 

Concluding remarks and future directions

E. faecalis is an emerging pathogen with an increasing incidence among hospitalized
patients. Therefore E. faecalis attracts more and more attention from medical micro-
biologists and infectious disease specialists. Many possible virulence traits of E. faecalis are
studied by use of animal models, in vitro models and isolates from different groups of
patients. However, animal and in vitro models of infection are hampered by the fact that
they often do not represent the human situation and different studies frequently show
conflicting results. Furthermore, studies to the incidence of virulence factors among
different patient groups are blurred due to the fact that patients with high immune
suppression are also susceptible to commensal strains without virulence factors. Despite
these numerous investigations, the mechanism of virulence of E. faecalis is still not
completely understood. Results indicate a role for the known virulence traits of E. faecalis.
However, other unknown factors might also play a role because enterococci without any of
the known virulence factors can cause serious infections and some aspects of pathogenesis
can not be explained with the present theories. 
The recent publication of the entire genome of E. faecalis V583 (192) will lead to the
detection of new virulence traits. Analysis of these new and old virulence traits with the use
of newly derived methods like DNA micro arrays might lead to new insights in the
pathogenesis of infection and the discovery of ways to prevent or treat these infections
without the extensive use of antibiotics.

Scope of the thesis

At the University Hospital Groningen, about 55 liver transplants are performed every year.
Liver transplant recipients are very vulnerable to infections and bacteria are the most
common cause, with a reported incidence ranging from 30 to 65 % (9, 93, 135, 146, 249,
264). Most bacterial infections occur in the first 4 weeks after the transplantation (9, 146,
193, 248). Gram positive cocci are the major organism isolated from liver transplant patients
with enterococci accounting for about 10 % of the bacterial episodes (189, 248, 249, 264).
Risk factors contributing to bacterial infection after liver transplantation are prolonged
surgery, bleeding, use of choledochojejeunostomy (roux-en-Y) instead of a choledo-
chocholedochostomy (duct-to-duct) for biliary anastomosis, repeated abdominal surgery
and CMV infection (189, 194). Furthermore, the isolation of predominantly Gram positive
microorganisms might be associated with the prophylactic use of antibiotics with no anti-
enterococcal activity (146, 189, 193, 276).
The concern about E. faecalis as an emerging pathogen, its role in infections among liver
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transplant patients and the substantial morbidity and mortality associated with these
infections led us to study the pathogenesis of E. faecalis infections in this group of patients.
The general aim of this thesis was to gain insight in the pathogenesis of E. faecalis infections
with special interest in liver transplant patients. The starting point for our investigation was
the microorganism and to find virulence factors and mechanisms of E. faecalis that might
lead to infections or spread. To achieve the general aim of this thesis, the outline of our
studies pertaining to the underlying questions will be addressed in the subsequent chapters. 
Part I focuses at the epidemiology and the role of virulence factors of E. faecalis in infections
in liver transplant patients. In Chapter 2, the differences in prevalence of virulence factors
and genomes (genogrouping) among isolates from liver transplant patients and isolates
from other patient groups or healthy volunteers are analyzed. The central question in this
chapter was whether E. faecalis from liver transplant patients is different from isolates from
other sources. In Chapter 3, the epidemiology of E. faecalis among liver transplant patients
is investigated. In Chapter 4, the development and evaluation of a rapid non-cultural
method to detect enterococcal infections and to study their spatial distribution in the sample
is described.
In Part II of the thesis the mechanisms of adhesion of E. faecalis to different biomaterials are
studied. Biofilms formed on biomaterials inserted into the human body are a frequent
source of infection. Adhesion is the first step in biofilm formation. In Chapter 5, the role of
the surface proteins Agg and Esp of E. faecalis on its adhesion to different biomaterials
investigated and a proposal for the adhesion mechanism of E. faecalis is given. In Chapter
6, the molecular interaction forces between E. faecalis expressing Agg is measured with
atomic force microscopy and the influence of antibodies to Agg on these forces is
investigated. In Chapter 7, the influence of the growth in the presence of (ox) bile of E.
faecalis on the numbers of bacteria adhering to different biomaterials and the cell surface
properties involved in initial adhesion is studied. In Chapter 8, the results and conclusions of
this thesis are summarized and discussed.
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Abstract

Enterococcus faecalis is a leading cause of infections in liver transplant patients. This study
reviewed the incidence of virulence factors such as hemolysin, gelatinase, aggregation
substances (asa1 and asa373) or the enterococcal surface protein (Esp) in isolates from liver
transplant patients. In total, 133 isolates from liver transplant patients were compared to 47
isolates from feces of healthy volunteers and 66 isolates from blood cultures. Amplified
fragment length polymorphism (AFLP) analysis indicates that the isolates from different
clinical subgroups can be divided into genogroups with an AFLP similarity of >80% and
different virulence factors. Hemolysin and asa1 might be associated with infection, as they
are more frequent in isolates from blood cultures and transplant patients. Esp might be
associated with colonization and spread, because it is more frequent in isolates from feces
of healthy volunteers and transplant patients. An epidemic esp gene-positive strain among
liver transplant patients supports this hypothesis.
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Introduction

In recent years enterococci have become significant nosocomial pathogens and are now
one of the leading causes of nosocomial infections (159). Enterococcus faecalis causes up
to 28 % of the episodes of bacterial infection after liver transplantation (264). The reason
for the prominent role of this species in liver transplant patients may be the selection of
more virulent and/or resistant strains of E. faecalis during (anti-microbial) treatment.
Different virulence factors of E. faecalis have been described elsewhere (reviewed in 123).
Traits of E. faecalis that are often mentioned as possible virulence factors are hemolysin/
bacteriocin (Hln) (124), gelatinase (Gel) (100), aggregation substance (Agg) (41) and
enterococcal surface protein (Esp) (217). 
The Hln of E. faecalis lyses human, rabbit and horse erythrocytes and is active against many
Gram-positive bacteria (10). Hln increases the virulence of E. faecalis in infection models of
different animal species (117, 124). Gel is capable of hydrolyzing biologically active
peptides like gelatin or collagen (149). In an experimental endocarditis model, Gel
producing strains resulted in more severe clinical findings (100). Agg is a surface protein
encoded by sex-pheromone-responsive plasmids (265). All different sex-pheromone
plasmids contain a homologous DNA region that encodes the Agg (e.g. Asa1 encoded on
pAD1), except for Agg on plasmid pAM373 (Asa373), which does not fit the overall
homology (88, 175). Agg increases the number of bacteria adhering to renal and intestinal
epithelial cells, suggesting that Agg is important for colonization and translocation of host
tissues by E. faecalis (132, 185). Esp was discovered in an E. faecalis strain that caused
multiple infections within a hospital ward. Studies on the distribution of this surface protein
revealed a significant enrichment in infection-derived E. faecalis isolates (217). A variant esp
gene was also found in vancomycin-resistant Enterococcus faecium spreading in hospitals
(260).
In this study, we used amplified fragment length polymorphism (AFLP) to investigate the
genetic relationship between different groups of epidemiologic nonrelated isolates and to
exclude spread of one strain among isolates from one hospital ward. Pulsed field gel
electrophoresis (PFGE) is often considered the standard reference method for the study of
the nosocomial spread of bacteria (134). However, by use of AFLP we were able to
investigate the degree of genetic relatedness between non-related E. faecium strains that
would show no similarity at all with PFGE (130). In addition, AFLP is also of value in
studying hospital epidemics with vancomycin resistant E. faecium (VRE) (4).
Earlier investigations determined the incidence of these virulence factors in different
patients groups, but the results were contradictory (44, 114, 118). To our knowledge, until
now no published research has described the distribution of virulence factors of E. faecalis
in liver transplant patients. We determined the incidence of the virulence factors Hln, Gel,
Agg and Esp in fecal isolates from healthy volunteers and isolates from blood cultures. To
investigate whether virulence factors of E. faecalis are more frequent in liver transplant
patients, we compared our results with the incidence of virulence factors in isolates from
different clinical specimens of liver transplant patients.
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Materials and Methods

Study design

To investigate whether virulence factors are more prevalent in E. faecalis isolated from liver
transplant patients, we determined the incidence of Hln, Gel, Agg and Esp in isolates from
different clinical specimens of liver transplant patients. Weekly surveillance cultures were taken
routinely from stool and throat and other cultures were taken of different clinical sites when
there were any signs of infection from consecutive patients who received a liver transplant at
Groningen University Hospital (The Netherlands). E. faecalis isolates from these cultures were
included in the study. The specimens were collected during the first month after the first
transplantation, patients with a retransplantation more than one month after the first trans-
plantation and patients < 18 year were not included. As a control group of invasive clinically
relevant E. faecalis, we used blood isolates from nonliver transplant patients. As a control
group for nonclinical enterococci we used E. faecalis isolates from feces of healthy volunteers.
To exclude multiple identical isolates, we performed AFLP analysis as described later.

Bacteria

From the specimens of the liver transplant group, 133 E. faecalis isolates were cultured
between March 1998 and March 2000 by routine methodology. After isolation, enterococci
were subcultured on blood-agar plates for further use. The E. faecalis blood isolates (68)
were from a collection obtained from patients with E. faecalis bacteremia in Groningen
University Hospital between January 1997 and January 2000. No additional clinical criteria
were considered in the group of blood cultures because in that hospital a blood culture
positive for E. faecalis is considered clinically significant. E. faecalis (38 isolates) from feces
of healthy volunteers were collected in 1999 (provided by N. Bruinsma, Academic Hospital
Maastricht, The Netherlands) (27). The volunteers were part of a random sample of the
open population living around Groningen. Another 9 isolates were cultured from the feces
of University of Groningen students. The volunteers did not use any antibiotics and were
not hospitalized during the month before E. faecalis isolation.
The isolates were identified using a commercially available kit (API 20 Strep; bioMérieux).
We used the following E. faecalis strains as controls: OG1X containing pAD1 (asa1+, Hln+)
(81), OG1S (Gel+) containing pCF10 (asa1+) (63), OG1X containing pAM373 (asa373+)
(42), the plasmid-free strains OG1X (116) and JH2-2 (120) (Hln-, Gel-, Agg-) and the esp-
positive strain MMH594 (217) (provided by V. Shankar, University of Oklahoma Health
Sciences Center, Oklahoma City).

Hln production

Production of Hln was determined by plating the enterococci onto Todd-Hewitt agar
(Oxoid) supplemented with 5 % human blood. Plates were incubated at 37 °C and obser-
ved after 24 and 72 h. A clear zone of ß-hemolysis around the bacteria was considered
indicative of the production of Hln.
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Gel production

Production of Gel was determined by 2 different media. The first method used trypticase
soy agar (Oxoid) supplemented with 1.5 % skim milk. After inoculation, the plates were
incubated overnight at 37 °C. A clear halo around the colonies was considered positive for
the production of Gel. The second method used Todd-Hewitt agar containing gelatin (30 g
L-1; Oxoid). After overnight incubation at 37 °C, the plates were cooled for 5 h at 4 °C.
Hydrolysis of gelatin was determined by screening the plates for the appearance of a turbid
halo around the colonies.

Clumping assay

Aggregation (clumping) was detected as described elsewhere (65). The supernatant of 
an overnight culture of the pheromone producing strain JH2-2 (120) in Todd-Hewitt 
broth (Oxoid) was autoclaved and subsequently used as a source of pheromones. 
We mixed 2 ml of the supernatant with 2 ml of fresh Todd-Hewitt broth and added 50 µl 
of overnight cultured enterococci for testing. The mixtures were grown for 4 h at 
37 °C in a rotating device at 65 rpm and examined for the formation of aggregates
(clumping).

Isolation of DNA

Chromosomal DNA of E. faecalis was isolated according to Boom et al. (21) with some
minor modifications. The bacteria were grown overnight in brain-heart infusion broth
(Oxoid) at 37 °C on a rotating incubator at 250 rpm. The 1-ml culture pellet was
resuspended in 50 µl of H2O. The bacteria were lysed by incubation with mutanolysin (final
concentration, 0.04 mg ml-1; ICN Biomedicals) for 30 minutes at 37 °C. After lysis, 950 µl
of a mixture of diatom suspension (Acros Organics) and L6 buffer  was added and mixed.
After 10 min at room temperature, the tube was mixed again and centrifuged, and the
supernatant was discarded. The pellet was subsequently washed twice with ethanol 70 %
and once with acetone. After disposal of the acetone, the tube was dried at 37 °C for 30
min. The DNA was eluted by adding 200 µl of H2O, and the vessel was mixed briefly and
incubated for 10 min at 56 °C, mixed again, and centrifuged for 5 min.

Hybridization with probes for asa1 and asa373

Chromosomal enterococcal DNA was restricted with PvuII prior to Southern blot
hybridization. The probe used for the detection of asa373 was a 2.1-kB BsrGI/HpaII
restriction fragment of the gene asa373 cloned into vector pQE30 (Qiagen). Probes for the
detection of asa1-homologous genes were a 1.1- and 1.3-kB PstI restriction fragment of
pAD1 cloned, into vector pUC18. The probes cover great part of asa1 and asa373,
respectively, except for the sequences corresponding to those encoding the signal peptide
and membrane anchor and, in case of asa1, some adjacent nucleotides. Labeling of the
probes, hybridization and stringent washing was done using the ECL direct nucleic acid
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labeling and detection system (Amersham Pharmacia Biotech) as indicated by the
manufacturer. The filters were hybridized for 5 h at 42 °C.

AFLP

We performed the AFLP as described by Willems et al. (261). In brief, the E. faecalis DNA
was simultaneously digested with EcoRI and CfoI and ligated to a single adapter that
resulted in circularized DNA molecules. The molecules were amplified using 2 primers based
on the adapter sequence, each with an extra selective base and one primer was labeled with
a fluorescent dye. The amplification products were separated on a 96 capillary ABI PRISM
3700 DNA analyzer. AFLP patterns were analyzed with BioNumerics software version 1.5
(Applied Maths). We calculated the Pearson product moment correlation and used the
unweighted pair group method with arithmetic averages for cluster analysis.

PCR for esp

The presence of the esp gene in DNA isolated from E. faecalis was determined by poly-
merase chain reaction amplification by use of primers esp11 and esp12 as described by
Shankar et al. (217). According to Shankar et al. (217) detection of the Esp correlated
precisely with the presence of the esp gene; therefore, isolates positive for the esp gene
were considered also to express Esp on its surface.

Antibiotic sensitivity testing

Sensitivity of E. faecalis isolates was tested with agar disc diffusion. The inoculum was
prepared from isolated colonies on blood agar plates. The colonies were suspended in
physiologic saline to a turbidity of 0.5 McFarland U subsequently diluted 1:100 and applied
to iso-sensitest agar plates (Oxoid). After the plates were dried for �5 min at room
temperature, we applied neosensitabs tablets with amoxicillin (30 µg), gentamicin (250 µg),
vancomycin (5 µg), tetracycline (80 µg), erythromycin (78 µg) and ciprofloxacin (10 µg;
Rosco). After 24 h at 37 °C the plates were checked for semi-confluent growth and the
inhibition zones were determined, the zone of vancomycin was checked again after 48 h at
37 °C. Minimal inhibitory concentration breakpoints and corresponding inhibition diameters
were used as determined for the University Hospital Groningen according to the Dutch
national guidelines. The sensitivity and resistance breakpoints were respectively ≤ 2 and 
> 16 µg ml-1 for amoxycillin, ≤ 1 and > 4 µg ml-1 for gentamicin, ≤ 4 and > 8 µg ml-1 for
vancomycin, ≤ 1 and µ 4 µg ml-1 for tetracycline, ≤ 1 and > 2 µg ml-1 for erythromycin, and
≤ 1 and > 2 µg ml-1 for ciprofloxacin.

Statistical analysis

Categorical data were analyzed by the �2 method with Yate’s correction. Significance was
defined as P ≤ 0.05.
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Results

Bacteria and patients

During the study period 60 patients > 18 years old received liver transplants. We studied
133 E. faecalis isolates from 43 of these patients. Of the 133 isolates, 98 were cultured from
routine surveillance specimens from feces or throat of 40 different patients. Another 35
isolates from 19 patients were cultured from clinical sites when an infection was suspected:
sputum (5), ascites (8), wound (10), bile (10), blood (1), and intravascular catheter (1).
From blood cultures of 66 patients, 68 E. faecalis isolates were collected. From feces of 46
healthy volunteers, 47 E. faecalis isolates were cultured. Of the 43 liver transplant patients
in this study, 31 had > 1 isolate collected (mean, 3.9 isolates/patient). Ten (32 %) of these
patients carried ≥ 2 nonidentical E. faecalis isolates.

Genogrouping of isolates by AFLP

To investigate the genetic relationship and to exclude multiple identical isolates, AFLP
analysis combined with analysis of the pattern of virulence factors was done. E. faecalis
isolates with a similarity of ≥ 90 % in AFLP analysis and an identical pattern of virulence
factors were considered identical. The cutoff point of 90 % similarity was chosen according
to Willems et al. (260) who considered VRE strains to be epidemic if the AFLP pattern
showed ≥ 90 % similarity. The comparison was made by clinical subgroup; therefore,
identical isolates could be from blood cultures, liver transplant patients or feces from healthy
vounteers.
Of the 248 investigated isolates 113 were considered nonidentical (34 from 21 liver
transplant patients, 44 from blood cultures of 43 patients and 35 from 35 healthy
volunteers). Identical isolates were omitted from the study not using further criteria. Figure
1 shows the genetic relationships, as determined by AFLP, of the 113 different E. faecalis
isolates. Eleven genogroups were discerned in which the strains shared > 80 % of the
restriction fragments. Table 1 shows the numbers of isolates per AFLP genogroup. The
majority of the isolates clustered in 3 groups: A, B and H. Most genogroup A isolates were
from blood cultures, while the majority of the genogroup B isolates were from liver
transplant patients. In genogroup H, most isolates were isolates from feces of healthy
volunteers.
AFLP analysis also revealed a large group of 65 identical isolates from 23 liver transplant
patients with a high similarity (≥ 95 %) that were collected during a 1-year period (data not
shown). Of these, 48 had an identical virulence pattern, namely Hln+, Gel-, asa1+, asa373-
and esp+, 5 isolates were esp- and 12 were asa373+. Before or after this year no isolates
with the same AFLP pattern were collected during the study. These isolates clustered to
genogroup B. This strain was not especially associated with infections in liver transplant
patients (data not shown).
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Figure 1. Dendrogram of 113 nonidentical
E. faecalis isolates. Nos. on horizontal axis
indicate percentage similarities (Pearson
product-moment correlation coefficient).
A-K, different genogroups with >80%
shared restriction fragments.



Presence of Hln, Gel, asa1, asa373 and esp among the E. faecalis isolates

Figure 2 shows the frequencies of virulence factors in the three largest genogroups: A, B and
H. The predominant virulence factors by group were as follows: group A, Hln, Gel, and
asa1; group B, Hln, asa1, and esp; and group H, Gel, asa1 and esp. The frequencies of
virulence factors per genogroup were also divided into the different clinical subgroups
(blood cultures, feces from health volunteers, liver transplant patients). However, the
distribution of the virulence factors in the genogroups per isolate group (data not shown)
was very similar to the distribution of all the isolates (figure 2). Comparison of the virulence
factors of group A, B and H revealed that Hln+ and asa1+ isolates were significant more
frequent in group A (the blood culture isolates and group B (isolates from liver transplant
patients; �2, P ≤ 0.05). Whereas esp+ isolates are significant more frequent among group H,
which primairly contained isolates from feces of healthy volunteers and group B, which
comprised isolates from liver transplant patients (�2, P ≤ 0.05). Finally, Gel+ isolates were
significantly more frequent among group H compared to group B (�2, P ≤ 0.05).
Figure 3 shows the frequencies of the virulence factors per clinical subgroup. A significant
higher frequency of esp+ isolates was found in isolates from liver transplant patients (71 %)
compared to isolates from feces of healthy volunteers (40 %) and blood cultures (45 %; �2,
P ≤ 0.05). Also, in the isolates from liver transplant patients, the frequency of Gel+ isolates
was significant lower (32 %) than in the isolates from feces of healthy volunteers (66 %; �2,
P ≤ 0.05). Asa373 was more frequent among isolates from liver transplant patients (15 %)
than among isolates from blood cultures (5 %) or healthy volunteers (6 %).
The isolates from liver transplant patient could be divided into 2 groups: those that were
cultured from feces or throat during surveillance and isolates that were cultured from
specimens that were taken if an infection was suspected. When we compared the incidence
of virulence factors in these two groups we did not find a significant difference (data not
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Table 1. Number of isolates per genogroup when the AFLP dendrogram is abridged at 80 % and all
identical isolates are omitted.

Group
Number of E. faecalis isolates froma

Total
blood cultures Liver transplant patients feces of healthy volunteers (113 isolates)

(44 isolates, 43 patients) (34 isolates, 21 patients) (35 isolates, 35 volunteers)

A 11 (85) 2 (15) 13
B 4 (24) 12 (70) 1 (6) 17
C 2 (100) 2
D 1 (33) 2 (67) 3
E 1 (100) 1
F 1 (50) 1 (50) 2
G 1 (50) 1 (50) 2
H 21 (34) 11 (18) 30 (48) 62
I 1 (25) 3 (75) 4
J 1 (100) 1
K 1 (17) 5 (83) 6

a Numbers in parenthesis are percentage of total per genogroup.



shown). Because these patients often have complex problems and infection parameters are
troubled by immune suppression, we decided to omit this approach from the study.

Presence of combinations of virulence factors

Four isolates (4 %) had none of the virulence factors and 0 isolates had all 5 virulence
factors. Remarkably, asa373 never occurred alone: All the isolates that were positive for
asa373 were also positive for asa1 and esp. We found no dominant combinations of
virulence factors in any patient group (data not shown).

Analysis of aggregation with the clumping assay versus hybridization with probes

For 69 of the 113 E. faecalis isolates the results of the clumping assay corresponded with
the results of the hybridization with the asa1 probe. Remarkably, 38 isolates were
repeatedly positive by hybridization but negative in the clumping assay and 6 isolates 
were negative by hybridization but positive in the clumping assay. This cannot be 
simply due to inadequate hybridization or clumping assay conditions since positive and
negative control strains with known geno- and phenotype always behaved as expected.
Comparison of the frequencies of clumping isolates for the different groups shows that the
frequency was low in the liver transplant group (32 %) compared to the isolates from blood
cultures (45 %) or healthy volunteers (51 %), but the differences were not statistically
significant.
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Figure 2. Frequencies of hemolysin (Hln)-, gelatinase (Gel)-, aggregation substance (asa1 and
asa373)- and enterococcal surface protein (esp)-positive isolates of E. faecalis isolates in genogroup A
(n = 13), B (n = 17) and H (n = 62). *, P ≤ 0.05 vs. group H; †,P ≤ 0.05 vs. group A; #, P ≤ 0.05 versus
group B (�2 test).



