
INFECTION AND IMMUNITY, Feb. 2007, p. 924–931 Vol. 75, No. 2
0019-9567/07/$08.00�0 doi:10.1128/IAI.00941-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Growth Condition-Dependent Esp Expression by Enterococcus faecium
Affects Initial Adherence and Biofilm Formation�

Willem J. B. Van Wamel,1* Antoni P. A. Hendrickx,1 Marc J. M. Bonten,1,2 Janetta Top,1
George Posthuma,3 and Rob J. L. Willems1

Eijkman-Winkler Institute for Microbiology, Infectious Diseases and Inflammation,1 Department of Internal Medicine, Division of
Acute Internal Medicine and Infectious Diseases,2 and Cell Microscopy Center, Department of Cell Biology,

Institute of Biomembranes3, University Medical Center Utrecht, Utrecht, The Netherlands

Received 13 June 2006/Returned for modification 23 August 2006/Accepted 7 November 2006

A genetic subpopulation of Enterococcus faecium, called clonal complex 17 (CC-17), is strongly associated
with hospital outbreaks and invasive infections. Most CC-17 strains contain a putative pathogenicity island
encoding the E. faecium variant of enterococcal surface protein (Esp). Western blotting, flow cytometric
analyses, and electron microscopy showed that Esp is expressed and exposed on the surface of E. faecium,
though Esp expression and surface exposure are highly varied among different strains. Furthermore, Esp
expression depends on growth conditions like temperature and anaerobioses. When grown at 37°C, five of six
esp-positive E. faecium strains showed significantly increased levels of surface-exposed Esp compared to
bacteria grown at 21°C, which was confirmed at the transcriptional level by real-time PCR. In addition, a
significant increase in surface-exposed Esp was found in half of these strains when grown at 37°C under
anaerobic conditions compared to the level in bacteria grown under aerobic conditions. Finally, amounts of
surface-exposed Esp correlated with initial adherence to polystyrene (R2 � 0.7146) and biofilm formation
(R2 � 0.7535). Polystyrene adherence was competitively inhibited by soluble recombinant N-terminal Esp. This
study demonstrates that Esp expression on the surface of E. faecium (i) varies consistently between strains, (ii)
is growth condition dependent, and (iii) is quantitatively correlated with initial adherence and biofilm forma-
tion. These data indicate that E. faecium senses and responds to changing environmental conditions, which
might play a role in the early stages of infection when bacteria transit from oxygen-rich conditions at room
temperature to anaerobic conditions at body temperature. In addition, variation of surface exposure may
explain the contrasting findings reported on the role of Esp in biofilm formation.

Over the last 2 decades, enterococci have emerged as impor-
tant nosocomial pathogens resistant to virtually all antibiotics,
including vancomycin (1, 35). Resistance to clinically relevant
antibiotics, such as ampicillin and vancomycin, is increasing and
found primarily in E. faecium. This may explain its rapid emer-
gence as an etiological agent of nosocomial infections, noticed
first in the United States and, more recently, in Europe and Asia
(24, 39; see also the European Antimicrobial Resistance Surveil-
lance System at http://www.earss.rivm.nl). Molecular epidemio-
logical studies of E. faecium isolates, resistant and susceptible to
vancomycin and derived from different ecological niches, identi-
fied a specific clonal complex, designated CC-17, strongly associ-
ated with nosocomial outbreaks in five continents (45). Almost all
CC-17 isolates are resistant to �-lactam antibiotics, and a sub-
stantial proportion contains a putative pathogenicity island, which
carries the E. faecium variant of the enterococcal surface protein
(esp) gene (17, 45). Esp of E. faecium shares a homology of up to
90% with the previously described Esp protein of E. faecalis, also
located on a pathogenicity island (30) and expressed on the sur-
face of the bacterium (31). Little is known about the role of Esp
in the pathogenesis of enterococcal infections. For E. faecalis,
esp-positive stains were more frequently found among isolates