Sensitivity to antibiotics

We compared the percentage of sensitivity among the nonidentical isolates by clinical
group. The results showed that the isolates from liver transplant patients and blood cultures
were, in general, more resistant than the fecal isolates from healthy volunteers. The
difference was most clear for ciprofloxacin: All the isolates from feces of healthy volunteers
were sensitive compared with 56 % of isolates from liver transplant patients and 64 % of
blood culture isolates. Similar differences were seen for gentamicin (94 % vs. 52 and 39 %
respectively), erythromycin (77 % vs. 36 and 33 %) and tetracycline (54 % vs. 20 and 28
%). All isolates were sensitive to amoxicillin; only 1 isolate from blood cultures was
vancomycin resistant.

Discussion

The question addressed by this study was whether the incidence of some or all tested E.
faecalis virulence factors were higher in liver transplant patients. Information about the
frequency of virulence factors in E. faecalis isolates from this group of patients might enable
conclusions about their role in the high incidence of infections. We determined the
incidence of the virulence factors Hln, Gel, Agg (asa1 and asa373 homologies) and esp in
isolates from liver transplant patient specimens and compared the results with the incidence
of the virulence factors in blood culture isolates of nonliver transplant patients and fecal
isolates from healthy volunteers. Analysis of the results per clinical subgroup showed that
esp was significantly higher and Gel significantly lower in isolates from liver transplant
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Figure 3. Presence of hemolysin (Hln), gelatinase (Gel), the aggregation substance (asa1 and asa373)
and enterococcal surface protein (esp) in isolates from liver transplant patients (LT; n = 34), blood
culture (BC; n = 44), and feces of healthy volunteers (FHV; n =35). *,P ≤ 0.05 vs. FHV; †,P ≤ 0.05 vs.
BC (�2 test).



patients. However, results from the genogrouping after AFLP analysis showed that the
isolates from the different clinical subgroups clustered into different genogroups with
different predominant virulence factors.
Comparison of these genogroups showed that Hln+ and asa1+ isolates might be associated
with infections, as they are mainly found in the genogroups representing blood cultures and
liver transplant patients. On the other hand, esp+ isolates might be associated with
colonization as they are mainly found in the genogroups represented by fecal isolates from
healthy volunteers or liver transplant patients. Esp might also play a role in the spread of E.
faecalis in liver transplant patients as the strain that spread over the liver transplant
department during one year was also esp+.
The percentages of esp+ isolates reported in this study are much higher than in the study of
Shankar et al. (217). They found 29 % of blood culture isolates and 3 % of isolates from
feces of healthy volunteers were positive for esp, whereas we found much higher
frequencies (45 and 40 %, respectively). However, Eaton and Gasson (69) reported 44 %
of medical E. faecalis isolates were positive, as were and 33 % of E. faecalis isolated from
food.
Clustering of enterococci in distinct genogroups by AFLP analysis was described by Willems
et al. (261). By use of AFLP analysis, they showed that E. faecium genogroups were
associated with particular hosts and environments (so called ecovars). They reported that
isolates from healthy volunteers or hospitalized patients from different countries with
different genotypes belonged to the same genogroup; however, there was a clear
dichotomy between isolates from hospitalized and nonhospitalized persons. These results
are in line with our results for E. faecalis.
Although the E. faecalis conjugative plasmid pAM373 was originally found in a clinical
isolate (42), to our knowledge this is the first study on the occurrence of this plasmid. A
relatively low frequency of asa373 encoding the Agg of this plasmid was found among our
isolates from blood cultures (5 %) and feces of healthy volunteers (6 %) but a somewhat
higher frequency was found in isolates from liver transplant patients (15 %). Surprisingly, all
isolates positive for asa373 were also positive for asa1 and esp. Thus, it is possible that these
traits are linked. If so, it will be difficult to study the role of asa373 in infections alone. 
The discrepancy between the results of the clumping assay and the hybridization with
probes for asa1 might indicate a difference between phenotype (expression of aggregation
substance) and genotype (presence of the gene encoding for the aggregation substance).
The clumping reaction is sometimes difficult to interpret and this assay is possibly much less
sensitive than the hybridization. The clumping phenotype of strains obviously lacking Agg
may, of course, indicate the existence of unrelated, still unknown factors also mediating cell
clumping of E. faecalis. The in vivo expression of Agg is very difficult to test. Both the
hybridization and the clumping assay do not analyze the in vivo expression of Agg. As
factors other than pheromone (e.g. serum) are described that might induce expression of
Agg (108) we think that the incidence of the gene encoding Agg is still the best measure to
study the possible presence of Agg in vivo.
AFLP analysis revealed a large group of E. faecalis isolates with a ≥ 95 % similar AFLP
pattern among liver transplant patients, which is highly suggestive of spread of bacteria
between liver transplant patients. Using AFLP it is very difficult to obtain patterns that are
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100 % identical; Willems et al. (261) reported 95-99 % similarity between quadruplicates.
Thus, we might conclude one strain that spread throughout the department. The epidemic
strain in our study was mostly isolated directly after the transplant, suggesting that transfer
occurred very quickly on the intensive care unit or during admissions for pretransplant
monitoring. In this study, E. faecalis isolates with a similarity ≥ 90 % in AFLP analysis were
considered identical. In a hospital setting, epidemic spread of one clone was considered if
the AFLP pattern showed ≥ 90 % similarity. The lower similarity of a clone in an epidemical
hospital setting might be due to the transfer of small genetic elements (260). Because our
study was carried out in one hospital and the surrounding geographical area, we thought it
essential to exclude possible clones that might obscure the analyses. However, this would
also mean that nonidentical isolates might be omitted from the study. Thus, to identify as
many nonidentical isolates as possible, we included the virulence pattern in the analysis.
A factor that might play a role in colonization of liver transplant patients is antibiotic
resistance and treatment with antibiotics. As prophylaxis during the liver transplant, the
patients receive amoxicillin with clavulanic acid and ciprofloxacin. For selective bowel
decontamination, colistin and tobramycin are administered. We tested the sensitivity of the
E. faecalis isolates for different antibiotics and found a higher percentage of resistant strains
among the liver transplant patients. Some of the sex-pheromone plasmid encoded virulence
factors are associated with antibiotic resistance (265). Treatment with antibiotics might lead
to selection of more virulent strains.
In summary, we show that E. faecalis isolates from different groups of patients and healthy
volunteers can be divided into different genogroups with > 80 % shared restriction
fragments and each genogroup with specific predominant virulence factors. By combining
genogroups and virulence factors, we show that hemolysin and asa1 might be associated
with infection and esp with colonization in liver transplant patients. The finding of an
epidemic esp+ strain among liver transplant patients supports the last hypothesis. These
results might be important in understanding the high frequency of infections with E. faecalis
in liver transplant patients.

We thank the staff of the diagnostic department of Medical Microbiology, for collecting the
E. faecalis isolates of liver transplant patients, Henk Jans, Kor Kooi, Carmen Lehner,
Margriet Postma and Marga van Santen-Verheuvel, for excellent technical assistance, and
Rudi Tonk, for reproduction of the figures in this article.
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Abstract

We report the molecular epidemiology of Enterococcus faecalis in liver transplant patients
transplanted at the University Hospital Groningen (The Netherlands) as determined by
amplified fragment length polymorphism (AFLP) typing. A total of 133 E. faecalis isolates
were cultured from the faeces and throat (95 isolates) or clinical sites (35 isolates) of 43 liver
transplant patients. Among these 133 isolates, 15 different AFLP types could be identified
with 90 % AFLP similarity. Of these 15 groups, nine contained isolates from more than one
patient, which may indicate transmission of E. faecalis isolates between patients. In five of
these groups transmission could be explained by the fact that patients carrying identical
strains were staying in the same ward at the same time. One of these epidemic isolates
(AFLP type K) distinguished itself by colonizing 23 liver transplant patients during 15
months. Antimicrobial susceptibility testing did not reveal any multi-resistant isolates. This
study showed that transmission of susceptible E. faecalis isolates occurs frequently on the
liver transplant wards. Detection of this transmission and understanding of the mechanism
is important, as it might also be an indicator of possible transmission of enterococci resistant
to antibiotics.
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Introduction

In recent years enterococci have become one of the leading causes of nosocomial infections
and their incidence is increasing (131, 159). The seriousness of infections with enterococci
has been underscored by different reports, which have shown that enterococcal bacteremia
is associated with an increased mortality and prolonged duration of hospital stay (34, 137).
Enterococcal infections are becoming more difficult to treat due to emerging antibiotic
resistance (71). Enterococcus faecalis is an important cause of episodes of bacterial infection
in patients receiving a liver transplant (LT) (93, 249, 264). The reason for the prominent role
of this species in LT patients is not clearly understood. Selection and spread of more virulent
and/or resistant strains during anti-microbial treatment may play a role as enterococci are
not included in the spectrum of most prophylactic antibiotic regimens (6, 189).
Originally, enterococcal infections were thought to arise from a patient’s own endogenous
flora or to be introduced into the abdomen during transplant surgery or its complications (6,
37). However, molecular epidemiological studies provided evidence for epidemic spread of
enterococci in a hospital setting and nosocomial acquisition of enterococci (7, 131).
Information about the nosocomial spread of enterococci is important to detect and prevent
transmission of strains that might be virulent or resistant and cause infections in time. In an
earlier study of the incidence of virulence factors in E. faecalis isolates from LT patients we
reported that some E. faecalis surface proteins, like the enterococcal surface protein, might
be associated with spread between LT patients (chapter 2).
Different molecular techniques are used to study the molecular epidemiology of bacteria.
Pulsed field gel electrophoresis (PFGE) is often considered the standard reference method in
the study of the nosocomial spread of strains in hospitals (134, 236). However, amplified
fragment length polymorphism (AFLP) has similar power and has been more robust in
studying hospital epidemics with vancomycin resistant Enterococcus faecium (VRE) (260,
261) and it has been suggested that AFLP could serve as “gold standard” for molecular
epidemiology of VRE (4). Furthermore, AFLP typing has been used to study the molecular
epidemiology of a wide range of bacterial species (52, 244).
In the present study, we report the screening of LT patients for E. faecalis combined with
DNA typing using AFLP to investigate the molecular epidemiology of E. faecalis among
these patients. Aim of this study was to gain insight in the epidemiology and the (high)
infection rate with E. faecalis in LT patients.

Materials and Methods

Study design

Weekly routine surveillance cultures from stool and throat and other cultures from clinical
sites with signs of infection were taken from consecutive patients who received a LT at
University Hospital Groningen (The Netherlands) between March 1998 and March 2000.
The liver transplant unit consisted of two wards (ward 1 and 2) and one intensive care unit
(ICU). Ward 1 consisted of 31 beds for LT patients and patients with other gastro-intestinal
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diseases. LT patients generally stayed on this ward during pre- and post-transplant
evaluation. Ward 2 consisted of 30 beds for LT patients and patients undergoing hepato-
biliary or vascular surgery. LT patients generally stayed on this ward for direct post-
transplant treatment. The ICU contained 12 beds and patients demanding intensive care
after surgery stayed on this unit. Nurses were generally dedicated to one ward, whereas
medical doctors worked on the three different wards.
From every culture, one E. faecalis isolate was included in the study, presuming that
enterococci from one culture with similar colony morphology and identification were
identical isolates. The specimens were collected during the first month after the first LT.
Patients with a re-transplant more than one month after the first transplantation and
patients younger than 18 year were not included. To investigate the clonal relationship of E.
faecalis isolates AFLP analysis was performed.

Patients and bacteria

The throat and stool specimens were cultured on blood agar plates CM55 (Oxoid)
containing 5 % sheep blood and blood agar plates with 20 µg ml-1 aztreonam added. Every
putative enterococcus colony was subcultured on blood agar for further identification. The
isolates were identified using a commercially available kit (API 20 Strep; bioMérieux). 

AFLP

Chromosomal DNA of E. faecalis was isolated according to Boom et al. (21) with some
minor modifications. The bacteria were grown overnight in brain-heart infusion broth
(Oxoid) at 37 °C on a rotating incubator at 250 rpm. After centrifugation, the 1-ml culture
pellet was resuspended in 50 µL water. The bacteria were lysed by incubation with
mutanolysin (final concentration: 0.04 mg ml-1; ICN Biomedicals) for 30 minutes at 37 °C.
After lysis, 950 µl of a mixture of diatom suspension (Acros Organics) and L6 buffer (21)
was added and mixed. After 10 min at room temperature, the tube was mixed again and
centrifuged, and the supernatant was discarded. The pellet was subsequently washed twice
with ethanol 70 % and once with acetone. After disposal of the acetone, the tube was dried
at 37 °C for 30 min. The DNA was eluted by adding 200 µL water, and the vessel was mixed
briefly and incubated for 10 min at 56 °C, mixed again, and centrifuged for 5 min.
The AFLP analysis was performed as described by Willems et al. (261). In brief, the E.
faecalis DNA was simultaneously digested with EcoRI and CfoI and ligated to a single
adapter that resulted in circularised DNA molecules. The molecules were amplified using
two primers based on the adapter sequence, each with an extra selective base, and one
primer was labelled with a fluorescent dye. The amplification products were separated on a
96 capillary ABI PRISM 3700 DNA analyser. AFLP patterns were analysed with BioNumerics
software version 1.5 (Applied Maths). The Pearson product moment correlation was
calculated and the unweighted pair group method with arithmetic averages was used for
cluster analysis. In a previous study the similarity percentage of AFLP banding patterns of
epidemiological related strains in a hospital outbreak was > 90 % (260, chapter 2).
Therefore, in this study, strains were considered to be identical when AFLP banding patterns
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were more than 90 % similar. Isolates were considered epidemic when the same AFLP type
was found in two or more patients, who could have been in contact, having stayed at the
same ward during overlapping time periods.

Antibiotic susceptibility testing

From each patient, one E. faecalis isolate per AFLP group (total 56 isolates) was tested with
agar disk diffusion for susceptibility to gentamicin (250 µg), erythromycin (78 µg),
tetracycline (80 µg), ciprofloxacin (10 µg), amoxicillin (30 µg), and vancomycin (5 µg). The
appropriate inoculum was derived from one or more colonies on blood-agar plates
suspended in physiologic saline to a turbidity of 0.5 McFarland units, subsequently diluted
1:100 and applied to iso-sensitest agar plates (Oxoid). After the plates were dried for about
5 minutes at room temperature, the neosensitabs tablets (Rosco) were applied. After 24 h
at 37 °C the plates were checked for semiconfluent growth and the inhibition zones were
determined, the zone of vancomycin was checked again after 48 h at 37 °C. Inhibition zone
diameters corresponding to minimal inhibitory concentration breakpoints and
corresponding were read as determined for the University Hospital Groningen according to
the Dutch national guidelines (51). The sensitivity and resistance breakpoints were
respectively ≤ 1 and > 4 µg ml-1 for gentamicin, ≤ 1 and > 2 µg ml-1 for erythromycin, ≤ 1
and > 4 µg ml-1 for tetracycline, ≤ 1 and > 2 µg ml-1 for ciprofloxacin, ≤ 2 and > 16 µg ml-1

for amoxicillin, and ≤ 4 and > 8 µg ml-1 for vancomycin. Data from the antimicrobial
susceptibility testing were analysed by the �2 method. Significance was defined as P ≤ 0.05.

Results

Bacteria and patients

During the study period 60 patients older than 18 years received LTs. We studied 133 E.
faecalis isolates from 43 of these patients (chapter 2). Of these isolates, 35 were cultured
from clinical sites: wound (10), bile (10), sputum (5), ascites (8), blood (1) and intravascular
catheter (1). These clinical sites were cultured when there were signs of infection, however,
it was not proven that the E. faecalis isolates from these sites caused infection. From 31 of
the 43 LT patients in this study more than one isolate was collected (mean, 3.9
isolates/patient) and nine of these patients (patient number 2, 6, 7, 10-12, 18, 19, 22)
carried isolates of more than one AFLP type. In 14 of these 31 patients (patient number 1,
2, 6, 12, 18, 22, 23, 25, 29, 30, 34, 40-42), E. faecalis with identical AFLP types (similarity
> 90 %) were isolated from both routine cultures and clinical sites. This indicates that in
these patients the faeces or throat might provide reservoirs for enterococci that might cause
infections. However, a common source (e.g., environment or hands) could also have led to
colonisation of both faeces and/or throat and the clinical site.
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Epidemiology of E. faecalis

Figure 1 shows the genetic relationship of the 133 E. faecalis isolates recovered from 43 LT
patients. Among these isolates 15 different AFLP types (similarity > 90 %) were identified
of which nine AFLP types (A, B, G, H, I, J, K, M and O) contained isolates from more than
one patient, which is compatible with spread of E. faecalis isolates between patients.
Transmission from patient to patient could be explained by geographic location and
temporal relation between patients carrying isolates with AFLP type I, J, K, M and O. Of the
five patients carrying AFLP type H isolates, transmission within two clusters of respectively
two (patient 11 and 12) and three (patient 7, 9 and 10) patients could be explained by
geographic location and temporal relation. However, transmission between the two clusters
could not be explained. Transmission of the AFLP type G isolates between the two patients
could be explained by survival of the E. faecalis on the hands of personnel or surfaces for
one day, whereas transmission of AFLP type A and B isolates between the two patients
could only be explained by survival of E. faecalis for long periods of two and one month
respectively. Transmission from patient to patient of AFLP type A, B, I, J, G and H could have
occurred on LT ward 1, transmission of AFLP type K and M on LT ward 1 or 2, whereas
transmission of AFLP type O could only have occurred on the ICU.
Remarkable was the transmission of a genetically highly homologous strain (AFLP type K,
similarity generally > 95 %) among 23 patients between September 1998 and December
1999. Nine other patients that also received a LT during this period and stayed at the same
wards did not acquire this epidemic strain. Of these nine patients, six were transplanted
during the first or last two months of the period that AFLP type K strain was predominant
on the LT ward. Figure 2 shows the stay of the LT patients carrying AFLP type K E. faecalis
on the different LT wards during the study period. All patients carrying the epidemic strain
stayed on the same ward during the same period before or after the LT, which illustrates the
possibility of transmission on the LT wards. Although cultures were only taken after the LT,
transmission likely occurred during a previous stay in the hospital, e.g. for pretransplant
monitoring, as in most cases the epidemic strain K was isolated immediately after the
operation. The E. faecalis strain AFLP type K was not isolated during the study period before
September 1998 or after December 1999 from LT patients nor from the faeces of healthy
volunteers from the same geographical area or blood culture isolates from patients at the
same hospital during the same period (data not shown) (chapter 2). These data
demonstrate epidemic spread of one E. faecalis clone (AFLP type K) among LT patients.
The duration of hospital stay during one year before LT varied between one and 135 days,
but the average duration did not differ significantly between the patients with and without
the epidemic strain K. Three patients were not colonized with isolates from any of the
epidemic groups, their average duration of stay before transplantation also did not differ
significantly from the other patients.

Characteristics of epidemic isolates

The characteristics of the epidemic isolates (AFLP types A, B, G, H, I, J, K, M, and O; total
126 isolates), with respect to isolation site and antibiotic resistance, were compared with
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Figure 1. Dendrogram of 133 E. faecalis
isolates recovered from 43 liver transplant
patients. Percentage on horizontal axis
indicates percentage similarities (Pearson
product-moment correlation coefficient). A-O,
different AFLP-types with a similarity of > 90
%. Patients are numbered 1 to 43; numbers
behind the branches in the dendrogram
indicate the patient from which the E. faecalis
was isolated and the source (routine or clinical
isolate).
aRoutine surveillance isolates from faeces or
throat, bincludes wound (10), bile (10), ascites
(8), sputum (5) blood (1) and intravascular
catheter (1), cfive patients had two different
isolates and four patients had three different
isolates



non-epidemic isolates (AFLP type C, D, E, F, L, and N; total 7 isolates). Twenty-five percent
of the epidemic isolates originated from clinical sites, in contrast to 43 % of the non-
epidemic isolates. In total, 26 % of the isolates came from clinical sites. These data suggest
that the epidemic isolates may spread well but mainly colonize the patients. Table 1 shows
the susceptibility of 56 E. faecalis isolates to gentamicin (high level resistance),
erythromycin, tetracycline, and ciprofloxacin as determined by agar disk diffusion. All
isolates were susceptible to amoxicillin and vancomycin. The results of the �2 test showed a
significant difference in antibiotic resistance between epidemic and non-epidemic isolates
for gentamicin, erythromycin, and ciprofloxacin; the epidemic strains were more resistant.

Discussion

We report the molecular epidemiology of E. faecalis in LT patients, a group prone to
infections with this microorganism. We found that E. faecalis isolates susceptible to
antibiotics, such as vancomycin or amoxicillin, had spread among LT patients. The finding
of one particular clone that colonised 23 LT patients over a 15 months period was especially
striking. During the remaining nine months of the study period this strain was not cultured
again from a LT patient. This indicates that the strain might have disappeared from the
transplantation wards. However, the end of transmission did not coincide with any change
in antibiotic regimen, selective bowel decontamination or infection prevention on the LT
wards. For five of the nine E. faecalis strains that were isolated from multiple patients, the
epidemiology could be fully explained by the fact that patients carrying identical strains
stayed in the same wards during overlapping periods of time. These findings suggest that
there was transmission of E. faecalis strains on a LT ward, and this might have been caused
by carriage on the hands of personnel, direct contact between the patients or adhesion and
survival on abiotic surfaces e.g. medical equipment. Only one of the epidemic isolates
described in this study was possibly transmitted on the ICU. This shows that both on ICUs
and on other wards hygienic precautions should be carefully followed to prevent
transmission of bacteria between patients.
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Table 1. Antimicrobial susceptibility of the E. faecalis isolates as determined by agar disk diffusion.

Epidemic isolates N (%) Non-epidemic isolates N (%)
Antibiotic tested

Resistent Intermediate Sensitive Resistant Intermediate Sensitive

Gentamicina 43 (86) 7 (14) 1 (17) 5 (83)
Erythromycin 43 (86) 7 (14) 1 (17) 2 (33) 3 (50)
Tetracycline 39 (78) 7 (14) 4 (8) 3 (50) 3 (50)
Ciprofloxacin 41 (82) 1 (2) 8 (16) 1 (17) 5 (83)
Vancomycin 50 (100) 50 (100)
Amoxicillin 50 (100) 50 (100)

The epidemic isolates are AFLP types A, B, G, H, I, J, K, M, and O (50 isolates), the non-epidemic
isolates are AFLP type C, D, E, F, L, and N (six isolates).
a high level resistance was tested



The genetic relatedness of E. faecalis strains was studied using AFLP. AFLP is a high
throughput typing method, providing a high level of discrimination between isolates and is
applicable without previous knowledge of genome sequences. AFLP has already proven its
value in molecular epidemiological studies of various pathogens including E. faecium (28,
260, 261). In a previous study we applied AFLP to study the genetic relatedness of E.
faecalis isolates recovered from faeces and clinical sites of liver transplant patients, other
patients and volunteers. By AFLP we were able to discern different E. faecalis genogroups,
where the strain within each group shared > 80 % of their restriction fragments. In this
study AFLP was used to identify epidemic clones. The cut-off point of 90 % similarity to
define identical isolates was chosen according to Willems et al. (260) who considered VRE
strains to be epidemic if the AFLP pattern showed > 90 % similarity.
Reports of transmission of E. faecalis susceptible to clinical important antibiotics like
amoxicillin and vancomycin are scarce as most reports focus on resistant enterococci.
Sabria-Leal et al. (209) reported one E. faecalis strain, sensitive to clinically important
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Figure 2. Admission of the LT patients carrying AFLP type K E. faecalis to the different LT wards during
the study period. Horizontal bars indicate the time of stay. Patients are numbered according to the
dendrogram in Figure 1.



antibiotics, that was found in 11 out of 45 patient on an ICU as determined by PFGE.
Information about the molecular epidemiology of E. faecalis still susceptible to clinically
important antibiotics like amoxicillin and vancomycin, and not causing infections, is
important to detect and prevent ‘silent’ transmission of isolates. As enterococci are able to
acquire resistant determinants relatively easily, unrecognised transmission of susceptible
isolates may finally result in outbreaks of multi-resistant strains. An example illustrating this
was reported recently in which a VRE outbreak in a hospital in Poland originated from a
vancomycin-susceptible strain that was endemic in the hospital, and that acquired the vanB
transposon through horizontal transmission (129).
The incidence of colonization with E. faecalis in our study was 72 % (43 of 60 patients),
which is relatively high compared to the incidence of 2.4 % found among all patients
admitted to a University Hospital in eastern France (166). This difference might be
explained by the fact that most of the risk factors for nosocomial acquisition of multi-
resistant enterococci are present in the LT patients in our study. All patients have peri-
operative antibiotic prophylaxis, previous surgery and most patients have longer
hospitalisation and the need for advanced nursing care, factors frequently described as risk
factors for acquisition of multi-resistant enterococci (131). Although the isolates we found
were not multi-resistant, these risk factors might also apply to their acquisition. This is
supported by the fact that the epidemic strain K was resistant to ciprofloxacin, one of the
drugs used as prophylaxis during the LT. Conversely, data regarding colonization are often
difficult to compare because culturing methods are very different. In this study we focused
on the epidemiology of E. faecalis, therefore we cultured only weekly for four weeks.
However to study the exact dynamics of colonization with E. faecalis, longer and more
frequent culturing is necessary.
Epidemic isolates were cultured less frequently from clinical sites compared with non-
epidemic isolates, which indicates that although these epidemic isolates might be capable of
spreading, they are not more pathogenic. Previously, we reported that isolates of E. faecalis
from LT patients, blood cultures and the faeces of healthy volunteers were genetically
different and could be subdivided into different AFLP genogroups with > 80 % shared
restriction fragments (chapter 2). The disclosure of different genogroups for isolates causing
infections (e.g. blood culture isolates) and isolates from LT patients suggested the existence
of genetically distinct pathogenic subpopulations. Our present finding that epidemic
isolates from LT patients are not frequently isolated from clinical sites is in agreement with
this previous study.
Adhesion of bacteria to biomaterial surfaces plays an important role in the initiation of
infections and spread of bacteria (22, 45). Better adhesion to abiotic surfaces might explain
the spread of E. faecalis, such as epidemic strain K in this study. We reported previously that
E. faecalis strains expressing enterococcal surface protein or aggregation substance, surface
proteins that are associated with infection and spread, adhere better to biomaterials
compared to E. faecalis strains not expressing these surface proteins (chapter 5). Using
polymerase chain reaction (PCR) we demonstrated the presence of the esp gene in the
epidemic strain K. Furthermore, we determined that this strain was able to adhere to silicone
rubber in comparable high numbers to other esp positive E. faecalis strains (data not
shown). These data suggest that the observed high adherence to biomaterial surfaces
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facilitated the epidemic spread of this strain. We have also reported that growth in bile
significantly increased adhesion to biomaterial surfaces of esp positive strains (chapter 7).
This underscores the possible role of esp of strain K in transmission as many LT patients have
a bile drain for prolonged time after LT.
In summary, this study showed the epidemic spread of E. faecalis isolates susceptible to
clinically important antibiotics at the LT wards of a university hospital. The spread of one
strain among 23 patients during 15 months was especially interesting. The epidemic isolates
were not more frequently isolated from clinical sites compared with the non-epidemic
isolates. However, detection and prevention of epidemic spread of susceptible enterococcal
strains is important, as it could be an indicator of and may precede transmission of, multi-
resistant enterococcal strains.

We thank Kor Kooi for performing the antibiotic susceptibility testing and Jan Arends for
helpful discussion and reproduction of Figure 2 of this article. 57
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Abstract

Enterococcus faecalis and Enterococcus faecium are among the leading causes of hospital
acquired infections. Reliable and quick identification of E. faecalis and E. faecium is
important for accurate treatment and understanding their role in the pathogenesis of
infections. Fluorescent in situ hybridization (FISH) of whole bacterial cells with oligo-
nucleotides targeted at the 16S rRNA molecule leads to a reduction of time to identification.
Furthermore, the abundance, spatial distribution and bacterial cell morphology can be
observed in situ. We describe the design of two fluorescent labelled oligonucleotides 
that respectively detect the 16S rRNA of E. faecalis and the combination of E. faecium,
Enterococcus hirae, Enterococcus mundtii and Enterococcus saccharolyticus. Different
protocols for the application of these oligonucleotides with FISH in clinical samples like
faeces or blood cultures are given. We were also able to visualize enterococci in a biofilm
attached to a biomaterial. Embedding of the biomaterial optimal preserved the morphology
and the architecture of the biofilm could be observed. The studies that use FISH for
detection of enterococci are generally hampered by the fact that they are only focused on
one material and one protocol to detect the enterococci. However, the results of this study
show that the probes can be used both in the routine laboratory to detect and determine
the enterococcal species in different clinical samples and in a research setting to enumerate
and detect the enterococci in their physical environment.
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Introduction

Enterococcus faecalis and Enterococcus faecium, which are considered part of the normal
intestinal flora, are among the leading causes of nosocomial infection. E. faecalis accounts
for 80-90 % and E. faecium for 5-10 % of clinical enterococcal isolates in human infection
(159). Treatment of these infections can be difficult due to emerging antimicrobial
resistance (113, 170).
Reliable identification of enterococci, especially E. faecalis and E. faecium, is important for
accurate diagnosis and treatment. Current methods of identification are based on pheno-
typic characteristics which may show variation on testing, are difficult to perform and often
take up to several days for a final result (73). In recent years, authors have described
molecular methods for the detection and identification of Enterococcus spp. by the use of
labelled oligonucleotide probes based on both 16S and 23S rRNA genes (11, 12, 16, 161,
198). However, most of these studies use direct DNA hybridization techniques for the
identification of enterococci. Only few studies describe whole cell in situ hybridization for
identification and enumeration of enterococci (12, 105). Fluorescent in situ hybridization
(FISH) of whole bacterial cells with oligonucleotides that detect the 16S rRNA molecule has
the advantage that bacteria do not need to be cultured before detection and this would lead
to a reduction of time to identification of the infecting organism (121). Also, different
studies showed that only part of the bacteria in a specimen can be cultured because the
bacteria have entered a nonculturable state, the culture conditions are not suitable or the
patient has already been treated with antibiotics (2).
The studies that use FISH for detection of enterococci that are published until now are
hampered by the fact that the specificity of the probes is not tested in different mixed
bacterial populations or that they are only focused on one specific type of material (12, 105,
121). In this study, we describe the design of two fluorescent labelled oligonucleotides 
that specifically detect the 16S rRNA of E. faecalis and the combination of E. faecium,
Enterococcus hirae, Enterococcus. mundtii and Enterococcus saccharolyticus. Furthermore,
we describe different protocols for the application of these oligonucleotides in FISH on
different clinical samples.

Materials and Methods

Culture strains and media

All reference strains used in this study are listed in Table 1. The strains were obtained from
different sources as indicated in the table: DSM(Z) is Deutsche Sammlung von Mikro-
organismen und Zellkulturen (Braunsweig, Germany), ATCC is the American Type Culture
Collection (Rockville, Md.), and MMB is the Laboratory for Medical Microbiology
(Groningen, The Netherlands). Clinical isolates of E. faecalis and E. faecium were obtained
from various clinical samples of different patients staying at the University Hospital
Groningen, The Netherlands. DSM or ATCC strains were cultivated on the media as
described in the respective catalogues. All anaerobic strains were cultivated in anoxic
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peptone-yeast extract-glucose (PYG) medium (109) under anaerobic conditions at 37 °C.
Facultative anaerobes were cultured on 5 % sheep blood agar (Oxoid) and one colony was
inoculated in brain heart infusion medium (Oxoid) at 37 °C. All MMB strains are clinical or
human faecal isolates from local and regional public health laboratories and have been
identified by routine procedures.
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Table 1. Reference organisms, sources, and FISH results for the probes Enfl84 and Enfm93.

Species Source
Reaction with probe

Enfl84 Enfm93

Enterococcus faecalis 15 clinical isolates + –
Enterococcus faecium 15 clinical isolates – +

Enterococcus faecalis DSMa 20478 + –
Enterococcus faecium DSM 20477 – +
Enterococcus hirae DSM 20160 – +
Enterococcus mundtii DSM 4838 – +
Enterococcus saccharolyticus DSM 20726 – +
Enterococcus avium DSM 20679 – –
Enterococcus casseliflavus DSM 20680 – –
Enterococcus dispar DSM 6630 – –
Enterococcus durans DSM 20633 – –
Enterococcus gallinarum DSM 20628 – –
Enterococcus raffinosus DSM 5633 – –

Bacteroides thetaiotaomicron MMBb – –
Bifidobacterium pseudolongum MMB – –
Clostridium perfringens MMB – –
Eubacterium contortum DSM 3982 – –
Eubacterium cylindroids MMB – –
Lactobacillus acidophilus DSM 2007 – –
Lactobacillus reuteri DSM 20016 – –
Lactococcus lactis sub. cremoris DSM 20069 – –
Peptostreptococcus asaccharolyticus MMB – –

Streptococcus agalactiae MMB – –
Streptococcus bovis MMB – –
Streptococcus intermedius DSM 20573 – –
Streptococcus mitis MMB – –
Streptococcus mutans DSM 20523 – –
Streptococcus oralis DSM 20627 – –
Streptococcus salivarius MMB – –
Streptococcus sanguis DSM 20567 – –

Escherichia coli ATCCc 25922 – –
aDSM, Deutsche Sammlung von Mikroorganismen und Zellkulturen.
bMMB, Laboratory for Medical Microbiology Groningen.
cATCC, American Type Culture Collection.



Design and testing of DNA probes

Oligonucleotide probes were designed with the ARB software package (145) and rRNA
sequences were obtained in an aligned form from the Ribosomal Database Project (RDP)
(147) supplemented with newly deposited rRNA sequences from GenBank. Fluorescein
labelled oligonucleotides against selected specific target sequences of E. faecalis and E.
faecium were synthesised commercially (Eurogentec) and tested for specificity against a set
of reference organisms listed in Table 1. All strains were cultured in the appropriate fluid
medium until log-phase; this medium was diluted 1:50 in PBS (8 g of NaCl, 0.2 g of KCl,
1.44 g of Na2HPO4, and 0.24 g of KH2PO4 each per liter). From this cell suspension, 10-20
µl was smeared on a glass slide and air-dried at room temperature (RT). The cells on the
glass slides were fixed for 5 minutes in ethanol (96 %) and again air-dried. To allow
permeabilization of their cell membrane, the Gram-positive strains were treated with
enzymes prior to hybridization. The other strains were hybridized immediately after fixation.
The permeabilization buffer consisted of a fresh mixture of 100 mM Tris-HCl pH 7.5 and 
50 mM EDTA. For the permeabilization of Streptococcus spp., Enterococcus spp., Bifido-
bacterium spp., Eubacterium spp. and Peptostreptococcus spp. permeabilization buffer
with 1 mg ml-1 lysozyme (Boehringer) was applied for 30 min at 37 ºC. For the perme-
abilization of Clostridium spp., Lactobacillus spp. and Lactococcus spp. permeabilization
buffer with 5 mg lysozyme and 0.1 mg ml-1 pancreatic lipase (Sigma) was applied for 
30 min at 37 ºC. To the cell smears, 20 µl of the enzyme mixture was added and incubated
for 30 min at 37 ºC in a buffer-saturated chamber. After treatment the slides were shortly
rinsed with milli-Q water and air-dried. Subsequently, 10 µl of hybridization buffer (0.9 M
NaCl, 20 mM Tris-Cl [pH 7.5] and 0.1 % [w/v] SDS) containing 10 ng µl-1 of FITC- or 
Cy3 labelled probe was added to the smears. The formamide concentration was optimized
by varying the percentage of it in the hybridization buffer. The smears were incubated
under a coverslip at 50 ºC for 2 h in a buffer-saturated chamber. Finally, the slides were
washed in 50 ml wash solution (0.9 M NaCl, 20 mM Tris-Cl [pH 7.5]), air-dried and
mounted in Vectashield (Vector Labs). In all experiments, the Eub338 probe was used as a
positive control (1). The slides were evaluated with an Olympus BH2 epifluorescence
microscope.

Detection of E. faecalis and E. faecium in clinical samples of faeces and blood cultures

The application of the probes on different faecal samples was tested by enumerating the
enterococci in diluted fecal samples that yielded enterococci on routine culture. The faeces
of healthy adult volunteers and 9 premature babies between 3 and 21 days old (average of
10 days) and a gestational time between 32 weeks 1 day and 35 weeks (average 33weeks
4 days) was tested. Portions (0.5 g) of each stool were fixed with paraformaldehyde (PFA)
as described previously (82). The fixed solution was mixed 1:1 with 5 % (w/w) Tween 80,
10 µl was smeared on a glass slide and air-dried at RT. Further treatment was performed as
described above with modifications as listed in Table 2. 
Positive blood cultures with Gram-positive cocci in chains on the gram stain were selected
for the detection of E. faecalis and E. faecium. A total of 15 µl from a positive blood culture
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was smeared onto a glass slide and air-dried at RT. Further treatment was performed as
described above with modifications as listed in Table 2.

Detection of E. faecalis and E. faecium in biofilms on bile drains

The drains were cut into pieces of 0.5 cm and fixed in 4 % (w/v) PFA for 48 h at 4 ºC and
subsequently stored in 50 % ethanol/PBS (v/v) at 4 ºC. The drains were rinsed in distilled
water, dehydrated in graded ethanol (50, 70, 96 and 100 %) and embedded in Technovit
7100 hydroxyethylmethacrylate (Kulzer Histo-Technik, Klinipath). Cross sections of 10 µm
were cut and hybridized as describe above with modifications as listed in Table 2. Results of
the hybridization were confirmed by routine culture.

Results

Probe design and specificity

To design oligonucleotide probes that specifically detect E. faecalis and E. faecium,
alignments of 16S rRNA sequences retrieved from the RDP were analyzed and target sides
were identified that are present in E. faecalis or in E. faecium. In Table 3 the sequences of
the Enfl84 and Enfm93 probe are given. 
In Table 1 the results of the FISH of probes Enfl84 and Enfm93 with different clinical
enterococcal isolates and reference organisms are shown. As reference organisms we chose
streptococci because they look very similar to enterococci on Gram-stain and other relevant
organisms that are frequently found in the faeces to confirm that the enterococci could be
distinguished in this complex environment. All microorganisms hybridized with the Eub338
probe. The Enfl84 probe only hybridized with E. faecalis species. The Enfm93 probe also
hybridized with E. hirae, E. mundtii and E. saccharolyticus. Table 3 shows the selected
oligonucleotide sequences of Enfl84 and Enfm93, their target sites and alignments of the
corresponding sites of the enterococci that were used as reference organism. Enfl84 has a
minimum of 8 mismatches with the enterococci used as reference; this explains the high
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Table 2. Hybridization conditions on different samples for the detection of E. faecalis and E. faecium

Bacterial culture Faeces Blood cultures Biofilms

Fixation 96 % ethanol 4 % PFA 96 % ethanol 4 % PFA
(5’, RT) (overnight, 4 ºC) (5’, RT) (48 h, 4 °C)

96 % ethanol 50 % ethanol
(10’, RT) (4 °C)

Preparation glass slide glass slide glass side Technovit 7100
air dried air dried air dried cross sections

Permeabilization lysozyme no lysozyme lysozyme
(30’, 37 °C) (15’, 37 °C) (15’, 37 °C)

Formamide 10 % 10 % 10 % 10 %

Hybridization 50 °C, 2 h 50 °C, overnight 50 °C, 30’ 50 °C overnight



specificity of the probe. Enfm93 has a full match with E. hirae so it is also specific for this
strain. The probe has only one weak T-G mismatch with E. mundtii and two G-T mismatches
at the extreme 5’ site of the target with E. saccharolyticus. The hybridization conditions
might not have been stringent enough to prevent hybridization with these targets.

Optimization of hybridization protocols of the clinical samples

The faeces and blood culture samples were prepared and fixed for hybridization in different
ways; therefore material specific optimized protocols were established. A summary of the
specific hybridization conditions is shown in Table 2.
Hybridization of the faecal samples was optimal without prior permeabilization. Probably,
the longer fixation in PFA already permeabilized the bacteria. The blood cultures were
permeabilized and hybridized shorter than the pure bacterial cultures, this was necessary for
the use in the routine laboratory where quick detection had the priority. The protocol
resulted in less clear signals; however detection and identification was still possible.

Enumeration of enterococci in the faeces of healthy volunteers

In the faeces of the adult volunteers, only occasionally enterococci were detected by FISH
which indicated that the enterococci were below the detection limit for enumeration.
However, in the faecal samples of seven of the nine babies high numbers of enterococci
were found. From the total number of DAPI stained cells up to 41 % (average 8.4 %) was 
E. faecalis and up to 23 % (average 6.4 %) was E. faecium with a total number of up to 
2.6 x 1010 cells g-1 wet weight (average 3.46 x109) for E. faecalis and up to 1.1 x 1010 cells
g-1 wet weight (average 1.71 x109) for E. faecium. Figure 1 shows the fluorescence of 
E. faecium hybridised with the Enfm83 probe labelled with FITC in a faecal suspension of a
premature baby.
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Table 3. Oligonucleotide sequences of probes Enfl84 specific for E. faecalis and Enfm93 that hybridizes with
E. faecium, E. hirae, E. mundtii and E. saccharolyticus, their target sites and alignments of the corresponding
sites of the enterococci used as reference strains.

Enterococcal Accession Enfl84 Enfm93
species number

E. faecalis AB012212
E. faecium Y18294
E. hirae AF061011
E. mundtii AF061013
E. saccharolyticus AF061004
E. dispar AF061007
E. durans Y18359
E. avium Y18274
E. casseliflavus Y18161
E. gallinarum AF039898
E. raffinosus Y18296
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66 Figure 1. Fluorescence (a) and phase contrast (b) micrograph of a fecal suspension hybridized with the
probe Enfm93 labelled with FITC. Comparison of the phase contrast and the fluorescence micrographs
shows that not all bacteria hybridized with the probe which indicates that other bacteria besides E.
faecium are present. Bar is 5 µm.

Figure 2. Fluorescence micrograph of a 5-10 µm section of a bile drain hybridized with probes Enfl84
(Cy3 labelled) and Eub338 (FITC labelled). The micrograph shows that the biofilm contained a layer of
other bacteria that hybridised with the Eub338 probe and a microcolony of E. faecalis that hybridized
with the Enfl84 probe. Bar is 5 µm.



Detection of enterococci in biofilms on indwelling devices

After a liver transplantation the bile is often diverted outside the body of the patient for
prolonged times by a bile drain inserted into the bile duct. These drains often get colonized
with enterococci; therefore we selected these materials for the detection of enterococci 
in biofilms attached to biomaterials. Figure 2 shows a micrograph of a bile drain covered
with a thick layer of bacteria that hybridize with the FITC labelled Eub338 probe with 
a microcolony of E. faecalis on top of it that also hybridizes with the Cy3 labelled 
Enfl84 probe. Routine culture of this drain contained E. faecalis, Klebsiella pneumoniae,
Klebsiella oxytoca and Escherichia coli. The presence of high numbers of Entero-
bacteriaceae in this biofilm was confirmed by FISH with a DNA probe that hybridizes with
Enterobacteriaceae (197). 