associated with invasive infections than among isolates colonizing
the gut (32). Furthermore, insertional inactivation of the esp gene
attenuated E. faecalis virulence in an ascending urinary tract in-
fection mouse model (31), but no role of Esp could be demon-
strated in a mouse intestinal colonization model (26). Conflicting
results have also been reported about the role of esp in biofilm
formation and adherence to polystyrene. In several studies, Esp of
E. faecalis appeared to be important in the initial adherence to
polystyrene and biofilm development (20, 36, 41). In a recent
study, the N-terminal region of Esp, covering approximately half
of the protein in E. faecalis, was identified as the region of the
protein involved in biofilm formation (38). In other studies, how-
ever, biofilm development appeared to be independent of Esp (6,
12, 16, 27). In E. faecalis, several other factors have been associ-
ated with biofilm development, like the sugar-binding transcrip-
tional regulator BopD (13), the quorum-sensing locus fsr (12),
heterogeneity in surface charge (43), the bee locus (37), and the
secreted metalloprotease GelE (12, 16, 25). Yet absence of a
correlation between gelatinase and biofilm development has also
been found (6, 21, 43).

Currently, little is known about esp of E. faecium. As men-
tioned, esp of E. faecium is predominantly present in clinical
isolates. Di Rosa et al. (6) report that, although some esp-negative
strains developed biofilm, esp-positive strains produced thicker
biofilms. Furthermore, the presence of both esp and biofilm de-
velopment was found only in strains from clinical settings.

To explore the role of Esp in the pathogenesis of E. faecium
infections, we studied Esp expression using Western blotting and
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flow cytometry under different growth conditions, like tempera-
ture and anaerobioses. We also assessed the association between
the amount of cell surface-associated Esp and the ability to ad-
here to polystyrene and biofilm development.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Eight E. faecium strains— E135,
E155, E300, E470, E745, E1165, E1172, and E1176 (2, 9, 40, 42, 44, 45)—were
used in this study. All bacteria were of human origin, and except for E135, all
were esp positive. E135, E300, E155, E470, and E745 were vancomycin resistant.
E135 was a community surveillance isolate. E155, E300, E470, and E745 were
isolates from hospital outbreaks in the United States and The Netherlands.
Finally, E1165, E1172, and E1176 were all clinical isolates recovered from
wounds, urine, and the respiratory tract, respectively (Table 1). For the cloning
and expression of Esp, Escherichia coli TOP10F� and BL21(DE3)pLysS were
used. E. faecium was grown on sheep red blood agar (SRA) containing tryptic soy
agar with 5% sheep red blood cells (BD, Alphen aan den Rijn, The Netherlands),
brain heart infusion, brain heart infusion agar, tryptic soy broth (TSB), and TSB
supplemented with 0.25% glucose. Bacteria grown on SRA were incubated for
72 h at 21°C or 18 h at 37°C under aerobic conditions or in a container with an
anaerobic atmosphere (5% H2, 10% CO2, and 85% N2). Before each experi-
ment, bacteria were initially grown at 21°C on SRA. E. coli was grown either on
Luria-Bertani agar or on Luria-Bertani agar supplemented, if necessary, with 50
�g/ml ampicillin.