Discussion

In this study we have described the application of two DNA probes one for E. faecalis and
one for E. faecium E. hirae, E. mundtii and E. saccharolyticus in various clinical materials.
The results show that the probes can be used both in the routine laboratory to easily and
quickly detect and determine the enterococcal species and in a research setting to
enumerate and detect the enterococci in their physical environment and study the spatial
distribution in situ.
The Enfl84 probe is specific only for E. faecalis and the Enfm93 probe hybridized with E.
faecium, E. hirae, E. mundtii and E. saccharolyticus. Hybridization with these enterococci
could be explained by the presence of few or no mismatches (Table 3). E. hirae and E.
mundtii have been isolated from human sources but only rarely and mostly these
enterococcal species only colonize the human and are not isolated from blood cultures or
other clinically important material (73, 94, 128, 206). E. saccharolyticus has not been
isolated from human sources (74). When using FISH with the Enfm93 probe on mixed
bacterial populations, the most probable organism to give a positive signal is E. faecium but
the possibility of one of the other three enterococcal species should be accounted for.
Different materials require varying FISH protocols, however in this study we show that only
minor adjustments are necessary to make the protocol applicable for new materials. The
enterococci could be detected in faeces, one of the most complex bacterial populations of
the human body; this implies that the probes also can be used on other clinical materials
containing mixed bacterial populations like sputum or pus from abdominal abscesses.
Positive blood cultures often contain a single bacterial species that can be identified easily,
however this can take up to 24 or 48 hours and antibiotic treatment is necessary
immediately. A study by Munson et al. showed that especially the notification of the Gram-
stain of a positive blood culture influenced the antibiotic therapy; fewer interventions
appeared after the release of antimicrobial susceptibility data (168). As E. faecium is
generally more resistant to antibiotics compared to E. faecalis, early discrimination between
these species can be important for the empirical therapy. The application of FISH on positive
blood cultures was previously reported and the enterococcal DNA probe used in this study
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only identified E. faecalis (121). However, analysis with the ARB software package of the
oligonucleotide sequence revealed that the probe used in that study detected many more
bacterial species that are not commonly found in blood cultures but may be a problem
when the probe is applied to a mixed bacterial population. Another study by Beimfohr et al.
described two probes specific for the detection of E. faecalis and E. faecium in milk (12).
These probes were based on the 23S rRNA. The 23S rRNA database is not as extensive as
the 16S rRNA database. Therefore it might be difficult to use these probes in clinical samples
containing a complex mixture of bacteria as e.g. faeces because the specificity of the probes
can not be compared in sillico to many other bacteria.
Enumeration of the enterococci in faeces revealed that the adult volunteers carried numbers
under the detection limit for enumeration, but in a group of premature baby’s high numbers
were found. This showed that FISH is a suitable tool to study the enterococcal content of
the faeces and the development of early bacterial gastro-intestinal colonization in this age
group. Furthermore, many hospitalized patients use antibiotics with little or no anti-
enterococcal activity, this might increase the number of enterococci in their faeces and
therefore this method will also be useful for samples from this group of patients.
Interestingly, we were able to detect enterococci with the FISH in a biofilm attached to an
explanted biomaterial. Embedding the material in Technovit 7100 preserved the morpho-
logy very well and we were able to observe the architecture of the biofilm. These biofilms
are a frequent source of persistent infections and many studies are conducted to prevent the
formation of these biofilms (45, 188). Recently it was reported that bacterial biofilms play a
role in orthopaedic implant failure even if the routine culture did not reveal a pathogenic
bacterium and it was suggested that microscopic analysis of the surface of the explanted
prosthesis could improve the detection of implant infections (181). With this protocol we
provide a strong tool to detect bacteria in the biofilm and to observe its in vivo composition.
Direct observation of the distribution of enterococci in biofilms might lead to better insight
in their development and the discovery of ways to prevent their formation on indwelling
biomaterials.
In other studies the 16S rRNA based probe technique has been used to identify different
enterococcal species (11, 161, 190, 198). Only few however combined the advantage of
direct visualization of the enterococci by FISH and the identification through the 16S or 23S
rRNA (12, 105, 121). The studies that use the FISH for detection of enterococci are
hampered by the fact that they are only focused on one material and therefore one protocol
to detect the enterococci. In this study, we describe two DNA probes that can be used for
the clinically important enterococci E. faecalis and E. faecium and the hybridization
protocols on three different materials. Therefore it can be concluded that these probes are
ideal for the detection of enterococci in various clinical materials in a microbial laboratory
setting where research and routine diagnostics are combined.

We would like to thank Marga Wester, Nelleke van Tilburg, Margriet Postma and Linda
Brouwer for excellent technical assistance. We would like to thank Aad van der Berg and Els
Haagsma for collecting the bile drains.
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Abstract

An important step in infections associated with biliary drains is adhesion of microorganisms
to the surface. In this study the role of three surface proteins of Enterococcus faecalis
(enterococcal surface protein, aggregation substances 1 and 373) in the adhesion to silicone
rubber, fluoro-ethylene-propylene and polyethylene was examined. Four isogenic E.
faecalis strains with and without aggregation substances and one strain expressing
enterococcal surface protein were used. The kinetics of enterococcal adhesion to the
materials was measured in situ in a parallel plate flow chamber. Initial deposition rates were
similar for all strains, whereas the presence of surface proteins increased the total number
of adhering bacteria. Nearest neighbour analysis demonstrated that enterococci expressing
the whole sex-pheromone plasmid encoding aggregation substances 1 or 373 adhered in
higher numbers through mechanisms of positive cooperativity, which means that adhesion
of bacteria enhances the probability of adhesion of other bacteria near these bacteria.
Enterococci with the enterococcal surface protein did not adhere through this mechanism.
These findings indicate that the surface proteins of E. faecalis play a key role in the adhesion
to bile drains and bile drain associated infections.

SU
R

FA
C

E 
PR

O
TE

IN
TS

 O
F 

E.
 F

A
EC

A
LI

S
A

N
D

 A
D

H
ES

IO
N

72



Introduction

After an operation involving the common bile duct (CBD), for instance a liver
transplantation, the bile is often diverted for prolonged times using a bile drain (T-tube).
Infections are a frequent complication of T-tubing of the CBD (270). Normally, the biliary
tract is sterile but bacterial colonization occurs in up to 75 % of patients within several
weeks after insertion of an in-dwelling foreign body (270). Especially in immune-
compromised liver transplant patients the bile may be drained with a T-tube for up to three
months and infections pose a major problem (13). In animal experiments, T-tubing of the
CBD resulted invariably in contamination of bile by intestinal bacteria within 6 weeks (130).
After insertion of the bile drain in the CBD, bile-colonizing bacteria may form a biofilm that
can be a source of persistent infection, because the biofilm mode of growth protects the
adhering bacteria against the host defence and the action of antimicrobial agents (45). The
initial step in the formation of a microbial biofilm is the transport and adhesion of
microorganisms to the surface of the in-dwelling foreign body. This adhesion is often
determined by the presence of a host-derived coating of the foreign body and different
bacterial cell surface structures, like fimbriae, fibrillae or specific surface proteins (3, 22, 30).
In a physico-chemical approach, these specific structural and chemical cell surface
properties are included in overall cell surface properties, as hydrophobicity and zeta
potential (3, 22, 30). Insight into the involvement of these bacterial surface properties in the
adhesion to biomaterials, as an important initial step in biofilm formation may lead to
strategies to reduce or prevent biomaterial-centred infections.
Enterococcus faecalis is one of the Gram-positive microorganisms commonly found in
infections associated with foreign bodies in the bile duct (13, 160, 271). Due to the
emerging antibiotic resistance of this microorganism, these infections are often difficult to
prevent or treat (169). Some surface proteins of E. faecalis are found more frequently in
enterococci causing infections and are therefore reported to be associated with enterococcal
adhesion and infection (15, 44, 123, 217). One of these proteins, aggregation substance
(Agg), is encoded by sex-pheromone-responsive plasmids. Agg is expressed in response to
peptide pheromone induction as a sticky ‘hair-like’ structure on the cell wall (89) resulting
in formation of aggregates of donor and recipient bacteria and transfer of plasmids (41). All
sex-pheromone plasmids, except pAM373, contain a homologous DNA region that
encodes the Agg (e.g. Asa1 encoded on pAD1). The Agg encoded on plasmid pAM373
(Asa373) does not fit the overall homology as no similarities could be detected by Southern
or Western blots using Asa1-specific DNA probes or antibodies (88, 175). Finally, the DNA
sequence of asa373 that was determined proved to be totally different from the DNA
sequence of the asa1 gene (50). The deduced amino-acid sequence of Agg contains two
tripeptide arginine-glycine-aspartic acid (RGD) sequences (87). Since RGD is the cell
attachment site of a large number of adhesive extracellular matrix, blood, and cell surface
proteins (207), it has been suggested that Agg might play a role in the adherence to, and
the colonization of, host tissues by E. faecalis. This has been confirmed by different groups,
showing that Agg is correlated with the binding of E. faecalis to renal tubular cells and
intestinal epithelial cells (132, 185, 212).
The second surface protein, enterococcal surface protein (Esp), was discovered in an E.
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faecalis strain that caused multiple infections within a hospital ward (217). Recently, it was
shown that the presence of the esp gene was highly associated with the capacity of E.
faecalis to form a biofilm on a polystyrene surface (235). Also, the presence of Esp
contributed to colonization and persistence of E. faecalis in the urinary tract the in an animal
model of urinary tract infection (216). A variant esp gene was found in vancomycin-
resistant Enterococcus faecium spreading in hospitals (260). The fact that surface proteins
Agg and Esp are associated with E. faecalis causing infections or epidemics suggests that
these proteins may be associated with the ability of this microorganism to adhere to and
subsequently infect host tissue, or to spread within the hospital.
The purpose of this study was to investigate whether surface proteins Agg (Asa1 and
Asa373) encoded on sex-pheromone-responsive plasmids and Esp of E. faecalis influence
its adhesion to different bile drain materials. To this end, we compared the adhesion of five
E. faecalis strains with different surface proteins to fluoro-ethylene-propylene (FEP),
polyethylene (PE) and silicone rubber (SR) under flow conditions similar to those in a bile
drain.

Materials and Methods

Strains and growth conditions

Four isogenic E. faecalis strains were used in this study: the plasmid-free strain OG1X (116);
OG1X containing the sex-pheromone-responsive plasmid pAD1 encoding the Agg Asa1,
with a positive regulator gene inserted that induces constitutive expression of this plasmid
(denoted as OG1XE:pAD1, E indicates the positive regulator gene) (81, 173); OG1X
containing the plasmid pW-e-Asa1, a derivative of the Escherichia coli – Enterococcus
faecalis shuttle vector pWM401 which contains the asa1 gene and constitutively expresses
Asa1 but no other proteins encoded on pAD1 nor any proteins that might be encoded on
the vector (personal communication with Albrecht B. Muscholl-Silberhorn, Thetis-IBN,
Hamburg, Germany) (denoted as OG1X:pWeAsa1) (173) and OG1X containing the
plasmid pAM373 which expresses Asa373 after induction with pheromones (denoted as
OG1X:pAM373) (42). The four isogenic OG1X derived strains did not contain the esp gene
as was confirmed by PCR. Expression of the Agg was checked by immunofluorescence with
polyclonal antibodies against Asa1 or Asa373. A similar level of Agg expression on all three
Agg positive strains was detected (data not shown). A. B. Muscholl-Silberhorn, kindly
provided OG1X strains and antibodies. V. Shankar (University of Oklahoma Health Sciences
Centre, Oklahoma City, USA) provided MMH594, the Esp expressing strain (217).
MMH594 did not express Agg as was confirmed by immunofluorescence.
The strains were streaked and grown overnight at 37 °C from a frozen stock on blood agar
plates. The plate was then kept at 4 °C, but never longer than 4 weeks. Several colonies
were used to inoculate 3 ml of Todd-Hewitt broth (THB; Oxoid) that was incubated at 37
°C in ambient air for 24 h. From this preculture, 2 ml was used to inoculate a second culture
of 200 ml THB that was grown for 18 h. E. faecalis OG1X:pWeAsa1 was grown in THB with
20 µg erythromycin ml-1 and 20 µg chloramphenicol ml-1, and MMH594 was grown in THB
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with 500 µg gentamicin ml-1. Bacteria from the second culture were harvested by
centrifugation at 10 000 g for 5 min at 10 °C and washed twice with demineralized water.
Subsequently, bacteria were sonicated on ice for 2 x 10 s to separate cell clusters and
counted in a Bürker-Türk counting chamber. The cells were resuspended in phosphate
buffered saline (PBS) (10 mM potassiumphosphate and 0.15 M NaCl at pH 7) at a
concentration of 3 x 108 cells ml-1.
E. faecalis JH2-2 excretes all known sex-pheromones of E. faecalis into the growth medium
and was used to collect pheromone (120). After 24 h growth at 37 °C in THB, the culture
was centrifuged at 10 000 g for 10 min at 10 °C and the supernatant containing the
pheromones was autoclaved. To induce expression of the Agg in strain OG1X:pAM373,
cells must be cultivated in the presence of pheromone, therefore the second culture of strain
OG1X:pAM373 consisted of 100 ml fresh THB and 100 ml pheromone containing THB
supernatant.

Biomaterials

Implant-grade SR was obtained from Medin. Poly(tetrafluoroethylene-co-hexafluoro-
propylene) (fluoro-ethylene-propylene, FEP) was supplied by Fluorplast and low density PE
from Goodfellow. To ensure biomaterial surfaces were clean, they were sonicated for 3 min
in a surfactant solution (2 % RBS 35 in water, Omniclean), rinsed thoroughly with water
and then washed with methanol and demineralized water before use.

Parallel plate flow chamber, image analysis and adhesion

The flow chamber (internal dimensions: l x w x h, 76 x 38 x 0.6 mm) and image analysis
system have been described in detail previously (31). Images were taken from the bottom
plate (58 x 38 mm) of the parallel plate flow chamber. The Perspex bottom plate was
completely covered with the material under study for FEP and PE. For SR a thin square (15
x 15 mm) of the material was affixed centrally into the groove (15 x 15 mm) of a thicker
(2.0 mm) Perspex plate. The depth of the groove was adapted to the thickness of the
biomaterial in such way that the silicone rubber surface was at the same height as the
surface of the Perspex plate. The top plate of the chamber was always made of glass. The
flow chamber was cleaned with Extran (Merck) and thoroughly rinsed with water and
demineralized water. Prior to each experiment, all tubes and the flow chamber were filled
with PBS, taking care to remove all air bubbles from the system. Once the system was filled,
a bacterial suspension of 3 x 108 cells ml-1 in PBS was allowed to flow through the system
at a flow rate of 1.44 ml min-1, corresponding with a shear rate of 10.6 s-1. This shear rate
is similar to the shear rate in a bile drain of 2 mm diameter at a bile production of 30 ml 
h-1. Deposition was observed with a CCD-MXRi camera (High Technology) mounted on a
phase-contrast microscope (Olympus BH-2) equipped with a 40 x ultra-long-working
distance lens (Olympus ULWD-CD Plan 40 PL). The camera was coupled to an image
analyser (TEA, Difa). The bacterial suspension was perfused through the system for 4 h with
re-circulation at room temperature, and images were taken at different time intervals and
analysed. All adhesion experiments were performed in triplicate with separately cultured
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bacteria. To exclude the influence of the growth in presence of the antibiotics erythromycin
and chloramphenicol on the adhesion of strain OG1X:pWeAsa1, we tested the adhesion of
this strain after the growth in medium without antibiotics and the results fell within the
range found for adhesion after growth in the presence of antibiotics (data not shown).
However, as the vector used is very unstable if the bacteria are grown without antibiotics,
strain OG1X:pWeAsa1 was grown in the presence of antibiotics for better reproducibility.

Statistical analysis

Data were analysed with one-way analysis of variance followed by the Bonferonni t-test for
pairwise multiple comparisons. The Kruskal-Wallis test followed by the Mann-Whitney test
were used for non-parametric data. Significance was defined as P ≤ 0.05.

Results

To measure the adhesion of E. faecalis strains to different bile drain materials, a bacterial
suspension was perfused through a flow chamber system for 4 h during which images were
taken from the material with adhering bacteria. The number of adhering bacteria in the
images were transformed to bacteria per unit area and least-square-fitted to an exponential
curve. The number of bacteria adhering at stationary end point, n at t∞, could be estimated
from this exponential curve (SigmaPlot for Windows, version 5.00, SPSS), as well as a
characteristic time constant, �, describing the approach of the adhesion process to a
stationary state (49). The initial increase in the number of adhering bacteria over time was
expressed in so-called initial deposition rate, j0, the increase in the number of adhering
bacteria per unit area and time.

Initial deposition rates

In Table 1 the results of the flow chamber adhesion experiments are shown, including initial
deposition rates (j0), characteristic adhesion times (�) and number of bacteria at stationary
end point (n at t∞). The initial deposition rates (j0) did not differ for the E. faecalis strains
with or without surface proteins on FEP and PE. On SR, however, the initial deposition rate
of strain MMH594 was significantly higher than of strain OG1X, while in addition the 
mean initial deposition rates, averaged for all strains, were significantly higher on FEP 
than on SR (P ≤ 0.05). The experimentally observed initial deposition rates are all in excess
of the theoretical initial deposition rate (j0*) for deposition in the parallel plate flow chamber
under the current experimental conditions according to Von Smoluchowski-Levich, i.e. 692
cm-2 s-1 (25). Consequently, the mean deposition efficiency (j0/j0*) of this collection of
enterococci amounts to 2.1 ± 0.4, which indicates that these strains have a high affinity for
the hydrophobic substrata used.
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Number of bacteria adhering at the stationary end point

The number of bacteria at the stationary end point (n at t∞) in the flow chamber was
significantly higher for E. faecalis with surface proteins compared to OG1X without surface
proteins (Table 1). The mean total number of bacteria for all strains on FEP was significantly
higher than on SR (P ≤ 0.05).

Characteristic adhesion time constant

The characteristic adhesion time constant � (= n∞ j0
-1) describes the way in which the

adhesion process approaches a stationary state. For E. faecalis strains with surface proteins,
� is higher than for OG1X without surface proteins and for most strains this difference is
significant, indicating that it takes longer for these bacteria to attain stationary state
adhesion. No significant difference could be detected between the different substrata
averaged over all strains.

Positive cooperativity

Positive cooperativity in microbial adhesion to surfaces is defined as the ability of one
adhering organism to stimulate the adhesion of other organisms in its immediate vicinity.
Originally, positive cooperativity was indirectly inferred from Scatchard plots of bound over
unbound organisms. However, the Scatchard analysis involves several assumptions that are
not always met for microbial adhesion (242). Sjollema & Busscher (1990) have pointed out
that positive cooperativity is directly reflected in the spatial arrangement of adhering
organisms over a substratum surface, provided the spatial arrangement is fully preserved as
existing during adhesion. Positive cooperativity is then concluded from high local relative
densities around a given adhering organism. The spatial arrangement of adhering
enterococci over a substratum surface was analysed by radial pair distribution functions.
Each adhering bacterium was taken once as a centre point and local densities of adhering
enterococci were determined in circular shells at a distance r from this centre point. These
local densities were normalized with respect to the mean density of adhering bacteria,
resulting in the radial pair distribution function g(r). When enterococci are randomly
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Table 1. Adhesion of E. faecalis strains to 3 different bile drain materials

Strain j0 (102 cm-2 s-1) � (103 s-1) n at t∞ (106 cm-2)

FEP PE SR FEP PE SR FEP PE SR

OG1X (Agg-, Esp-) 16 16 8 3.7 2.9 3.0 6.1 4.9 2.6
OG1XE:pAD1 (Agg+) 17 16 10 8.3* 5.0 11.1* 14.0* 8.0* 11.2*
OG1X:pWeAsa1 (Agg+) 17 16 12 8.3* 8.3* 6.7* 14.9* 13.3* 7.8*
OG1X:pAM373 (Agg+) 16 12 13 7.1* 7.1* 6.3* 11.5* 8.3* 7.9*
MMH594 (Esp+) 17 16 18* 5.9 7.7* 3.8 10.3* 12.6* 7.1*

Numbers show the initial deposition rate (j0), characteristic adhesion time (�) and no. of bacteria at the
stationary end point (n at t∞). Experiments performed in triplicate with separate bacterial cultures
yielded a SD < 30 %. *P ≤ 0.05 versus OG1X.



distributed over the entire substratum surface, g(r) = 1. However, if there is preferential
adhesion at a given separation distance r between adhering bacteria, then g(r) > 1. The
maximum value of g(rp) indicates the preference for bacterial deposition near an already
adhering bacterium and is a direct measure for positive cooperativity. The distance at which
this maximum occurs (rp) indicates the preferential adhesion distance of the bacteria. The
maximum value of g(rp) was calculated for 3 different fields of view after 4 h of flow.
Figure 1 compares the spatial arrangements of strains OG1X, OG1XE:pAD1 and MMH594
on FEP after 4 h of flow and in Table 2 the accessory values for g(rp) and rp are shown.
Previously, for inert polystyrene particles g(rp) values ranging from 1.2 to 1.4 were reported,
which provides a criterion for the absence of positive cooperativity (224). The strain used in
this study can be divided into three groups with regard to their strength of cooperativity. (1)
E. faecalis strains OG1X and OG1X:pWeAsa1 expressing weak, possibly non-specific
cooperativity, as the spatial arrangement of strain OG1X shows mainly singly adhering
organisms with some small aggregates (Figure 1a). (2) E. faecalis strains OG1XE:pAD1 and
OG1X:pAM373 expressing strong cooperativity, i.e. on the substratum surface distinct
aggregates are formed (Figure 1b), in line with an elevated value of g(rp) (see Table 2). (3)
Strain MMH594 adhering exclusively as single cells (Figure 1c), i.e. g(rp) equals unity,
indicating the absence of positive cooperativity (see Table 2).

Discussion

This study addressed the question whether different surface proteins on E. faecalis influence
its adhesion to bile drain materials. Surface proteins do not influence the initial deposition of
E. faecalis on different hydrophobic materials. However, the total number of bacteria
adhering at stationary end point was significantly higher for E. faecalis expressing surface
proteins. The surface proteins enhance the total number of adhering bacteria via a different
mechanism. The expression of Agg (Asa1 and Asa373) and other gene products encoded
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Figure 1. Spatial arrangements of E. faecalis after 4 h of flow on FEP for: OG1X (a), OG1XE:pAD1 (b),
MMH594 (c). The images show the presence of small aggregates of E. faecalis on the surface for
OG1X (a), the formation of distinct aggregates if the Agg is expressed (b) and the absence of
aggregates if Esp is expressed (c). The distribution of OG1X:pWeAsa1 was very similar to OG1X, while
the distribution of OG1X:pAM373 was very similar to OG1XE:pAD1; therefore, these images are not
shown. Bar, 15 µm.



on the sex-pheromone plasmids, but not solely Agg (Asa1), invokes positive cooperativity.
This means that adhering individual enterococci stimulate adhesion of more enterococci in
the more advanced stages of the adhesion process, whereas the expression of Esp or solely
Agg without the sex-pheromone plasmid enhances the number of adhering enterococci
through direct interactions with the material and not via positive cooperativity. 
The initial deposition rates reflect the direct interaction between the microorganism and the
substratum surface, without influences of already adhering bacteria (22). The initial contact
between the bacterium and the substratum is determined by the presence of hydrophobic
or electrostatic groups. When surface proteins are only scarcely present on the bacterial cell
surface, these physico-chemical interaction forces will be influenced little by the presence of
the surface proteins. Whereas the initial deposition rates vary little among the different
strains, deposition rates of enterococci on FEP were higher than on PE and SR. This
difference is likely to be a result of a combination of the high surface hydrophobicity of FEP
and a different chemical composition. FEP is a very inert material with only fluorine groups
on its surface in contrast to e.g. SR with methyl groups on its surface (3).
In contrast to the initial deposition, the total number of bacteria at the stationary end point
was increased by the presence of surface proteins on E. faecalis. The number of bacteria at
the a stationary end point is influenced not only by fundamental interaction forces
originating from the substratum surface, but also by more specific interactions between the
bacteria. Positive cooperativity is one of the mechanisms that might play a role in the
increase in total number of bacteria if surface proteins are present. Adhesion of bacteria
gives rise to new adhesion sites or diminishes the influence of antagonistic sites, and newly
depositing bacteria will adhere preferably in the neighbourhood of already adhering ones.
As a corollary of positive cooperativity, organisms adhere close to each other and appear not
randomly distributed. Positive cooperativity on saliva-coated substrata has been explained
predominantly by the capacity of adhering cells to induce conformational changes in the
pellicle or on the surfaces of approaching cells (58). However, positive cooperative pheno-
mena have also been described for oral streptococci adhering to inert substrata (242).
Proposed explanations are based on the hypothesis that the magnitude of the interaction
forces between adhering cells is higher than the interaction forces between adhering cells
and their substrata or between cells in suspension (56, 242).
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Table 2. Degree of positive cooperativity involved in the adhesion of E. faecalis strains to FEP, PE and
SR, as derived from radial distribution functions.

g(rp) rp (µm)
Strain FEP PE SR FEP PE SR

OG1X (Agg-, Esp-) 1.4 1.8 2.3 1.2 1.2 1.3
OG1XE:pAD1 (Agg+) 3.2* 2.7* 2.8 1.8* 1.7 1.8
OG1X:pWeAsa1 (Agg+) 1.7 1.5 2.2 1.8* 1.9* 1.5
OG1X:pAM373 (Agg+) 2.0 2.7* 2.6 1.5* 1.3 1.5
MMH594 (Esp+) 1.0 1.0* 1.1* 2.8* 2.6* 2.3*

Positive cooperativity is concluded from g(rp) values in excess of 1.4 and rp indicates the preferential
adhesion distance. Experiments performed in triplicate with separate bacterial cultures yielded a SD 
< 30 %. *P ≤ 0.05 versus OG1X.



A model for the adhesion of the different E. faecalis strains to an inert substratum surface,
accounting for the role of surface proteins, is proposed in Figure 2. The model shows three
different mechanisms of adhesion to the substratum and interactions between bacteria, as
found for the different strains in this study. Strain OG1X, without any surface proteins,
shows a weak cooperativity between adhering enterococci that might be due to non-
specific interactions (Figure 2a). The E. faecalis strains expressing the sex-pheromone
plasmids (OG1XE:pAD1 and OG1X:pAM373) adhere in high numbers to the substratum
due to specific interaction between the bacteria (positive cooperativity) (Figure 2b). This
high cooperativity between sex-pheromone-plasmid-expressing bacteria might be
explained by the fact that the plasmid plays a role in contact between bacteria for its own
transfer (265). The Esp-positive E. faecalis strain (MMH594) adheres in high numbers to the
substratum, but does not show any interaction between the bacteria (Figure 2c).
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Figure 2. Proposed mechanism of the adhesion of E. faecalis with different surface proteins to
hydrophobic substrata. (a) Strain OG1X without surface proteins shows weak cooperativity, possibly
due to non-specific interactions and adheres in low numbers, (b) E. faecalis strains expressing the 
sex-pheromone plasmids (OG1XE:pAD1 and OG1X:pAM373) adhere in high numbers to the
substratum due to specific interaction between the bacteria (positive cooperativity), (c) Esp positive E.
faecalis strain MMH594 does not show any interaction between the bacteria, but yet adheres in high
numbers to the substratum as a result of strong interaction forces with the substratum due to the
presence of Esp on the surface.



Consequently, the interaction force with the substratum of this strain must be strong,
possibly due to the presence of Esp on the surface. This result is confirmed by a recent study
(235) in which it was shown that Esp increases the number of bacteria adhering to abiotic
surfaces by comparing the adhesion with Esp-deficient mutants. The strain OG1X:pWeAsa1
expressing Asa1 but not the sex-pheromone plasmid, does not fit very well into this model.
This strain adheres in high numbers, although its cooperativity is similar to that of strain
OG1X. Both strain OG1X:pWeAsa1 as well as the strains that express the whole sex-phero-
mone plasmid showed high numbers of adhering bacteria at stationary end point; this might
indicate that not the whole sex-pheromone plasmid, but only the Agg is necessary to reach
high numbers of adhering bacteria. On the other hand, the lower cooperativity of strain
OG1X:pWeAsa1 compared to the strains with the whole sex-pheromone plasmid indicates
that other factors than Agg encoded on the sex-pheromone plasmid play a role in positive
cooperativity. The difference in cooperativity could also be explained by differences in the
expression level of Agg between OG1X:pWeAsa1 and OG1XE:pAD1 since the promotor
constructed in OG1X:pWeAsa1 is weaker than the promotor constructed in OG1XE:pAD1
(Albrecht B. Muscholl-Silberhorn, personal communication). However, a similar level of
expression was seen in the immunofluorescence assay, which indicates that the difference
in expression might not be very high. The sex-pheromone plasmid transfer system is very
complicated with many factors involved in its control. The functions of some genes on the
plasmids are still not completely understood (50, 66, 80, 265). The question of which of
these factors is involved in positive cooperativity on the surface is intriguing and still needs
to be answered more fully.
The surface proteins described in this paper are possible virulence factors associated with
infections in humans. However, the exact role of these proteins in the pathogenesis of
infections is still not known. Many of the infections in hospitalised patient are associated
with in-dwelling medical devices, especially bile drains. One way of initiating these
biomaterial-centered infections is by adhesion to the device. In this study we found that the
surface proteins of E. faecalis are possible virulence factors because they enhance the
number of bacteria adhering to bile drain materials. Higher total numbers of bacteria
adhering to in-dwelling medical devices may lead to more colonization and biomaterial-
centered infections. In addition, the question might arise whether the surface proteins
studied under in vitro conditions will be expressed in patients. Esp is always expressed on
the surface if the bacterium contains the esp gene, therefore it is likely to be expressed in
vivo (217). The in vivo expression of Agg is more difficult to describe. To our knowledge
until now no research has been published on the expression of Agg in bile or the human
gut. However, it has been shown that factors other than pheromone (e.g. serum) can
induce expression of Agg in vivo (108, 132). Therefore, we think that it is reasonable to
assume that Agg is expressed in vivo.
In summary, enterococci expressing Esp or Agg adhere in higher numbers to hydrophobic
bile drain materials. However, E. faecalis with different surface proteins adheres to the
substratum through different mechanisms. Enterococci expressing the sex-pheromone
plasmid encoding the Asa1 or Asa373 adhere in high numbers through positive
cooperativity between adhering bacteria. Enterococci positive for Esp also adhere in high
numbers, but do not utilise positive cooperative mechanisms in their adhesion to these
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materials. These findings indicate that interfering with the positive cooperativity between
adhering enterococci, as resulting from the expression of sex-pheromone plasmids, or
interfering with the interaction between surface proteins and materials, might yield a way
to prevent bile drains associated infections.

We thank Albrecht Muscholl-Silberhorn for helpful discussion. We also thank Rudi Tonk and
Joop de Vries for reproduction of the figures in this article.
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Abstract

Enterococcus faecalis is becoming one of the leading causes of hospital acquired infections
and especially indwelling medical devices are prone to enterococcal infection. E. faecalis
expressing Aggregation substance (Agg) adheres to biomaterials surfaces by means of so-
called positive cooperativity, i.e. the ability of one adhering organism to stimulate the
adhesion of other organisms in its immediate vicinity. In this study, Atomic Force Microscopy
(AFM) was used to measure the interaction forces between E. faecalis with and without
Agg. Bacteria were attached to both a substratum surface and a tip-less cantilever. Two E.
faecalis strains expressing different forms of Agg showed nearly two-fold higher interaction
forces between bacterial cells than a strain lacking Agg (adhesive force Fadh = -1.3 nN). The
strong interaction forces between the strains with Agg could be reduced by adsorption of
antibodies against Agg from -2.6 nN and -2.3 nN to -1.2 nN and -1.3 nN, respectively.
Comparison of the results of the AFM interaction forces with the positive cooperativity after
adhesion to a biomaterial in a parallel plate flow chamber showed that in the absence of
strong interaction forces between the cells, either due to lack of Agg or due to adsorption
of antibodies against Agg, positive cooperativity was absent too. In conclusion, this is the
first time that the influence of specific antibodies on interaction forces between E. faecalis
has been demonstrated by AFM and that the interaction forces measured have a direct
impact on the way these bacteria colonize a biomaterials surface.
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Introduction

Enterococci are becoming one of the leading causes of hospital acquired infections (204),
with Enterococcus faecalis accounting for up to 90 % of clinical enterococcal isolates (206).
Indwelling medical devices are a frequent source of these enterococcal infections (53, 270).
A bacterial biofilm attached to the indwelling device can be a source of persistent infection.
Microbial adhesion and aggregation are crucial steps in biofilm formation and therefore in
biomaterial centered infections (45).
Aggregation substance (Agg) is a plasmid encoded surface protein of E. faecalis associated
with infection, aggregation and biofilm formation (123, chapter 2 and 5). Two different
forms of Agg are described, Asa1 and Asa373 (50, 87). Previously, we reported that E.
faecalis expressing Agg adheres in significantly higher numbers to biomaterials compared to
isogenic strains without Agg by studying their adhesion in a parallel plate flow chamber.
This increase in adhesion was through specific interaction between the bacteria on the
surface mediated by the Agg (chapter 5). This specific interaction was expressed as the
degree of positive cooperativity, i.e. the ability of one adhering organism to stimulate the
adhesion of other organisms in its immediate vicinity. Positive cooperativity is directly
reflected in the spatial arrangement of adhering organisms over a substratum surface and is
concluded from high local relative densities around a given adhering organism (224).
Atomic force microscopy (AFM) is a surface imaging technique, which operates by sensing
the force between a very sharp probe attached to a flexible cantilever and the sample
surface (18). Recently, AFM has emerged as a powerful tool to measure molecular inter-
action forces (61). AFM force measurements were further applied to microbial systems
measuring the interaction between bacteria and a substratum surface (26, 144, 202). One
approach to study these microbial interactions is to attach the bacteria directly onto the
AFM probe or cantilever and study the interaction with the substratum. However, insight in
the process of microbial aggregation in biofilm formation would require the investigation of
the direct interaction between two bacteria. If the bacteria are attached to both the
cantilever and a substratum surface it is possible to study the interaction forces between the
bacteria by AFM. 
Here, we report the use of AFM force measurements to study the interaction between E.
faecalis strains expressing the Agg Asa1 or Asa373 by attaching the bacteria to both a
substratum surface and a tip-less cantilever. The results were compared with the positive
cooperativity after adhesion in a parallel plate flow chamber to fluoro-ethylene-propylene
(FEP), a frequently used biomaterial. The role of Agg in the interaction and biofilm
formation was confirmed by incubating the bacteria with antibodies specific for Asa1 or
Asa373 prior to both the AFM force measurements and adhesion in the parallel plate flow
chamber. Insight into the mechanism of direct interaction between enterococci, the role of
Agg in this interaction and the influence of specific antibodies on this interaction might lead
to ways to prevent biofilm formation of enterococci on indwelling medical devices.
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Materials and Methods

Bacterial strains, culture conditions and harvesting

Three isogenic E. faecalis strains were used in this study: the plasmid-free strain OG1X
(116); OG1X containing the sex-pheromone-responsive plasmid pAD1 encoding the Agg
Asa1, with a positive regulator gene inserted which induces constitutive expression of this
plasmid (depicted as OG1XE:pAD1, E indicates the positive regulator gene) (173); and
OG1X containing the plasmid pAM373 which expresses Asa373 after induction with
pheromones (depicted as OG1X:pAM373) (42). Expression of the Agg was checked by
immune fluorescence with polyclonal antibodies against Asa1 or Asa373. A similar level of
Agg expression on both Agg positive strains was detected (data not shown). A. B.
Muscholl-Silberhorn, Thetis-IBN, Hamburg, Germany, kindly provided OG1X strains and
polyclonal antiserum. 
The strains were streaked and grown overnight at 37 °C from a frozen stock on blood agar
plates. Several colonies were used to inoculate 3 ml of Todd-Hewitt broth (Oxoid) that was
incubated at 37 °C in ambient air for 24 h. From this preculture, 2 ml was used to inoculate
a second culture of 200 ml THB that was grown for 18 h. If necessary, bacteria from the
second culture were incubated with polyclonal antiserum (1:600) for 30 min at 37 °C. In a
pilot study, different dilutions of serum were tested in the parallel plate chamber and a dose-
effect relation was observed, from these experiments the dilution of 1:600 was chosen to
be used in this study. Bacteria were harvested by centrifugation at 10 000 x g for 5 min at
10 °C and washed twice with demineralized water. Subsequently, bacteria were suspended
in PBS (10 mM potassiumphosphate and 0.15 M NaCl at pH 7) and sonicated on ice for 2
x 10 s to separate cell clusters. For the parallel plate flow chamber experiments, bacteria
were counted in a Bürker-Türk counting chamber and diluted to a concentration of 3 x 108

cells ml-1.
E. faecalis JH2-2 excretes all known sex-pheromones of E. faecalis into the growth medium
and was used to collect pheromone (120). After 24 h growth at 37 °C in THB, the culture
was centrifuged at 10 000 x g for 10 min at 10 °C and the supernatant containing the
pheromones was autoclaved. To induce the expression of Agg in strain OG1X:pAM373,
growth in the presence of pheromone is necessary, therefore the second culture of strain
OG1X:pAM373 consisted of 100 ml fresh THB and 100 ml of pheromone containing THB
supernatant.

Polyclonal antibodies

Purified Asa1 or Asa373 was used for the production of polyclonal antiserum. The genes
encoding Asa1 or Asa373 were constructed in vector pQE30-32 (Qiagen), expressed in
Escherichia coli cloning strain JM109 and purified as described by Muscholl-Silberhorn
(174, 175). Eurogentec (Belgium) carried out immunization according to a standardized
procedure (injections on day 0, 14, 28, 56 and bleeds on day 0, 38, 64). Prior to
immunization serum was tested for absence of cross-reactivity with aggregations substance
or unrelated proteins from E. faecalis and E. coli. The polyclonal antiserum was tested for
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specificity for Asa1 or Asa373 using western blots with purified Agg and crude protein
preparation of enterococci expressing different forms of Agg.

Atomic force microscopy

Bacteria were attached through electrostatic interactions (physical adsorption) to both a
glass slide and a tip-less cantilever, made positively charged through adsorption of poly-L-
lysine (19). In order to coat the glass surface with poly-L-lysine, the glass slide was cleaned
by dipping in methanol and rinsing with demineralized water, after which a drop of 0.01 %
(w/v) poly-L-lysine (Sigma) solution was added and spread over the surface. After air-
drying of the glass slide, a few drops of the undiluted bacterial suspension in PBS were
added. After 15 min, the bacteria-coated slide was rinsed with PBS to remove loosely
attached bacteria and transferred to the AFM. The tip-less AFM cantilever (NP-0, Veeco)
was dipped into a drop of 0.01 % (w/v) poly-L-lysine solution and allowed to dry;
afterwards the cantilever was dipped into a drop of bacterial suspension and dried again.
AFM force-distance measurements were made at room temperature under PBS using a
Dimension 3100 system (Nanoscope III Digital Instrument). “V”-shaped tip-less silicon
nitride cantilevers from Veeco with a spring constant of 0.06 N m-1 were used. Individual
force curves were collected between the bacteria-coated AFM tip and the top of physically
adsorbed bacteria on randomly selected locations with z-displacement of 1000-2000 nm at
z-scan rates ≤ 1 Hz. The slope of the retraction force curves in the region where probe and
sample are in contact were used to convert the voltage into cantilever deflection. The
conversion of deflection into force was carried out as has been previously described by
others (59). Approach curves were fitted to an exponential function. Retraction curves
generally showed multiple adhesion peaks and the magnitude of the peaks was recorded
and averaged. Results represent the average of 2 separate runs with a total of 30 force-
distant curves taken on 6 different bacteria (5 curves per bacterium). The results were
further normalised with respect to the mean of both runs.

Parallel plate flow chamber, image analysis and adhesion

The flow chamber (internal dimensions: l x w x h = 76 x 38 x 0.6 mm) and image analysis
system have been described in detail previously (31). Poly(tetrafluoroethylene-co-
hexafluoropropylene) (fluoro-ethylene-propylene, FEP) was obtained from Fluorplast.
Images were taken from the Perspex bottom plate (58 x 38 mm) of the parallel plate flow
chamber that was completely covered with FEP. Surfaces were sonicated for 3 min in a
surfactant solution (2 % RBS 35 in water, Omniclean), rinsed thoroughly with water, and
then washed with methanol and demineralized water before use. The flow chamber was
cleaned with Extran (Merck) and thoroughly rinsed with water and demineralized water.
Prior to each experiment, all tubes and the flow chamber were filled with PBS, taking care
to remove all air bubbles from the system. Once the system was filled, a bacterial
suspension of 3 x 108 cells ml-1 in PBS was allowed to flow through the system at a flow rate
of 1.44 ml min-1 corresponding with a shear rate of 10.6 s-1. Deposition was observed with
a CCD-MXRi camera (High Technology) mounted on a phase-contrast microscope
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(Olympus BH-2) equipped with a 40 x ultra-long-working distance lens (Olympus ULWD-
CD Plan 40 PL). The camera was coupled to an image analyzer (TEA, Difa). The bacterial
suspension was perfused through the system for 4 h with re-circulation at room
temperature and images were taken at different time intervals and analyzed. Adhesion
experiments were performed in triplicate with separate bacterial cultures, except OG1X
with sera containing polyclonal antibodies that were performed in duplicate.

Results

The interaction forces measured between the E. faecalis cells are plotted as a function of the
separation distance in Figure 1. E. faecalis strain OG1X showed similar force-distance curves
with and without incubation with antibodies to Asa1 or Asa373, and therefore only the
curve without incubation is shown (Figure 1a). The force-distance curves of the E. faecalis
strains expressing Agg (Figure 1b and d) show high adhesion forces upon retraction over a
long distance. Comparing the force-distance curves of the E. faecalis strains expressing Agg
(Figure 1b and d) with the force-distance curves after incubation with specific antibodies
reveals a remarkable decrease in adhesion upon retraction (Figure 1c and e). Approach
curves did not show significant differences between the E. faecalis strains and all showed a
repulsive force upon contact of about 5.5 nN with a characteristic decay length of about 64
nm.
After adhesion to FEP in the parallel plate flow chamber, bacteria per unit area were least-
square fitted to an exponential curve and the number of bacteria adhering at stationary
end-point (n at t∞) could be estimated from this exponential curve. Furthermore, the degree
of positive cooperativity between adhering bacteria was assessed by comparing the local
densities of bacterial adhesion around all individual bacteria with the average bacterial
density over the substratum surface, yielding the radial pair distribution function g(r)
(chapter 5). When enterococci are randomly distributed over the entire substratum surface,
g(r) = 1. However, if there is preferential adhesion at a given separation distance r between
adhering bacteria through positive cooperative mechanisms, then g(r) > 1.
Table 1 summarizes the interaction forces between the E. faecalis cells (Fadh), their degree of
positive cooperativity [g(rp)] and the average bacterial density on FEP at stationary end-
point (n at t∞). The average interaction forces upon retraction (Fadh) are stronger for the E.
faecalis strains expressing Agg (OG1XE:pAD1 and OG1X:pAM373) compared to the strain
without Agg (OG1X). This is in line with the higher positive cooperativity measured for the
strains expressing Agg. The Fadh, and g(rp) values decreased remarkably for the E. faecalis
strains expressing Agg after incubation with the specific antiserum which indicates specific
interference of the antibodies with the interaction between the strains. Interestingly, the
number of bacteria at stationary end point also decreased for the E. faecalis strains
expressing Agg after incubation with polyclonal antibodies against the Agg. This decrease
was not seen for the OG1X strain after incubation with the antibodies which indicates that
the decrease was due to specific interaction with the Agg.
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Figure 1. Representative examples of AFM
force-distance curves between E. faecalis strains
on a silicone nitride tip-less cantilever and a
positively-charged glass surface.
(a) strain OG1X without Agg; (b) strain
OG1XE:pAD1 expressing aggregation substance
Asa1; (c) strain OG1XE:pAD1 incubated with
antibodies to Asa1; (d) strain OG1X:pAM373
expressing aggregation substance Asa373 and
(e) strain OG1X:pAM373 incubated with
antibodies to Asa373. The arrows indicate the
direction of movement of the tips. 