Cloning N-terminal Esp. A fragment of the N-terminal domain of Esp was
cloned using the primer set Esp-1 (5�-ATGGGAACGCCTTGGTATG-3�) and
Esp-2 (5�-TACTGCTAAATCGGTCGTG-3�). Both Esp-1 and Esp-2 are based
on esp of E. faecalis (AF034779) and start at positions 999 and 2295, respectively.
In Esp-1, an additional 5� ATG was added for the in-frame expression of Esp. PCRs
were performed with 25 �l using HotStarTaq DNA polymerase (QIAGEN Benelux
B.V., Venlo, The Netherlands), with 10 pmol of each primer and 10 nmol of E300
chromosomal DNA. DNA was isolated as described previously (30). PCR conditions
were as follows: initial denaturation at 95°C for 15 min followed by 30 cycles of 94°C
for 30 s, 52°C for 30 s, and 72°C for 1 min, followed by an extension at 72°C for 7 min.
PCR fragments were directly cloned in the pCRT7/CT-TOPO TA expression vector
(Invitrogen, Breda, The Netherlands) and were used to transform One Shot
TOP10F� chemically competent E. coli (Invitrogen, Breda, The Netherlands) ac-
cording to the manufacturer’s instructions. Plasmids were isolated with a plasmid
purification kit (QIAGEN Benelux B.V., Venlo, The Netherlands) and checked by
sequencing using the BigDye Terminator reaction kit and an ABI PRISM 3700
DNA analyzer (both from Applied Biosystems, Foster City, CA). Plasmid DNA
containing the right constructs was used to transform One Shot BL21(DE3)pLysS
chemically competent E. coli (Invitrogen, Breda, The Netherlands). The recombi-
nant N-terminal Esp domain with a His tag at its C-terminal end (rN-Esp) was
induced by isopropyl-�-D-thiogalactopyranoside (IPTG) and isolated using a nickel
column (Probond, Invitrogen, Breda, The Netherlands), all according to the man-
ufacturer’s instructions.

Raising polyclonal antibodies and isolation of immunoglobulin G. Polyclonal
antibodies to E. faecium rN-Esp were raised by immunizing two rabbits. For the
initial doses, 150 �g rN-Esp in incomplete Freund’s adjuvant was injected sub-
cutaneously. Subsequently, a booster dose of 150 �g was administered at day 28.
Rabbits were exsanguinated at day 42, and their sera were collected and stored
at �20°C. All experiments were performed according to Dutch regulations on
animal experiments.

Western blotting. After growth at 21°C or 37°C on SRA plates (bacteria grown
at 37°C were stored under both aerobic and anaerobic conditions), bacteria were
collected from the plates and resuspended in phosphate-buffered saline (PBS),
generating an optical density at 660 nm (OD660) of 1.0 (1 � 109 bacteria/ml). For
each sample, 1 ml (1 � 109 bacteria) was harvested at 6,500 � g for 1 min, and
the bacteria were lysed by incubating the cell pellet in 200 �l buffer containing 50
�g/ml linezolid, 0.5 mM phenylmethylsulfonyl fluoride, 1 mg/ml lysozyme, and
20% sucrose in PBS at 37°C. After 2 h, samples were centrifuged (10,000 � g,
5 min), and total protein content was quantified by OD280 measurements. Sam-
ples were normalized for protein content, and Western blotting was performed
as described previously (28). Esp was detected with anti-Esp rabbit immune
serum followed by horseradish peroxidase-conjugated goat anti-rabbit (Santa
Cruz Biotechnology, Santa Cruz, CA).

Real-time quantitative PCR. After growth at 21°C or 37°C under aerobic
conditions on SRA plates, bacteria were collected from the plates and resus-
pended in PBS to an OD660 of 1.0 (1 � 109 bacteria/ml). For each sample, 3 ml
(3 � 109 bacteria) was taken and pelleted by centrifugation (6,500 � g, 1 min).