Discussion

Microbial aggregation and adhesion are crucial events in the formation of biofilms in
medicine and nature. Understanding the individual interaction force between aggregating
bacteria can give more insight in molecular basis of these phenomena. In this paper, we
show that the interaction forces between bacteria can be measured by use of the AFM force
measurements and attaching the bacteria to both a substratum surface and a tip-less
cantilever. The interaction forces between different strains of E. faecalis with and without
surface Agg and after incubation with antibodies to Agg were measured and compared
with the positive cooperativity observed after their adhesion to a biomaterials surface. Agg
is a surface protein of E. faecalis that enables close cell-cell aggregation between bacteria
and transfer of plasmids (65). Previously, we showed that Agg enhances the adhesion to
biomaterials through positive cooperativity, which is interaction between the bacteria on the
biomaterial surface. Comparing the adhesion force upon retraction measured with AFM
and the positive cooperativity after adhesion in the parallel plate flow chamber showed a
good correlation. Therefore it can be concluded that the interaction forces measured with
the AFM are relevant for the macroscopic colonization of biomaterials surfaces by E. faecalis
cells and that antibodies to Agg can block this interaction.
In recent years, AFM force measurements have made it possible to explore the physical
properties of microbial cells (reviewed in 60). These studies generally used the approach of
coating the bacteria either to the tip of the cantilever or the substratum and measure the
interaction with different materials. Alternatively, AFM probes were functionalized with
biomolecules in order to measure discrete receptor-ligand interactions at cell surfaces (107,
237). However, in this study we describe the unique approach of coating both a tip-less
cantilever tip and a substratum surface with bacteria. This enables us to analyse the direct
interaction between bacteria as during in vivo colonization of a surface.
To confirm the role of Agg in the interaction between the E. faecalis strains, the bacteria
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Table 1. Comparison of AFM interaction forces and adhesion characteristics of E. faecalis

Strain Pre-incubation Fadh
a g(rp)

b n at t∞
c

OG1X no -1.3±0.5 1.4±0.1 6.1±0.5
OG1X anti Asa1d -1.2±0.5 1.2±0.1 7.1± 0.2
OG1X anti Asa373e -1.5±0.4 1.2±0.1 6.9±1.1

OG1XE:pAD1 no -2.6±0.5 3.2±0.8 14.0±1.1
OG1XE:pAD1 anti Asa1 -1.2±0.4 1.9±0.1 10.5±0.8

OG1X:pAM373 no -2.3±0.6 2.0±0.4 11.5± 0.5
OG1X:pAM373 anti Asa373 -1.3±0.4 1.2±0.1 10.4±0.7
a Fadh, average adhesion force upon retraction (nN); b g(rp), degree of positive cooperativity; c n at t∞,
number of bacteria at stationary end point (in 106 cm-2); d Asa1, aggregation substance 1; e Asa373,
aggregation substance 373.
Adhesion experiments were performed in triplicate with separate bacterial cultures, except OG1X with
sera containing polyclonal antibodies that were performed in duplicate. AFM data are results of 30
measurements on 6 different bacteria in 2 separate runs. 



were incubated with antibodies specific for Asa1 or Asa373 prior to AFM force
measurements and adhesion experiments. The results showed a clear decrease in both the
adhesion force upon retraction and the positive cooperativity, indicating that the interaction
was through Agg and could be inhibited with antibodies to the Agg. Non specific influences
of the antibodies were excluded by incubating the strain without Agg (OG1X) with
antibodies, but this did not yield a change in interaction forces or positive cooperativity. 
After incubation with polyclonal antiserum the presence of antibodies on the bacteria in
suspension was checked with immune fluorescence with FITC labeled mouse anti-rabbit
antibodies (data not shown). The immune fluorescence assay showed only antibody coating
for E. faecalis expressing Agg when incubated with the matching polyclonal antiserum
which showed that it were the specific antibodies and not other components of the serum
that interacted with the forces between the E. faecalis strains.
Remarkably, not only the positive cooperativity but also the number of adhering bacteria at
stationary end point decreased after incubation with antibodies to Agg. Possible, a role in
the prevention of biomaterial related enterococcal infections might be granted to these
antibodies through their interference with positive cooperative mechanisms of adhesion.
Previous studies performed on the influence of antibodies on bacterial adhesion are in line
with our current results and showed a decrease in the number of bacteria adhering at
stationary end-point (245) or initial deposition rate (196). Agg is associated with
enterococci causing infections or colonizing hospitalized patients. Here it is shown that
antibodies to Agg, obtained passively or actively via immunization could play a role in the
prevention of infections with enterococci in hospitalized patients.

In conclusion, this is the first time that the influence of specific antibodies on
interaction forces between E. faecalis cells has been demonstrated by AFM. These
interaction forces are affected by adsorption of antibodies specific to Agg and have a direct
impact on the way these bacteria colonize a biomaterials surface.
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Abstract

The aim of this study is to determine whether growth in the presence of bile influences the
surface properties and adhesion to hydrophobic bile drain materials of Enterococcus faecalis
strains expressing aggregation substance (Agg) or enterococcal surface protein (Esp), two
surface proteins that are associated with infections. After growth in the presence of bile, the
strains were generally more hydrophobic by water contact angles and zeta potentials were
more negative than when the strains were grown in the absence of bile. Nitrogen was
found in lower surface concentrations upon growth in the presence of bile, whereas higher
surface concentrations of oxygen were measured by X-ray photoelectron spectroscopy.
Moreover, an up to twofold-higher number of bacteria adhered after growth in bile for E.
faecalis not expressing Agg or Esp and E. faecalis with Esp on its surface. E. faecalis
expressing Agg did not adhere in higher numbers after growth in bile, possible because they
mainly adhere through positive cooperativity and less through direct interactions with a
substratum surface. Since adhesion of bacteria is the first step in biomaterial-centered
infection, it can be concluded that growth in bile increases the virulence of E. faecalis.
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Introduction

Biliary drains play an important role in biliary surgery and drainage, but infections associated
with biliary drains constitute a major complication (270). One of the predominant microbial
species isolated from biliary drain devices is Enterococcus faecalis (270).
Biomaterial-centered infections are initiated by bacterial adhesion and biofilm formation on
the indwelling device (e.g. bile drain) (45). Initial microbial adhesion is generally believed to
depend on the physicochemical properties of the microbial and biomaterial surfaces, like
hydrophobicity or electrostatic charge (22). These physicochemical properties can be linked
to the chemical composition of the bacterial cell surface as measured by X-ray photo-
electron spectroscopy (XPS) (243). Some reports indicate that bile plays a role in the
adhesion of bacteria. For example, the presence of bile in the gut might be beneficial, as it
inhibits bacterial invasion of enterocytes and bacterial translocation through the gut wall
(256). E. faecalis is resistant to the bactericidal effects of bile and this resistance is induced
by expression of a large number of stress proteins (76).
Two surface proteins of E. faecalis, the aggregation substance (Agg) and enterococcal
surface proteins (Esp) are reported to be associated with infections, suggesting that these
proteins may increase the ability of this microorganism to adhere (123, 217). Recently, it
was also shown that the presence of the esp gene was associated with the capacity of E.
faecalis to form a biofilm on a polystyrene surface (235).
The aim of the study is to determine whether growth in the presence of (ox) bile of E.
faecalis strains expressing the surface proteins Agg (Asa1 and Asa373) and Esp influences
the numbers of bacteria adhering to different bile drain materials. Also, the influence of
growth in the presence of bile on cell surface properties involved in initial adhesion
(hydrophobicity, electrostatic charge and chemical composition) was determined.

Materials and Methods

Strains and growth conditions

Three isogenic E. faecalis strains were used in this study: the plasmid-free strain OG1X
(116), OG1X carrying the sex-pheromone-responsive plasmid pAD1 (OG1XE:pAD1)
encoding the Agg Asa1, with a positive regulator gene inserted which induces consti-
tutive expression of this plasmid (173); and OG1X containing the plasmid pAM373
(OG1X:pAM373) which expresses Asa373 (175) The three isogenic OG1X derived strains
did not contain the esp gene, as confirmed by PCR. Expression of Agg was checked using a
fluorescent-antibody technique with polyclonal antibodies against Asa1 or Asa373, and the
presence of the gene encoding Asa1 or Asa373 was checked with Southernblot
hybridization. E. faecalis MMH594 expresses Esp but not Agg as was confirmed by
immunological fluorescence microscopy. The presence or absence of these characteristics
was checked at regular time intervals.
The strains from a frozen stock were streaked on blood agar plates (blood agar base CM55
supplemented with 5 % sterile sheep blood; Oxoid) and grown overnight at 37 °C. Several
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colonies were used to inoculate 3 ml of Todd-Hewitt broth (THB; Oxoid) that was incubated
at 37 °C for 24 h. From this preculture, 2 ml was used to inoculate 200 ml THB with or
without 50 mg of ox bile ml-1 (BactoTM oxgall, Difco). This second culture was incubated for
20 h at 37 °C without shaking. Ox bile was chosen instead of human bile, because it was
easier to obtain and its composition more consistent. The powdered bile was dissolved in
demineralized water and filter sterilized immediately before use. The final concentration of
ox bile was similar to the physiological concentration of ox bile. E. faecalis MMH594 was
grown in THB with 500 µg gentamycin ml-1. E. faecalis OG1X:pAM373 was grown in the
presence of pheromone as described previously (120). Bacteria from the second culture
were harvested by centrifugation at 10 000 x g for 5 min at 10 °C and washed twice with
demineralized water. Subsequently, bacteria were sonicated on ice twice for 10 s each to
separate cell clusters, and a fraction was counted in a Bürker-Türk counting chamber. The
bacteria were diluted in phosphate-buffered saline (PBS) (10 mM potassiumphosphate and
0.15 M NaCl at pH 7) to a concentration of 3 x 108 cells ml-1.
To check the growth phase during adhesion experiments, growth curves with and without
ox bile were compared. Bacteria were suspended in THB with or without 50 mg ox bile 
ml-1 at a concentration of 106 cells ml-1 and grown for 24 h at 37 °C. The optical density
was measured at regular time intervals at 540 nm.

Microbial cell surface characterization

The surface properties of the E. faecalis strains were characterized after growth in THB with
or without ox bile added.
For zeta potential measurements, each bacterial strain was resuspended in 50 ml PBS to a
density of approximately 107 cells ml-1. The electrophoretic mobility of each sample was
measured at 150 V using a Lazer Zee Meter 501 (PenKem). The mobility of the bacteria
under the applied voltage was converted to an apparent zeta potential using the Helmholtz-
Smoluchowski equation (183). The zeta potentials were measured in triplicate with
separately cultured bacteria.
Water contact angles were determined by the sessile drop technique as previously described
(32). Briefly, bacteria were resuspended in demineralized water and deposited onto a 0.45-
µm-pore-size filter (Millipore) using negative pressure. A lawn of approximately 50 stacked
layers of bacteria was produced on the filter. The filters were left to air dry until so-called
plateau water contact angles could be measured (approximately 30 min) using an
automated contour monitor. For each strain, contact angles were measured in triplicate with
separately cultured bacteria.
The chemical composition of the bacterial surfaces was determined by XPS. The washed
pellets were transferred to stainless steel troughs, frozen in liquid nitrogen, and sub-
sequently freeze-dried in a Leybold Heraus Combitron CM30 freeze drier. The samples were
pressed into small stainless steel cups, put into the XPS chamber (S-Probe; Surface Science
Instruments) and analyzed as described by Rouxhet and Genet (205). X-Ray production (10
kV, 22 mA) at a spot size of 250 x 1000 µm occurred using an aluminum anode. Scans were
made of the overall spectrum in the binding energy range of 0 to1100 eV at low resolution
(pass energy 150 eV). The area under each peak, after Shirley background subtraction, was
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used to calculate peak intensities, yielding elemental surface concentration ratios for
nitrogen (N), oxygen (O) and phosphorus (P) to carbon (C). Two samples from separate
cultures of each strain were examined.

Substratum surfaces

Implant-grade silicone rubber (SR) was obtained from Medin and poly(tetrafluoroethylene-
co-hexafluoropropylene) (fluoro-ethylene-propylene, FEP) was supplied by Fluorplast. For
cleaning, substrata were sonicated for 3 min in a surfactant solution (2 % RBS 35 in water;
Omniclean), rinsed thoroughly with water, and then washed with methanol and
demineralized water before use, yielding two hydrophobic surfaces with water contact
angles of 115 and 108 º for SR and FEP, respectively.

Parallel plate flow chamber, image analysis and adhesion

The flow chamber (internal dimensions: l x w x h, 76 x 38 x 0.6 mm) and image analysis system
have been described in detail previously (31). Images were taken from the bottom plate (58 x 38
mm) of the parallel plate flow chamber with the material under study attached. The flow
chamber was cleaned with the detergent Extran (Merck) and thoroughly rinsed with water and
demineralized water. A bacterial suspension of 3 x 108 cells ml-1 in PBS was allowed to flow
through the system at a flow rate of 1.44 ml min-1 for 4 h with re-circulation at room
temperature, and images were taken at different time intervals and analyzed. The shear rate was
10.6 s-1 which corresponds to the shear rate in a bile drain of 2 mm diameter at a bile production
of 30 ml h-1. The adhesion of the different E. faecalis strains after growth in the absence and
presence of ox bile was compared. All adhesion experiments were performed in triplicate with
separately cultured bacteria. E. faecalis MMH594 is highly resistant to gentamicin and was
grown in the presence of gentamicin to keep the selective pressure. Growth in the presence of
gentamycin did not influence the adhesion because the ranges of values for adhesion of strain
MMH594 after growth in medium with and without antibiotics were the same (data not shown).

Statistical analysis

Data with and without growth in ox bile were compared with the Students’ t-test assuming
normal distribution of the data. Significance was defined at P ≤ 0.05.

Results

Growth in ox bile

Growth curves showed that the E. faecalis strains reach the logarithmic growth phase after
about the same time period in medium with and without bile and were harvested in the
early log phase. However, total numbers of bacteria were lower when bacteria were grown
in the presence of ox bile.
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Microbial cell surface characterization

Table 1 shows that all E. faecalis strains became significantly more hydrophobic when
grown in the presence of ox bile, except for OG1XE:pAD1 (difference not statistically
significant). The zeta potentials of all E. faecalis strains in PBS are negative and become
even more negative for most strains after growth in the presence of ox bile (Table 1). The
chemical cell surface compositions determined by XPS are also shown in Table 1. The N/C
and P/C elemental surface concentration ratios decreased when the strains were grown in
the presence of ox bile, while the O/C surface concentration ratios increased, except for
OG1X:pAM373, which had a lower O/C surface concentration in the presence of ox bile.

Initial deposition rates and numbers of bacteria adhering in a stationary end point

The numbers of bacteria in the images taken were transformed to numbers of bacteria
adhering per unit area and fitted to an exponential curve by the least-squares method. The
number of bacteria adhering at stationary end point of the adhesion process could be
estimated from this exponential curve (SigmaPlot for Windows, version 5.00, SPSS Inc.).
The initial increase in the number of adhering bacteria over time was expressed in an initial
deposition rate. Table 2 shows that upon growth in the presence of bile, initial deposition
rates of OG1X and OG1XE:pAD1 on SR became significantly higher, while on FEP, the
increases for these strains were not statistically significant. After growth in ox bile, numbers
of bacteria adhering in a stationary end point of adhesion were significantly higher for E.
faecalis OG1X and MMH594, both on FEP and SR.
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Table 1. Water contact angles, zeta potentials, and elemental surface composition ratios as determined
by XPS for E. faecalis strains expressing Agg or Esp grown in the absence or presence of ox bile.

Elemental surface compositiond

Strain Ox bilea Phenotype �w
b �c N/C O/C P/C

OG1X – Agg-, Esp- 35 -17 0.11 0.46 0.03
+ 40* -17 0.10 0.56 0.03

OG1XE:pAD1 – Agg+, Esp- 47 -12 0.12 0.47 0.02
+ 48 -19* 0.12 0.49 0.01

OG1X:pAM373 – Agg+, Esp- 33 -14 0.13 0.58 0.03
+ 41* -18* 0.09 0.44 0.01

MMH594 – Agg-, Esp+ 33 -20 0.10 0.50 0.02
+ 37* -28* 0.10 0.53 0.02

a E. faecalis strains were grown in the absence (-) or presence (+) of ox bile; b �w, water contact angles
(in degrees). The water contact angles and zeta potentials were measured on three separate cultures
yielding a standard deviation of less than 15%; c �, zeta potentials (in mV). The zeta potentials were
measured in PBS on three separate cultures yielding a standard deviation of less than 20 %; 
d The elemental surface compositions of carbon, oxygen, nitrogen, and phosphorus were measured on
two separate cultures yielding a standard deviation of less than 30 %.
* Significantly difference from the corresponding strain grown in the absence of ox bile (P ≤ 0.05).



Positive cooperativity

Positive cooperativity in microbial adhesion to surfaces is defined as the ability of one
adhering organism to stimulate the adhesion of other organisms in its immediate vicinity
and reflected by the spatial arrangement of adhering organisms as analyzed by radial pair
distribution functions g(r) (chapter 5). When enterococci are randomly distributed over the
entire substratum surface, g(r) = 1. However, if there is preferential adhesion at a given
separation distance r between adhering bacteria, then g(r) > 1. Table 2 summarizes the
degree of positive cooperativity. OG1XE:pAD1 adhered most through positive cooperative
mechanisms, and its degree of positive cooperativity became significantly lower after
growth in ox bile. The weak positive cooperativity of strain OG1X also became significantly
lower after growth in ox bile.

Discussion

The main finding of this study is that growth in the presence of ox bile stimulates the
adhesion of some E. faecalis strains, as up to twofold-more bacteria adhered at stationary
end point of adhesion for strain OG1X not expressing Agg or Esp and strain MMH594
expressing Esp on its surface. These results indicate that growth in bile changes the
adhesion properties of E. faecalis and thereby possibly increases its capability to adhere and
infect. Analysis of the cell surface properties revealed that the strains were generally more
hydrophobic and zeta potentials more negative after growth in the presence of ox bile,
concurrent with decreases in N/C and P/C elemental surface concentration ratios and an
increase in O/C surface concentration ratio (except for OG1X:pAM373).
Hydrophobic and charge interactions contribute to the initial adhesion to surfaces of most
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Table 2. Initial depostion rate, number of bacteria at stationary end point of adhesion, and degree of
positive cooperativity as derived from radial distribution functions involved in the adhesion of E.
faecalis strains to FEP and SRa

j0
b n at t∞

c g(rp)
d

Strain Oxbilea Phenotype FEPd SRe FEP SR FEP SR

OG1X – Agg-, Esp- 1646 839 6.1 2.6 1.4 2.3
+ 1819 1669* 8.2* 5.0* 1.2* 1.6*

OG1XE:pAD1 – Agg+, Esp- 1703 990 14.0 11.2 3.2 2.8
+ 1775 1637* 14.0 11.8 2.0* 1.8*

OG1X:pAM373 – Agg+, Esp- 1619 1260 11.5 7.9 2.0 2.6
+ 1639 1285 9.9 6.9 2.3* 2.5

MMH594 – Agg-, Esp+ 1719 1806 10.3 7.1 1.0 1.1
+ 1843 1818 22.3* 10.6* 1.0 1.1

a E. faecalis strains were grown in the absence (-) or presence (+) of ox bile; b j0, initial depostion rate
(in cm-2s-1); c n at t∞,number of bacteria at stationary end point of adhesion (in 106 cm-2); d g(rp),
degree of positive cooperativity. Experiments were performed in triplicate with separate bacterial
cultures and yielded a standard deviation of less than 30 %.
* Significantly different from the corresponding strain grown on the absence of ox bile (P ≤ 0.05)



pathogens and a relationship between hydrophobicity and infection has been described for
different microorganisms (57). Different growth conditions can alter the hydrophobicity and
charge of a microorganism (157). In this study, we found an increase in hydrophobicity
when bacteria were grown in the presence of ox bile and a more negative zeta potential.
These changes may be the effect of the expression of different surface proteins in response
to bile salts present in the growth medium (76). A negative surface charge is often
associated with the presence of oxygen-rich groups, whereas a more positive charge is
associated with the presence of nitrogen-rich groups (243). In this respect, it is interesting
that all enterococcal strains possessing a higher number of oxygen-rich groups (and a
similar or slightly lower amount of nitrogen-rich groups) after growth in the presence of ox
bile have a more negative zeta potential. Alternatively, strain OG1X:pAM373 has a lower
number of oxygen-rich groups upon growth in the presence of ox bile, but this strain gains
negative charge through a relatively large loss of positively charged, nitrogen-rich groups.
In oral streptococci, lower N/C elemental surface concentration ratios and higher O/C ratios
have been associated with decreased expression of proteinaceous, fibrillar structures on the
surface and a loss of cell surface hydrophobicity (243). Despite the loss of nitrogen-rich
surface groups upon growth in the presence of ox bile, strains did not become more
hydrophilic but showed minor increases in cell surface hydrophobicity, except for E. faecalis
OG1XE:pAD1, which was most hydrophobic when grown in the absence of ox bile. 
In this study, we found an increase in deposition rates and/or numbers of bacteria adhering
at stationary end point of the E. faecalis strains after growth in ox bile. This is in line with
the generally higher cell surface hydrophobicity after growth in bile, as hydrophobic strains
adhere preferentially to hydrophobic substrata. Evidently, the stronger electrostatic
repulsion between the strains and the negatively charged substrata caused by their more
negative zeta potentials is overruled by the increased cell surface hydrophobicity. 
In a previous study, we reported that enterococci expressing the sex-pheromone plasmid
encoding Asa1 or Asa373 adhere in high numbers to FEP and SR through positive
cooperative mechanisms via specific interactions between the bacteria mediated by Agg. E.
faecalis strains MMH594 and OG1X did not adhere to the substratum through strong
specific positive cooperativity (chapter 5). These differences in adhesion mechanism also
explain the difference in reaction to the growth in ox bile as reported in this study. The
positive cooperativity as described for the strains expressing Agg probably diminishes the
influence of the growth in the presence of ox bile on the adhesion. However, the positive
cooperativity exhibited by OG1XE:pAD1 is partly inhibited by growth in ox bile, possibly
due to interference of components of the ox bile with receptors involved in the specific
interaction between the bacteria (Table 2). The positive cooperativity exhibited by
OG1X:pAM373 is not inhibited by growth in ox bile. The difference in loss of positive
cooperativity between the two strains expressing Agg can be explained by the difference in
change of elemental surface composition and water contact angels after growth in ox bile
(Table 1). Finally, the weak positive cooperativity exhibited by OG1X was also inhibited by
bile. This inhibition might be due to changes in physico-chemical surface properties after the
growing E. faecalis OG1X in ox bile (Table 1).
Several reports described a possible association between the presence of Agg and infection.
This might not be in line with our findings that growth in bile only increases the adhesion of

G
R

O
W

TH
 O

F 
E.

 F
A

EC
A

LI
S

IN
 B

IL
E 

IN
C

R
ES

ES
 A

D
H

ES
IO

N

100



the strains not expressing Agg. However, in a previous study to the association between
Agg of E. faecalis and infection in liver transplant patients, we found an association
between Agg and infection only if the E. faecalis isolates were divided into different
genogroups specific for liver transplant patients (chapter 2). Therefore, we therefore think
that not only the presence of surface proteins but also the environment, growth conditions,
and selection of specific genogroups may contribute to virulence of E. faecalis.
In conclusion, growth in the presence of (ox) bile changes the surface properties of the E.
faecalis strains and increases adhesion of the strain expressing Esp (MMH594) and the
strain not expressing Esp or Agg (OG1X), but not of the strains expressing Agg (Asa1 and
Asa373). The findings of this study will stimulate further research to the effect of bile on E.
faecalis. Questions that need to be answered are whether and which surface proteins are
regulated or modified in reaction to the presence of bile, since bile components may bind to
the surface of E. faecalis.

We thank A. B. Muscholl-Silberhorn for providing the OG1X strains and antibodies and V.
Shankar for providing E. faecalis MMH594. We also thank Joop de Vries for performing
XPS.
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In the normal healthy host the bacterium Enterococcus faecalis colonizes the gastro-
intestinal tract and seldom causes infections. However, in hospitalized patients this
microorganism is at the increase as a cause of infections and liver transplant patients are
especially vulnerable to these infections. Why these patients are more frequently infected
with E. faecalis compared to other patients is not clear. In the pathogenesis of infection
generally two factors play a role. On the one hand, the immunity that normally protects the
patients can be diminished by immune suppressive treatment and medical interventions e.g.
surgery or implantation of an indwelling biomaterial that will break the natural defense of
the skin and mucous membranes. On the other hand, bacteria that are normally not
pathogenic in the healthy host can acquire special traits that enhance virulence or increase
adhesion to biomaterials and therefore cause infections in the hospital environment. The
aim of this thesis was to gain insight in the pathogenesis of infections with the bacterium E.
faecalis with special interest in liver transplant patients. The focus of our investigation was
the microorganism and to find traits and mechanisms of E. faecalis that might lead to more
severe infection, spread or biomaterial associated infections. In Part I of this thesis the
investigations to the role and epidemiology of E. faecalis in infections in the host are
described, Part II focuses on biomaterial centered infections with E. faecalis and the role of
some surface proteins of E. faecalis. In the current chapter, the different investigations that
were conducted to answer these questions are summarized, the results are discussed, the
shortcomings are described and future directions are given.
Many different traits of E. faecalis that possibly play a role in infections are described in
literature (Chapter 1). To study the possible role of these virulence factors in infections in
liver transplant patients, we compared the prevalence of these traits among E. faecalis
isolates from liver transplant patients to the prevalence among isolates from other patients
and healthy volunteers (Chapter 2). The prevalence of the virulence factors cytolysin
(hemolysin), gelatinase, enterococcal surface protein (Esp) and the genes asa1 and asa373
encoding two forms of aggregation substance (Agg) was determined among isolates from
liver transplant patients (133 isolates), blood culture isolates from non-liver transplant
patients (66 isolates) and a control group of non-clinical enterococci from feces of healthy
volunteers (47 isolates). To exclude multiple identical isolates, amplified fragment length
analysis (AFLP) was performed. In addition, the AFLP analysis furthermore discerned 11
genogroups in which the strains shared > 80 % of the restriction fragments. The majority of
the isolates clustered in three of these genogroups that respectively consisted of blood
cultures, isolates from liver transplant patients or isolates from feces of healthy volunteers.
Combination of the genogrouping and the presence of virulence factors showed that
cytolysin (hemolysin) and asa1 might be associated with infections, because they were
mainly found among isolates from the genogroups representing blood cultures and liver
transplant patients. Furthermore, Esp might be associated with colonization because the
gene encoding the protein is mainly found in isolates from the genogroups represented by
fecal isolates from healthy volunteers or liver transplant patients.
Studying the role of virulence factors based on their incidence among isolates from different
groups of patients can be difficult because almost certainly the collection of isolates will be
a mixture of virulent and non-virulent isolates, especially among liver transplant patients
that are immune compromised and might be vulnerable to both virulent and non-virulent
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strains. Future studies possibly should also involve other groups of patients to rule out the
possibility of inclusion of non-virulent strains. Very interesting in this study is the finding of
different genogroups among the E. faecalis isolates related to the different hosts that were
studied. This indicates that some enterococci might have special traits that allow them to
survive in a special environment, e.g. the hospital. The enterococci isolated from this
environment are therefore genetically more related compared to enterococci from other
environments. This finding opens the opportunity to a new approach in the study of the
pathogenesis of E. faecalis infections. Comparing the genomes of the different genogroups
might lead to the identification of certain traits that the enterococci need to survive in a
certain environment. Interference with these traits or colonization of these environments
with less virulent traits might lead to ways to prevent infections with E. faecalis. 
The AFLP analysis of the E. faecalis isolates from liver transplant patients described in
Chapter 2 revealed one particular epidemic clone that colonized 23 of the 43 liver transplant
patients over a 15 months period. Chapter 3 describes the epidemiology and characteristics
of this and other epidemic isolates on the liver transplant ward. Among the 133 E. faecalis
isolates from liver transplant patients that are described in Chapter 2, 15 different AFLP
types could be identified with 90 % similarity which was considered the cut-off point for
identical isolates. Nine of these groups contained isolates from more than one patient which
might indicate transmission. In five of these groups transmission could be explained by the
fact that patients carrying identical strains were staying in the same ward at the same time.
Analysis of the characteristics of the epidemic isolates in this study showed that these
isolates did not cause more infections compared to the non-epidemic isolates. Furthermore,
the epidemic isolates were more resistant to the antibiotics gentamicin, erythromycin and
ciprofloxacin but none of the isolates was resistant to the clinically important antibiotics
vancomycin or amoxicillin. Reports about the transmission of enterococci susceptible to
most antibiotics are scarce; therefore, the most important message of Chapter 3 is the
description of the transmission of a susceptible E. faecalis strain. Knowledge about the
transmission of these strains is important because enterococci are able to acquire resistant
determinants relatively easily and unrecognized transmission of susceptible isolates may
finally result in outbreaks of multi-resistant strains. Another important finding was that the
epidemic clone was positive for the surface protein Esp. This confirms the role of Esp in
transmission and spread and emphasizes the possibility of interference with transmission
through interaction with Esp.
In Chapter 4 the design and testing of two DNA oligonucleotides specific for the 16S rRNA
genes of respectively E. faecalis and Enterococcus faecium are described. When these
oligonucleotides are labeled with a fluorescent dye they can be used for fluorescent in situ
hybridization (FISH). FISH is a method to directly visualize and identify bacteria in a clinical
sample without any culturing. Testing of the oligonucleotides on other enterococci showed
that the E. faecalis probe only reacted with E. faecalis species. The E. faecium probe also
hybridized with Enterococcus hirae, Enterococcus mundtii and Enterococcus saccharo-
lyticus as could be expected from the sequence information. We further describe FISH
protocols for the detection of E. faecalis and E. faecium in fecal samples, blood cultures and
biofilms on indwelling devices. The studies that use the FISH for detection of enterococci are
generally hampered by the fact that they are only focused on one material. By describing
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the use of FISH on different clinical samples we show that the oligonucleotides can be
broadly applied to different materials. The most interesting fact of this report is that we
were able to show that the enterococci indeed are present on a biofilm attached to a bile
drain. This opens the possibility to study the distribution of enterococci in biofilms that are
formed in vivo.
In Part II of this thesis the focus shifts towards biomaterial related infections with E. faecalis.
When a biomaterial is introduced into the body it frequently gets colonized with bacteria.
These bacteria form a biofilm on the biomaterial. This biofilm can be a source of persistent
infections because bacteria in a biofilm are generally more resistant to antibiotics. The first
step in biofilm formation is adhesion of the bacteria to the material. Insight in the
mechanisms of adhesion can lead to the development of methods to prevent this adhesion
and therefore biofilm formation. Our investigations were focused on liver transplant
patients and in these patients the bile drain that is used to divert the bile outside the body
is a frequent source of infection. Therefore we chose to study the adhesion of E. faecalis to
different bile drain materials that are used at the University Hospital Groningen.
First, the role of three surface proteins of E. faecalis (Esp and two forms of Agg; Asa1 and
Asa373) in the adhesion to silicone rubber, fluoro-ethylene-propylene and polyethylene
was examined (Chapter 5). Four isogenic E. faecalis strains with and without Agg and one
strain expressing Esp were used. With the use of a parallel plate flow chamber the kinetics
of initial adhesion of the strains to the materials were studied in detail. The results indicate
that the surface proteins of E. faecalis play a key role in the adhesion and increased the total
number of adhering bacteria. However, the different surface proteins increased the
adhesion of E. faecalis through different mechanisms. Analysis of the distribution of the
enterococci after the initial adhesion showed that the enterococci expressing Agg adhered
in higher numbers through mechanisms of positive cooperativity, which means that
adhesion of bacteria enhances the probability of adhesion of other bacteria near these
bacteria. Enterococci positive for Esp also adhered in high numbers, but did not utilize
positive cooperative mechanisms in their adhesion to the biomaterials. Possibly, Esp
increased the strength of the direct interaction between E. faecalis and the material. These
findings indicate some possibilities to design drains that prevent biomaterial related
infections. This might be through interference with the positive cooperativity between
adhering enterococci, as resulting from the expression of Agg e.g. by adding antibody to
Agg or through interference with the interaction between surface proteins and materials
e.g. by changing the surface properties of the biomaterial.
In the search for ways to prevent biomaterial related infections, we investigated whether
antibodies to Agg can interfere with the positive cooperativity between E. faecalis
expressing Agg (Chapter 6). The interaction forces between E. faecalis strains with and
without Agg (Asa1 and Asa373) were measured at a molecular level by use of atomic force
microscopy (AFM). E. faecalis expressing Agg showed nearly two-fold higher interaction
forces between bacterial cells than a strain lacking Agg. Interestingly, these strong
interaction forces between the strains with Agg could be reduced by adsorption with
antibodies against Agg. Comparison of the results of the AFM interaction forces with the
positive cooperativity after adhesion to a biomaterial in a parallel plate flow chamber
showed that in the absence of strong interaction forces between the bacteria, positive
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cooperativity was absent too. The absence of positive cooperativity further resulted in a
lower total number of adhering bacteria. The results of this study show that specific
antibodies influence the interaction forces between E. faecalis and that these interaction
forces have a direct impact on the way these bacteria colonize a biomaterial surface.
Furthermore, a role in the prevention of biomaterial related enterococcal infections might be
granted to these antibodies.
Evidence from literature indicates that E. faecalis is resistant to the bactericidal effects of bile
and this resistance is induced by expression of a large number of stress proteins (76).
Furthermore, some reports indicate that bile plays a role in the adhesion of bacteria (230,
256). Therefore, we investigated the influence of growth in the presence of bile on the
adhesion of E. faecalis to bile drain materials and measured the physicochemical properties
of the bacterial cell surface (Chapter 7). Because the previous study showed that the surface
proteins Esp and Agg played a role in adhesion, we used strains expressing these proteins.
After growth in the presence of bile, the strains were generally more hydrophobic and zeta
potentials were more negative than when the strains were grown in the absence of bile.
Moreover, E. faecalis not expressing Agg or Esp and E. faecalis with Esp on its surface
adhered in an up to twofold-higher number after growth in bile. E. faecalis expressing Agg
did not adhere in higher numbers after growth in bile, possible because they mainly adhere
through positive cooperativity and less through direct interactions with a substratum
surface. The results of this study show that growth in bile can increase the virulence of E.
faecalis as adhesion of bacteria is the first step to biomaterial related infection. Analysis of
the effect of bile on the expression of surface proteins might lead to new ways to prevent
bile drain related infections.
The parallel plate flow chamber model that was used in the studies to biomaterial related
infections is a very adequate model to study the adhesion mechanisms in detail. The
disadvantage of this in vitro model is that is it very difficult to imitate the in vivo situation. In
vivo many more factors influence the adhesion and biofilm formation than the variables
included in our study. In the study to the influence of bile on the adhesion, not only growth in
bile but also the presence of bile during the adhesion process and the coating of bile drain with
bile components prior to the adhesion might influence the adhesion. These variables could be
the subject of future studies. Furthermore to the study of the use of antibodies to prevent
adhesion to biomaterials it should be noticed that coating the bacteria with antibodies before
adhesion is not a measure that can be performed in vivo. However, the study of isolated
variables that influence adhesion is the only way to gain more insight in the exact mechanisms
of adhesion. The results of these experiments will have to be confirmed in an in vivo model.

General conclusions

● E. faecalis isolates from different groups of patients and healthy volunteers can be
divided into different genogroups with > 80 % shared restriction fragments and each
genogroup with specific predominant virulence factors.

● Virulence factors cytolysin (hemolysin) and Asa1 might be associated with infection and
Esp with colonization and spread between (liver transplant) patients.
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● E. faecalis with different surface proteins adheres to the substratum through different
mechanisms. Enterococci expressing Agg adhere in high numbers through positive
cooperativity between adhering bacteria but enterococci positive for Esp do not adhere
through this mechanism.

● Antibodies to Agg interfere with the interaction forces between E. faecalis expressing
Agg as measured with AFM and these forces have a direct impact on the way these
bacteria colonize a biomaterial surface.

● Growth in the presence of (ox) bile changes the surface properties of E. faecalis and
increases adhesion of some particular strains.

Concluding remarks and future directions

In this thesis, we analyzed the role of the different virulence factors of E. faecalis known in
literature in the pathogenesis of infections. We investigated the prevalence of virulence
factors in E. faecalis isolates from different hosts as well as their role in biomaterial related
infections. The results showed that the virulence factors cytolysin (hemolysin) and the Asa1
form of the surface protein Agg are involved in infection and the surface protein Esp is
associated with colonization. In addition, the surface proteins Agg and Esp play a role in the
adhesion to biomaterials. However, another important conclusion from this thesis is that
also other factors are involved in the pathogenesis of infection; E. faecalis without any of
the virulence factors which are known thus far also caused infections and strains without
any of the studied surface proteins adhered to biomaterials.
Beside the bacterium also the host plays a role in the pathogenesis of bacterial infections. In
modern medicine severely immune compromised patients are no exception, this makes the
analysis of pathogenesis of opportunistic pathogens more complicated as it seems difficult
to apply the postulates of Koch on these patients. When the immune defense of the host is
compromised also non-virulent bacteria can cause infections and collections of isolates that
cause infections in these patients might be a mixture of virulent and non-virulent isolates.
Furthermore, evidence suggests that after admission to a hospital the gastrointestinal tract
of patients quickly gets colonized with enterococci of nosocomial origin (234, 275). A factor
that predisposes to nosocomial colonization with enterococci is the use of antibiotics with
little or no anti-enterococcal activity. The question raised is why the indigenous enterococci
do not take advantage of their presence and immediately fill the niches that are left by the
bacteria killed by the antibiotic regime. The nosocomial enterococci that initially are
outnumbered by the indigenous enterococci finally colonize the gastrointestinal tract and
cause infections, this suggests that these nosocomial enterococci poses traits that give them
advantages in this environment (96). The trait that nosocomial enterococci poses is not
necessarily antibiotic resistance because in this thesis we showed that also enterococci
susceptible to the clinically relevant antibiotics can spread between hospitalized patients.
This implicates that in future the pathogenesis of a “commensal pathogen” like E. faecalis
may not only be studied by direct search for straight virulence factors but also by analysis of
factors that enable the bacterium to survive in an environment from where it can easily
infect the host as soon as the immunity decreases. The environment that nosocomial
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enterococci colonize before causing an infection might not necessarily be the gastro-
intestinal tract of the patient but also the colonization of other niches e.g. the skin or
respiratory tract of patients and the hands of personnel has to be taken into account.
Colonization of this kind could be defined as ‘nosocomial colonization’, a term that would
include the colonization of all sites from where the patient can be infected and that would
also include competition with the indigenous flora that can be present on this site. The need
for a redefinition of virulence that is implicated by the former statement was recognized by
several infectious disease specialists (36, 251). They suggested a classification of microbial
pathogenicity that takes into account the host immune response, allocating one class for
microorganisms that only cause damage in situations of weak immune response (36). In
addition, a classification for virulence genes was proposed that divides the genes into true
virulence genes, virulence associated genes and genes essential for a pathogenic life-style
(251). Genes that increase the ability of a microorganism to colonize the gastro-intestinal
tract as described above could be classified as pathogenic life-style genes. However, in
analogue to the different steps in pathogenesis, virulence factors could also be classified into
classes that represent the different stages of pathogenesis. This would solve the problem of
definition of virulence among opportunistic pathogens as these can have factors that are
involved in the first steps of pathogenesis. Table 1 gives a suggestion of the classification of
virulence factors and a suggested arrangement of the known virulence factors of E. faecalis
over the different classes as far as the function of the virulence factor is known.
The adjustment of the definition of virulence as described above implies also a change in the
infection models that are used to prove the role of virulence factors in pathogenesis. Up to
now, many infection models include the determination of the lethal dose in animals or at
least the development of infection in healthy animals. New infection models should be more
directed towards earlier steps in pathogenesis e.g. colonization or infections in immune
compromised hosts. 
The publication of the whole genome sequence of the vancomycin resistant E. faecalis
strain V583 (for genome data see http://www.tigr.org/) (192) enables us to study the
genomics of the pathogenesis of E. faecalis infections in more detail. Construction of a DNA
microarray containing al known genes of E. faecalis will make it possible to analyze the
expression of genes in different environments (47, 187, 253). In analogue with the
abundant presence of E. faecalis in the gastrointestinal tract and the rapid colonization of
the gastrointestinal tract with nosocomial strains, it will be interesting to study the
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Table 1. Suggested classification of the known virulence factors related to the stages of pathogenesis

Virulence factors involved in Virulence factor of E. faecalisa

nosocomial colonization Esp, Agg
adhesion to cellular or abiotic surfaces Esp, Agg, Ace
invasion or internalization of human tissue Agg, cyt
tissue destruction cyt, gel
immune evasion escape from cellular immunity Agg, epa, cyt

escape from humoral immunity Esp
a Esp, enterococcal surface protein; Agg, aggregation substance; Ace, Adhesin to collagen; epa,
enterococcal polysaccharide antigen; cyt, cytolysin; gel, gelatinase



expression of genes upon contact with intestinal epithelial cell lines in vitro. Furthermore, it
might be interesting to study the influence of fecal components on the expression of
different genes as the bacteria in the intestine possibly have more contact with feces than
with the epithelial lining of the gut. These experiments might be expanded to the analysis
of interaction with gelatinase and serine protease other host cells and human secretions that
are frequently involved in enterococcal infections e.g. uroepithelial cells, urine or bile.
Furthermore, the host response to enterococcal infections can be analyzed by DNA
microarray analysis of the host cell lines. Comparison of the response of the host cell lines
to isogenic strains of E. faecalis lacking particular virulence factors might also gain further
insight in the host-pathogen interaction. These experiments might result in the definition of
new putative virulence factors.
The next step in the analysis of new virulence factors will be to prove that the gene is truly
associated with virulence and/or colonization. This can be done in different ways: (i) the
construction of mutants lacking the gene under study and using this mutant in an animal
infection model, (ii) prove of an immunological response to the microorganism and that
specific immunity against the microorganism can protect against the infection and (iii) by
comparative genetics, showing that the gene encoding the virulence factor is similar to
known virulence factors in other species (251). However, all three methods might be
difficult for virulence factors that are not immediately correlated with pathogenicity but
with colonization and infection in immune compromised hosts by “commensal pathogens”.
(i) The problem with the generation of mutants is that the mutant often also will be
attenuated in its virulence if the gene is necessary for house keeping of the bacterium.
Furthermore, if the gene under study is involved in the colonization of e.g. the human
gastrointestinal tract this will be difficult to prove in an animal infection model. (ii) Factors
that enhance the colonization of the host most likely will not elicit an immune response, and
(iii) comparative genetics for genes that are associated with colonization can be difficult as
not many genes are defined yet as colonization genes.
Other approaches to verify that a gene is necessary for survival and growth under certain
conditions are genetic footprinting or signature-tagged mutagenesis. Both methods involve
scanning of the genome by exhaustive transposon mutagenesis and subsequently screening
the mutants en masse for functional properties (253). Comparison of pools of mutants
grown under different conditions e.g. in broth culture and in the presence of fecal extract
will lead to the identification of genes that are essential for the growth in certain
environments because these mutants are not present in the pool grown under these
conditions. This method can also be used to identify new virulence genes.
One drawback of the use of microarrays to study pathogenesis is the fact that microarrays
can not measure expression of genes that are absent from the reference strain used to
construct the microarray. Therefore, microarray analysis always needs to be completed with
the search for new unknown genes. The identification of different genotypes associated
with specific hosts or environments (Chapter 2) and one clone that spread between many
patients (Chapter 3) can support this analysis of new virulence traits. In addition to this, new
genogroups of E. faecalis can be identified by AFLP or multilocus sequence typing (MLST)
of isolates from different patient groups and healthy volunteers from different geographical
regions. Furthermore, new epidemic clones of enterococci that spread between patients can
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be recognized by analyzing enterococci from different clinical samples with molecular
epidemiological methods. Representatives from the new and known genogroups and
epidemic clones can be analyzed in the search for new virulence factors.
The analysis and comparison of the genomes of selected E. faecalis isolates in the search for
new virulence factors can be done with different methods: (i) the different AFLP patterns
can be compared and then DNA sequence of the differing bands can be analyzed. (ii)
Another possibility is random sequencing of the genomes and searching for sequences
encoding e.g. a surface protein. (iii) A sophisticated method of comparing genomes and
identifying genes that are present in one genome but absent from another is substractive
hybridization (263). (iv) The ultimate method is sequencing of the different isolates and
direct comparison of the genomes. The role in virulence or colonization of the genes
identified with these methods should be analyzed taking into account that these genes
might not be directly virulent in an animal model.
At the moment, infections with E. faecalis seem to be mainly restricted to immune
compromised and severely ill patients. However, the emerging resistance of E. faecalis and
the increasing number of infections in hospitalized patients might lead to a point where not
only immune compromised patients get infected with this microorganisms but also persons
with a healthy immune system. The dominant presence of E. faecalis might give it the
opportunity to acquire virulence factors from other pathogens and combine them with its
own virulence factors into one strain. If a strain subsequently also acquires resistance
determinants against many antibiotics this will finally result in a “superbug” that is able to
infect the normal healthy host and in addition is difficult to treat. The fact that this scenario
is very well possible, is given by reports about the transfer of vancomycin resistance
between strains (129) and the presence of components of the sex-pheromone plasmid
transfer system in Staphylococcus aureus.
Therefore, it is important to keep on searching for the mechanisms of virulence and the
Achilles heel of E. faecalis that can be used to treat and prevent infections with this
microorganism.
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Enterococcus faecalis is een ronde bacterie die vooral in de darm van de mens voorkomt. In
de gezonde gastheer veroorzaakt E. faecalis nauwelijks infecties, echter bij patiënten in het
ziekenhuis worden regelmatig infecties met E. faecalis gezien. De laatste jaren worden deze
infecties zelfs steeds vaker gevonden. Verschillende verklaringen voor deze stijging zijn
mogelijk; enterokokken zijn steeds minder gevoelig voor de gangbare antibiotica en door de
moderne geneeskunde komen er steeds meer patiënten die extra gevoelig zijn voor
infecties. Patiënten die een levertransplantatie hebben ondergaan zijn echter gevoeliger
voor infecties met E. faecalis dan vergelijkbare patiënten die een andere ingreep hebben
ondergaan, de oorzaak voor dit verschil in gevoeligheid is niet duidelijk.
Voor het ontstaan van infecties zijn in het algemeen twee factoren van belang. Allereerst de
afweer van de gastheer die normaal bescherming biedt tegen de infectie. Door de
behandeling in het ziekenhuis kan deze afweer worden doorbroken. Dit kan gebeuren door
een operatie of het inbrengen van een biomateriaal zoals een drain of katheter waardoor de
natuurlijke barrière van de huid en de slijmvliezen wordt verbroken. Ook het geven van
medicijnen die de immunologisch afweer tegen micro organismen onderdrukken kan de
normale bescherming doorbreken. De tweede factor die een rol kan spelen bij het ontstaan
van infecties is de bacterie zelf. Een bacterie die normaal niet in staat is infecties te
veroorzaken kan onder bepaalde omstandigheden eigenschappen verwerven die hem in
staat stellen wel infecties te veroorzaken. Deze eigenschappen worden virulentiefactoren
genoemd.
Het doel van dit proefschrift was om inzicht te krijgen in de manier waarop E. faecalis
infecties bij levertransplantatie patiënten in het ziekenhuis veroorzaakt, hierbij hebben we
vooral gekeken naar de eigenschappen van de bacterie. In Deel I van het onderzoek hebben
we gekeken naar de interactie van E. faecalis met de gastheer en in Deel II naar de interactie
van E. faecalis met biomaterialen. Biomaterialen zijn hulpmiddelen van kunststof die voor
de behandeling bij de patiënt worden ingebracht, bij voorbeeld infusen of drains waardoor
lichaamsvloeistoffen kunnen aflopen. Deze biomaterialen zijn vaak een bron van infecties,
daarom hebben wij geprobeerd om de manier waarop E. faecalis deze infecties veroorzaakt
te analyseren.
De verschillende virulentiefactoren van E. faecalis die beschreven zijn in de literatuur en hun
mogelijke rol in infecties zijn samengevat in Hoofdstuk 1. In Hoofdstuk 2 is gekeken naar
de rol van deze virulentiefactoren van E. faecalis in het ontstaan van infecties bij lever-
transplantatie patiënten. De aanwezigheid van de verschillende virulentiefactoren werd
vergeleken tussen E. faecalis isolaten uit klinische materialen van levertransplantatie
patiënten (totaal 133), isolaten uit het bloed van andere patiënten (totaal 66) en isolaten uit
de feces van gezonde vrijwilligers (totaal 47). De isolaten uit het bloed werden gekozen
omdat zij E. faecalis vertegenwoordigden die bewezen hadden een infectie te kunnen
veroorzaken en de isolaten uit de feces werden gekozen omdat zij juist geen infectie hadden
veroorzaakt. Om uit te sluiten dat gelijke isolaten werden geanalyseerd die zich tussen de
patiënten hadden verspreid is het genetische materiaal (DNA) van de enterokokken
geanalyseerd met amplified fragment length analysis (AFLP). Met deze methode kan op
basis van het DNA dat in stukken wordt geknipt en zichtbaar wordt gemaakt een uitspraak
worden gedaan over de mate van genetische verwantschap tussen de verschillende
bacteriële isolaten. De resultaten van deze AFLP analyse gaven aan dat de E. faecalis