RNA species were isolated according to procedures outlined by Cheung et al.
(4). RNA purification and cDNA generation were done as described by Nalla-
pareddy et al. (22) with some modifications. Total RNA was treated three times
with 20 U of RQ1 DNase (Promega Corp., Madison, WI) for 30 min at 37°C, and
RNA was isolated using an RNeasy minikit (QIAGEN). From 1.5 �g total RNA,
cDNA was synthesized with the SuperScript II first-stand synthesis system (In-
vitrogen Corp., Carlsbad, CA) using random primers according to the instruc-
tions of the manufacturer. Three primer-probe sets were used in this study,
one to detect cDNA of 23S rRNA, one to detect esp of E470, and one to
detect Esp cDNA of the other esp-positive strains. The DNA region encoding
the Esp N-terminal domain is too diverse to use one primer-probe combination
for all esp-positive strains. The sequences of the primer-probe combinations
are as follows: for 23S rRNA-F, 5�-CCAGGTTGAAGGTGCGGT-3�; for 23S
rRNA-R, 5�-CCTCATCCCCGCACTTTTC-3�; for 23S rRNA-probe, (6-car-
boxyfluorescein [6-FAM]-CACTGGAGGACCGAACCCACGG-6-carboxytet-
ramethylrhodamine [TAMRA]); for EspE470-F, 5�-TTGGTCTTATCTTTGGA
GCAACTG-3�; for EspE470-R, 5�-TTCGTAGCTGTTGCCAATATTTTG-3�;
for EspE470-probe, 6-FAM-AGCTGTTAATGCACAAGGCAACTTTTCTTC
AA-TAMRA; for EspE300-F, 5�-GGTGATGGAAACCCTGACGA-3�; for
EspE300-R, 5�-CTTTCCCCTTAACTGTTGTGTCAAC-3�; and for EspE300-
probe, 6-FAM-AAGAAGAGAGCGGAGACACGAATCCATATATCG-TAMRA.

Real-time PCR was performed using TaqMan Universal PCR master mix
(Applied Biosystems). The concentrations of the three primer-probe combina-
tions were optimized and were 300 �M for 23S rRNA-F, 900 �M for 23S
rRNA-R, 100 �M for 23S rRNA-probe, 300 �M for EspE470-F, 300 �M for
EspE470-R, 50 �M for EspE470-probe, 300 �M for EspE300-F, 900 �M for
EspE300-R, and 50 �M for EspE300-probe. The chosen PCR conditions were
50°C for 2 min and 95°C for 10 min, followed by 45 cycles of 94°C for 15 s and
60°C for 1 min on an ABI PRISM 7700 sequence detector (Applied Biosystems).
The ��CT method of Livak et al. (18) was used to calculate the difference in Esp
mRNA present in bacteria grown at 37°C and at 21°C using 23S rRNA as an
internal control. Analyses were performed in triplicate.

Detection of Esp on the surface of E. faecium. After the appropriate incuba-
tion, bacteria were collected from the plates and resuspended in RPMI 1640
(Cambrax Bioscience) containing 0.05% human serum albumin (HSA) to an
OD660 of 1.0 (1 � 109 CFU/ml). For each sample, 100 �l (1 � 107 CFU) was
taken and pelleted by centrifugation (6,500 � g, 1 min) and 50 �l RPMI 1640-
HSA containing 1/100 anti-Esp rabbit immune serum was added. Bacteria were
resuspended and incubated on ice. After 30 min, 1 ml cold RPMI 1640-HSA was
added, and the bacteria were isolated by centrifugation (6,500 � g, 1 min).
Bacteria were resuspended in 50 �l RPMI 1640-HSA containing a 1/50 dilution
of goat anti-rabbit fluorescein isothiocyanate (Sigma-Aldrich, Saint Louis, MO)
and left for 30 min on ice. Bacteria were washed with 1 ml cold RPMI 1640-HSA,
and after centrifugation (6,500 � g, 1 min), bacteria were resuspended in 50 �l
RPMI 1640-HSA. Before analyses in a FACSCalibur (BD, Alphen aan den Rijn,
The Netherlands), bacteria were resuspended in 300 �l RPMI 1640-HSA. All
measurements were performed with the same machine using the same parame-
ters. The data were normalized for bacterial size, and experiments were per-
formed at least three times. The mean fluorescence (mean fluorescence channel
1) was used as a measure for cell surface-associated Esp. Pooled rabbit preim-
mune serum and bacteria incubated without anti-Esp rabbit immune serum were
used as negative controls. The specificity of the anti-Esp rabbit immune serum
was demonstrated by blocking the binding of serum to Esp on the bacterial cell
surface after preincubating 1/300-diluted anti-Esp serum in RPMI 1640-HSA
with serial dilutions of rN-Esp, starting with 100 �g/ml, for 15 min prior to
incubation with the bacteria.

Electron microscopy. Bacteria were grown on SRA at 37°C and treated as
follows. A drop of 1 � 109 CFU/ml in PBS was placed on Parafilm, and a

TABLE 1. Bacteria used in this study

Strain esp vanA Source of isolation Reference(s)

E135 � � Community surveillance 44, 45
E155 � � Hospital outbreak 3, 45
E300 � � Hospital outbreak 9, 45
E470 � � Hospital outbreak 40, 45
E745 � � Hospital outbreak 44, 45
E1165 � � Clinical isolate, wound 45
E1172 � � Clinical isolate, urine 45
E1176 � � Clinical isolate, respiratory tract 45
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200-mesh Formvar-carbon-coated copper grid was floated on the surface for 10
min. Grids were washed three times by floatation for 5 min on drops of 0.02 M
glycine in PBS and blocked by floatation for 15 min on drops of 1% bovine serum
albumin in PBS (PBSb). Esp was labeled by floating the grids for 1 h on drops
containing a 1/100 dilution of anti-Esp rabbit immune serum in PBSb. Grids were
washed four times by floating them for 2 min on drops of 0.1% bovine serum
albumin in PBS. Antibodies were labeled by floating the grids for 20 min on
drops of proteinA-Gold (15 nm) (34) in PBSb. Grids were washed by floatation
four times for 2 min on drops of PBS, fixed by floatation on drops of 1%
glutaraldehyde, and washed again by floatation eight times for 2 min on drops of
H2O. Bacteria were stained by floating the grids for 5 min on drops containing
1.8% methylcellulose (25 centipoises; Sigma-Aldrich, Saint Louis, MO) and
0.4% uranyl acetate (pH 4) and subsequently air dried for 10 min. Bacteria used
as negative controls were treated in a similar way except that the incubation with
anti-Esp rabbit immune serum was left out. Grids were examined for bacteria by
using a Jeol 1010 transmission electron microscope (Jeol-Europe, Amsterdam,
The Netherlands) at a magnification of �30,000.

Initial adherence assay. The initial adherence assay was performed according
to Hufnagel et al. (13). Briefly, plate-grown bacteria were resuspended in TSB at
a concentration of 5 � 107 CFU/ml. To the wells of a polystyrene 96-well plate
(Corning Inc., Corning, NY), 100-�l bacterial suspensions were added in tripli-
cate, and the plate was incubated at 37°C. In inhibition studies, inhibitors were
added directly to the bacterial suspension. After incubation for 1 h, bacteria were
removed, and the wells were gently washed three times with 200 �l PBS. The
plates were dried by incubating them for 1 h at 60°C. To each well, 50 �l Gram’s
crystal violet solution (Merck, Darmstadt, Germany) was added. After 2 min, the
stain was taken off and the plates were washed in tap water. Finally, the plates
were dried for 10 min at 60°C, and the OD595 was measured with an enzyme-
linked immunosorbent assay reader. Experiments were performed three times in
triplicate.

Blocking of adherence by rN-Esp. Strains were grown for 72 h on SRA at 21°C
and for 18 h at 37°C. Subsequently, strains were suspended at different bacterial
concentrations (5 � 107, 2.5 � 107, and 1.25 � 107 CFU) in TSB containing
different concentrations of rN-Esp (0.01 to 100 �g/ml) and assayed for primary
attachment.

Biofilm assay. Biofilm development was assayed in a way similar to the way
initial adherence was assayed, except that the test was performed with TSB
supplemented with 0.25% glucose, and 1 � 105 CFU of bacteria/ml were left for
24 h at 37°C in 96-well polystyrene plates.

Statistics. Student’s t test was used to assess statistically significant differences.