115

C
H
A
P
T
E
R

9



isolaten in drie grote groepen konden worden ingedeeld met minimaal 80 % genetische
overeenkomst. Omdat deze groepen op basis van de genetische verwantschap waren
gedefinieerd werden ze genogroepen genoemd. De eerste genogroep bestond vooral uit
isolaten uit het bloed van niet levertransplantatie patiënten, de tweede genogroep bevatte
vooral isolaten van levertransplantatie patiënten en de derde genogroep bestond vooral uit
isolaten uit de feces van gezonde vrijwilligers. Combinatie van de resultaten van deze
genogroepering en de analyse van het vóórkomen van de verschillende virulentiefactoren
liet zien dat het oppervlakte eiwit “aggregatie substantie” (Agg) en het enzym “cytolysine”
van E. faecalis geassocieerd zijn met infecties. Deze virulentiefactoren komen namelijk
vooral voor in de genogroep van de levertransplantatie patiënten en de bloed isolaten en dit
zijn genogroepen die zijn geassocieerd met infecties. Het oppervlakte eiwit “enterococcal
surface protein” (Esp), dat werd ontdekt in een E. faecalis stam die een epidemie
veroorzaakte onder ziekenhuispatiënten in de Verenigde Staten bleek in ons onderzoek
geassocieerd met kolonisatie. Het Esp eiwit werd namelijk vooral gevonden bij isolaten uit
de derde genogroep die geen infectie hadden veroorzaakt. De belangrijkste conclusie uit dit
onderzoek is dat de enterokokken kunnen worden verdeeld in genogroepen die zijn
geassocieerd met een specifieke gastheer of omgeving (bloed, feces of levertransplantatie
patiënten) en met bepaalde virulentiefactoren.
De AFLP analyse van de 133 E. faecalis isolaten van de levertransplantatie patiënten uit
Hoofdstuk 2 onthulde verder nog dat verschillende patiënten precies dezelfde bacterie bij
zich droegen. Dit wijst er op dat de bacterie is overgedragen van de ene op de andere
patiënt. In Hoofdstuk 3 worden deze overdracht en de eigenschappen van de over-
gedragen bacteriën geanalyseerd. De meest opvallende bevinding was één E. faecalis stam
die zich gedurende 15 maanden over 23 levertransplantatie patiënten verspreidde. Verder
veroorzaakten de overgedragen E. faecalis stammen niet meer infecties dan andere
stammen, ze waren wel vaker resistent tegen de antibiotica gentamicine, erytromycine and
ciprofloxacine maar niet tegen de belangrijke antibiotica vancomycine en amoxicilline. De
overdracht van E. faecalis stammen die gevoelig zijn voor deze laatste antibiotica is nog
zelden beschreven. Het is wel belangrijk om naar de overdracht van deze gevoelige
enterokokken te kijken omdat enterokokken zeer goed in staat zijn om resistent te worden
tegen allerlei antibiotica. Op deze manier kan de overdracht van gevoelige enterokokken
resulteren in een uitbraak van enterokokken die resistent zijn tegen veel antibiotica. Een
ander belangrijk gegeven uit Hoofdstuk 3 is het feit dat de stam die zich over de 23
levertransplantatie patiënten verspreidde positief was voor het Esp eiwit. Dit bevestigt de
conclusie uit Hoofdstuk 2 dat Esp is geassocieerd met kolonisatie en verspreiding en opent
mogelijkheden om deze verspreiding te onderbreken door middelen die een interactie
aangaan met het Esp eiwit.
In Hoofdstuk 4 wordt het ontwerpen en testen van twee DNA sondes beschreven die
specifiek kunnen binden aan het 16S rRNA gen van respectievelijk E. faecalis en
Enterococcus faecium. Deze enterokokken veroorzaken samen meer dan 95 % van de
infecties met enterokokken. Als deze DNA sondes worden voorzien van een fluorescerende
label kunnen ze worden gebruikt voor fluorescerende in situ hybridisatie (FISH). FISH is een
methode waarmee bacteriën door binding met de fluorescerende DNA sonde zichtbaar
kunnen worden gemaakt, een voordeel hierbij is dat de bacterie niet eerst gekweekt hoeft
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te worden en direct zichtbaar is in het materiaal. In Hoofdstuk 4 stellen wij verschillende
protocollen op waarmee E. faecalis en E. faecium met de FISH methode kunnen worden
gedetecteerd in verschillende klinische materialen zoals bloed of feces. Veel onderzoeken
waarin DNA sondes voor de FISH methode wordt gebruikt beschrijven het gebruik in slechts
één materiaal. Door het gebruik van deze twee sondes met de FISH methode in
verschillende materialen te combineren laten we zien dat dit een breed inzetbare methode
is om enterokokken in klinisch materiaal te detecteren.
In Deel II van dit proefschrift verschuift de aandacht naar biomateriaal gerelateerde infecties
met E. faecalis. Als een lichaamsvreemd materiaal, b.v. een biomateriaal in het lichaam
wordt ingebracht raakt het meestal snel gekoloniseerd met bacteriën. Deze bacteriën
hechten zich aan het oppervlak van het materiaal en vormen daar een biofilm. Een biofilm
is een laag bacteriën die meestal zijn ingebed in een laag slijm en soms ook eiwitten
afkomstig van de gastheer. Een biofilm op een biomateriaal kan een aanhoudende bron 
van infecties zijn omdat de bacteriën kunnen loslaten uit de biofilm en elders in het 
lichaam infecties kunnen veroorzaken. Bovendien is een dergelijke biofilm moeilijk te
verwijderen omdat de bacteriën in de biofilm moeilijk te bereiken zijn door antibiotica. 
De eerste stap in biofilm vorming is de hechting van de bacteriën aan het oppervlak. Het 
is daarom van belang om dit proces van hechting te bestuderen. Inzicht in de mechanismen
achter dit proces kan leiden tot het ontwikkelen van methoden om de hechting en daar-
mee de biofilm vorming te voorkómen. Dit onderzoek is gericht op levertransplantatie
patiënten, die na de transplantatie meestal een galdrain in de buik krijgen waardoor de gal
gedurende enige weken kan aflopen. Deze drains zijn vaak een bron van infecties met
onder andere E. faecalis. Daarom hebben we ervoor gekozen om de hechting te
onderzoeken aan materiaal waar de galdrains in het Academisch Ziekenhuis Groningen van
gemaakt zijn.
Allereerst hebben we de invloed van drie verschillende oppervlakte eiwitten (Esp en twee
vormen van Agg) op de binding van E. faecalis aan de galdrain materialen bestudeerd
(Hoofdstuk 5). Hiervoor werd gebruik gemaakt van E. faecalis stammen die alleen
verschilden in de expressie van de betreffende eiwitten. De kinetica van de hechting van 
de bacteriën werd bestudeerd in een parallelle plaat stroom kamer. De resultaten toonden
aan dat meer bacteriën met de oppervlakte eiwitten aan het materiaal hechtten vergeleken
met bacteriën zonder de oppervlakte eiwitten. De verschillende oppervlakte eiwitten
beïnvloedden de hechting echter op verschillende manieren. Analyse van de verdeling van
de bacteriën op het oppervlak liet zien dat de enterokokken met Agg clusters vormden op
het oppervlak. Deze vorming van clusters wordt positieve coöperativiteit genoemd en geeft
aan dat de binding van een bacterie op het oppervlak de binding van andere bacteriën in de
buurt stimuleert. Enterokokken met Esp op het oppervlak hechten niet via positieve
coöperativiteit maar waarschijnlijk versterkt Esp de directe interactie met het materiaal.
Deze resultaten geven een aantal indicaties voor manieren om biomateriaal gerelateerde
infecties te voorkómen. Enerzijds kan worden gedacht aan onderbreking van de positieve
coöperativiteit, bij voorbeeld met antilichamen gericht tegen Agg, anderzijds is het mogelijk
eigenschappen van het biomateriaal te veranderen om de interactie met Esp te
verminderen.
In de zoektocht naar mogelijkheden tot preventie van biomateriaal gerelateerde infecties
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hebben we met behulp van atomaire krachten microscopie de invloed van antilichamen
tegen Agg op de positieve coöperativiteit tussen E. faecalis bacteriën onderzocht
(Hoofdstuk 6). Met de atomaire krachten microscopie kan de interactiekracht tussen enkele
bacteriën zeer nauwkeurig gemeten worden. De metingen toonden aan dat enterokokken
met Agg op het oppervlak tot twee keer hogere interactiekrachten hadden dan
enterokokken zonder Agg op het oppervlak. Bovendien namen deze interactiekrachten
duidelijk af wanneer de bacteriën met Agg werden geïncubeerd met antilichamen tegen
Agg. Vergelijking van de gemeten interactiekrachten met de positieve coöperativiteit na
binding aan een biomateriaal liet een duidelijke correlatie zien tussen de gemeten krachten
en de positieve coöperativiteit. Bij kleinere krachten was er minder coöperativiteit en
uiteindelijk werden ook minder bacteriën gebonden aan het oppervlak. Dit wijst er op dat
er mogelijk een rol is weg gelegd voor antilichamen tegen Agg in het voorkomen van
biomateriaal gerelateerde infecties met enterokokken.
Uit de literatuur is bekend dat enterokokken in de aanwezigheid van gal verschillende
eiwitten aanmaken en dat gal daardoor mogelijk de hechting van bacteriën kan
beïnvloeden. Daarom hebben we de invloed van het opgroeien in gal op de hechting van E.
faecalis aan galdrain materiaal bestudeerd (Hoofdstuk 7). Omdat in de vorige studie was
aangetoond dat Esp en Agg de binding kunnen beïnvloeden, is gekozen voor E. faecalis
stammen die deze eiwitten tot expressie brengen. De resultaten lieten zien dat na groei in
gal twee keer zo veel E. faecalis met Esp en E. faecalis zonder Esp of Agg aan het oppervlak
hechtten. Groei in gal had geen invloed op de hechting van E. faecalis met Agg op 
het oppervlak, waarschijnlijk omdat deze stam vooral via positieve coöperativiteit hecht en
de gal hier geen invloed op heeft. Hechting aan een materiaal is de eerste stap naar
biomateriaal gerelateerde infecties, daarom kan worden gesteld dat groei in gal het
infecterende vermogen van enterokokken vergroot.
In Hoofdstuk 8 van dit proefschrift worden de bevindingen van het onderzoek samengevat,
de algemene conclusies worden gegeven en een aantal mogelijkheden voor verder
onderzoek worden aangevoerd. Een belangrijke conclusie uit dit onderzoek is dat het erg
moeilijk is om de virulentiefactoren te onderzoeken van een bacterie zoals E. faecalis die
niet altijd infecties veroorzaakt maar ook gewoon bij de gastheer aanwezig kan zijn zonder
dat deze er last van heeft. Bij het ontstaan van infecties spelen daarom meer factoren een
rol waarmee ook rekening gehouden zou moeten worden bij de analyse. Zo is het ook
mogelijk dat sommige enterokokken eigenschappen bezitten waardoor ze vooral beter
kunnen overleven in de omgeving van het ziekenhuis en de darm van patiënten in het
ziekenhuis. Zodra de afweer van de patiënten dan vermindert, kunnen deze enterokokken
dan infecties veroorzaken. Toekomstig onderzoek zal meer gericht moeten zijn op het
opsporen van deze eigenschappen van E. faecalis, daarbij zal ook moeten worden gekeken
naar de verschillende genogroepen zoals beschreven in dit proefschrift.
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De belangrijkste conclusies van dit onderzoek zijn:

● Enterokokken kunnen worden verdeeld in genogroepen die zijn geassocieerd met een
specifieke gastheer of omgeving en bepaalde virulentiefactoren.

● Het oppervlakte eiwit Agg en het enzym “cytolysine” van E. faecalis zijn geassocieerd
met infecties en het oppervlakte eiwit Esp met kolonisatie en verspreiding.

● Oppervlakte eiwitten Esp en Agg van E. faecalis spelen een rol bij de binding aan
biomaterialen en daarmee bij het ontstaan van infecties.

● Antilichamen tegen Agg hebben invloed op de interactie tussen E. faecalis bacteriën met
Agg en verminderen daarmee de binding aan biomaterialen.

● Het opgroeien in de aanwezigheid van gal verhoogt de binding van bepaalde
enterokokken aan de onderzochte biomaterialen.

Slotwoord

De infecties met E. faecalis beperken zich tot op heden vooral tot patiënten met een
verminderde afweer of een ernstige onderliggende ziekte. Dit is echter geen reden om het
gevaar van deze infecties te onderschatten. E. faecalis wordt steeds vaker gevonden bij
patiënten in het ziekenhuis. Deze toenemende aanwezigheid in het ziekenhuis zou er toe
kunnen leiden dat E. faecalis virulentiefactoren van andere soorten bacteriën gaat
overnemen en deze gaat combineren met de eigen virulentiefactoren. Een dergelijke stam
zou meer virulent kunnen zijn dat de E. faecalis stammen die we tot nu toe kennen. Als deze
stam dan ook nog resistent wordt tegen de meest gebruikte antibiotica, is een
“superbacterie” ontstaan die mogelijk ook in staat is infecties te veroorzaken in gezonde
personen, die vervolgens moeilijk te behandelen zijn. Dat dit scenario mogelijk is, blijkt uit
recente publicaties over de overdracht van genetisch materiaal tussen E. faecalis en andere
soorten bacteriën en over het ontstaan van resistentie in voorheen gevoelige E. faecalis
stammen. Daarom is het van belang om het onderzoek naar de virulentie van E. faecalis
voort te zetten met als doel nieuwe manieren te vinden om deze infecties te voorkómen en
het ontstaan van een dergelijke “superbacterie” voor te zijn.
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Ace adhesin to collagen of E. faecalis
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CBD common bile duct
EfaA E. faecalis antigen A
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Esp enterococcal surface protein
FEP fluoro-ethylene-propylene
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SR silicone rubber
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bijdrage aan hoofdstuk 2 en 3 van dit proefschrift en de inspirerende gesprekken. 

Lieber Albrecht Muscholl-Silberhorn, vielen Dank für den herzlichen Empfang damals in
Regensburg und die Einweihung in die Geheime der Enterokokken molekular Forschung. 

Beste Astrid, Florence, Gerda, Arnout, Dewi, Hans en alle andere medewerkers en AIO’s van
de BME, ik vond het erg leuk om een tijd bij jullie te gast te zijn en ik voelde me erg welkom.

Margriet, Henk Jans, Rudi, Kor en anderen, bedankt voor de grotere of kleiner steentjes die
jullie hebben bijgedragen. 

Gjalt en Sytske, jullie betrokkenheid bij het wel en wee van de collega’s levert een grote
bijdrage aan de gezelligheid op de MMB, Ank, Bernadette, Linda, Matty, Marieke, Albert-
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Jan, Danny, Erwin, en andere medewerkers van de disciplinegroep, het was altijd gezellig
om met een kopje koffie over het onderzoek of andere zaken te filosoferen.

Door de AGIKO constructie waarin ik mijn promotie heb gedaan zijn voor mij onderzoek en
de opleiding tot microbioloog met elkaar verweven daarom zou ik ook de mensen die ik
tijdens mijn opleiding heb ontmoet willen bedanken. Allereerst natuurlijk de arts-assistenten
Eveline, Greetje, Niek, Annelies, Jutte, Glen, Astrid, ik vond het altijd erg gezellig om
kamers, computers en lief en leed te delen. De microbiologen, Hilly, Willem, Nico, Rik, Jan
en René die het geduld hebben opgebracht mij de opleiding in etappes te laten voltooien.
De analisten en andere medewerkers van het AZG en SLGD bedankt voor de gezellige tijd
en alles wat ik van jullie geleerd heb. 

Lieve Marion, ik heb veel bewondering voor de manier waarop jij altijd voor familie en
vrienden klaar staat, het is ontzettend fijn om zo’n meuke te hebben. Lieve Harriët, na veel
gezamenlijke avonturen tijdens de studie vertrokken we op dezelfde dag uit Leiden voor
opleidingen in Maastricht en Groningen, de afstand werd groter de vriendschap bleef.
Bedankt dat jullie mijn paranimfen willen zijn.

Toneelvrienden van het eerste uur, Inge, Karin, Marleen, Jan, en Mark, een mislukte proef
na een dag hard werken was altijd snel vergeten tijdens een gezellige repetitie avond of een
avondje uit, hopelijk volgen er nog vele. 

Lieve oma Wieke, aan mijn schier eindeloze “studie” is nu eindelijk een einde gekomen, ik
ga niet trouwen maar er is wel een feestje! Lieve opa Jo, fijn dat u altijd zo veel interesse
heeft in het wel en wee van de (achter)kleinkinderen.

Lieve pa en ma, ver weg maar toch dichtbij, te veel om te noemen, gewoon bedankt!

Heit en mem, bedankt voor de altijd hartelijke ontvangst op jullie mooie plekje aan het water,
onder de perenboom achter jullie huis komen soms de beste ideeën voor het onderzoek.

Lieve Hidde, voor jouw dagelijkse ontdekkingen is geen laboratorium nodig, blijf
nieuwsgierig en blijf je verbazen! 

Lieve Douwe, aan wat voor ons het begin was is nu ook voor mij een einde gekomen. Op
naar nieuwe uitdagingen en avonturen, samen met jou, ik heb er zin in!

En tot slotte, dank aan de talloze koolmeesjes, roodborstjes, merels en vinken die zich te
goed hebben gedaan aan de vetbollen voor mijn raam en met hun gezellige aanwezigheid
de laatste loodjes van dit proefschrift enigszins hebben verlicht. 
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De schrijfster van dit proefschrift werd geboren op 6 april 1971 te Rotterdam. Zij verhuisde
op de leeftijd van 8 jaar naar München, Duitsland, waar zij in 1989 het baccalaureaats
diploma aan de Europese School behaalde. Hetzelfde jaar begon zij aan de studie Bio-
medische Wetenschappen aan de Rijksuniversiteit Leiden. In 1991 startte zij tevens met de
studie Geneeskunde. De opleiding werd afgerond met onderzoek naar de seroprevalentie
van Strongyloides stercoralis aan de Anton de Kom Universiteit van Parimaribo onder
leiding van Prof. Dr. A.M. Polderman en Prof. Dr. B.F.J.Oeseburg. In 1997 werden beide
studies afgerond en begon zij aan het huidige AGIKO traject aan de Rijksuniversiteit
Groningen dat resulteerde in het onderliggende proefschrift. Volgend jaar hoopt zij haar
opleiding tot arts-microbioloog af te ronden. Zij deelt het huis met Douwe en haar zoontje
Hidde.
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