RESULTS

Growth conditions influence Esp expression. To determine
the influence of growth conditions on Esp expression, strains
were grown on SRA at 21°C (72 h) or 37°C (18 h) under
aerobic conditions and at 37°C (18 h) under anaerobic condi-
tions and analyzed by Western blotting using the anti-Esp
polyclonal rabbit serum. Esp expression at 37°C increased rel-
ative to that at 21°C in all esp-positive strains, though expres-
sion differed substantially among strains. In five of six esp-
positive strains, Esp expression increased when they were
grown under anaerobic conditions at 37°C, relative to what
occurred under aerobic conditions at 37°C (Fig. 1).

Growth condition-dependent Esp exposure on the surface of
E. faecium. To show that Esp of E. faecium is exposed on the
surface of the cell, bacteria were grown overnight at 37°C,
incubated with anti-Esp polyclonal rabbit serum, and assayed
by flow cytometry. Surface exposure of Esp was demonstrated
in all six esp-positive strains (data not shown). This was con-
firmed for the esp-positive strain E470 and the esp-negative
strain E135 by transmission electron microscopy on negatively
stained immunogold-labeled bacteria (Fig. 2). On strain E470,
gold particles are clearly associated with the bacterial cell wall,
demonstrating the association of Esp with the bacterial cell
wall (Fig. 2A). On the surface of strain E135 (Fig. 2C), gold
particles were found in small amounts comparable to those

found in the negative controls without the anti-Esp polyclonal
rabbit serum (Fig. 2B and D). To quantify the influence of
growth conditions on surface-associated Esp, all seven strains
were grown at two different temperatures, 21°C and 37°C, and
at 37°C under aerobic and anaerobic conditions, before they
were assayed by flow cytometry. Five of six esp-positive strains
had significantly increased levels of surface-associated Esp
when grown at 37°C compared to bacteria grown at 21°C
(Fig. 3). Only E745 had low-level surface-associated Esp at
21°C and 37°C. A similar effect of temperature-dependent,
elevated, surface-associated Esp expression was obtained when
bacteria were grown on brain heart infusion agar medium
(data not shown), indicating that the level of surface-associated
Esp on E. faecium is growth temperature dependent but inde-
pendent of the growth media tested. Three of the six esp-
positive strains (E155, E470, E1176) had significantly elevated
levels of surface-associated Esp when grown under anaerobic
conditions (Fig. 4). Binding of anti-Esp antiserum could be
blocked by adding an excess of the N-terminal domain of
Esp (Fig. 5), indicating that the anti-Esp antiserum specif-
ically recognized Esp.

Temperature-dependent transcription of esp. Growth tem-
perature-dependent expression of Esp was confirmed at the
transcriptional level using real-time PCR. All esp-positive
strains showed increased Esp mRNA levels when grown at
37°C compared to bacteria grown at 21°C. Based on the ��CT
values, 6.63-, 1.03-, 3.14-, 2.51-, 1.40-, and 5.35-fold increases of
Esp mRNA were found for strains E470, E155, E745, E1165,
E1172, and E1176, respectively. These data also show that
strains E470 and E1176, which demonstrated the largest dif-
ferences in levels of surface-exposed Esp upon the growth
temperature shift (Fig. 3), also showed the highest increases of
Esp mRNA, namely, 6.63- and 5.35-fold increases, respec-
tively. As expected for the esp-negative strain E135, no Esp
mRNA could be detected. These data indicate that growth
temperature-dependent surface expression of Esp is regulated
at the transcriptional level.

Surface-exposed Esp expression and binding to polystyrene.
To investigate whether surface exposure of Esp correlates with

FIG. 1. Western blot analyses of a 10% sodium dodecyl sulfate-
polyacrylamide gel using the rabbit polyclonal anti-Esp serum. The
Western blot shows growth culture-dependent expression of Esp in
one esp-negative E. faecium strain (E135) and six esp� E. faecium
strains (E155, E470, E745, E1165, E1172, and E1176). Bacteria listed
were grown on SRA for 72 h at 21°C under aerobic conditions (lanes
A), 18 h at 37°C under aerobic conditions (lanes B), or 18 h at 37°C
under anaerobic conditions (lanes C). Numbers to the left of the gel
are molecular weights (in thousands).
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initial adherence and biofilm formation, E. faecium strains
were grown at 21°C (72 h) and 37°C (18 h) under aerobic
conditions on SRA and subsequently exposed to polystyrene.
Surface expression of Esp, as determined by flow cytometry,
and initial adherence to polystyrene were clearly associated
(R2 � 0.7146) (Fig. 6). Strain E470 had the highest increase in
adherence and Esp expression upon shifting the temperature
from 21°C to 37°C. Correlation was close to linear (R2 �
0.9887) if the results for E1176, which had a relatively small
increase in initial adherence when grown at 37°C compared to
21°C, were not included. The amount of surface-exposed Esp
at the start of biofilm development (0 h), determined by flow
cytometry, positively correlated with biofilm development, de-
termined at 24 h (R2 � 0.7535) (Fig. 7). This strongly suggests
that, under the conditions tested, the amount of Esp on the
surface of E. faecium is indicative of the binding of polystyrene
and the ability to develop biofilms.

The N-terminal domain of Esp blocks the adherence of E.
faecium to polystyrene. The esp-negative strain (E135) and the
strain with the largest amounts of surface-associated Esp

(E470) were used to determine whether adherence could be
blocked by rN-Esp. Primary attachment of E470 grown at 37°C
was blocked by rN-Esp in a concentration-dependent manner
(Fig. 8). Although maximal adherence was bacterial concen-
tration dependent, the concentrations of rN-Esp needed to
block attachment were similar for all bacterial concentrations.
This suggests that the N-terminal domain of Esp is sufficient
for binding to polystyrene.

DISCUSSION

Using Western blotting and FACscan analysis, we have
shown that the amounts of Esp expressed on the cell surfaces
of esp-positive E. faecium strains varied considerably from
strain to strain. Furthermore, in almost all strains, the amount
of Esp on the surface of E. faecium correlated with the ability
to adhere to polystyrene, which could be blocked by exogenous
N-terminal Esp, suggesting a role for the N-terminal domain of
Esp in initial adherence to polystyrene. This is in line with
recent observations by Tendolkar and coworkers, who showed

FIG. 2. Transmission electron microscope picture at a magnification of �30,000 of E470 and E135 E. faecium strains negatively stained by
methylcellulose uranyl acetate and labeled with immunogold (15 �m) using anti-Esp antiserum. The inserted bar indicates a length of 200 nm. E470
incubated with anti-Esp polyclonal rabbit serum and proteinA-Gold (A), E470 incubated with proteinA-Gold (B), E135 incubated with anti-Esp
polyclonal rabbit serum and proteinA-Gold (C), and E135 incubated with proteinA-Gold (D).
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that, by constructing in-frame-deletion mutants, the minimal
region contributing to Esp-mediated biofilm enhancement in
E. faecalis was confined to the N-terminal domain (38). The
observed dose dependency further supports a role for Esp in
initial adherence and the biofilm formation of E. faecium.

With both E. faecalis and E. faecium, there is controversy
about the role of Esp in biofilm development. Although Esp
appeared to be important for biofilm development (20, 36, 41)
in some studies, E. faecalis isolates lacking the esp gene did
produce biofilm in vitro (6, 12, 16, 27). Furthermore, for both
E. faecium and E. faecalis, isolates were found that carried the
esp gene but that failed to produce biofilms. Esp-independent
biofilm formation by E. faecalis is probably mediated by mul-
tiple additional factors, like GelE (12, 16, 25), BopD (13), the
fsr locus (12), the bee locus (37), and heterogeneity in surface
charge (43). The observations that biofilms produced by E.
faecalis are much thicker than those produced by E. faecium

and that the biofilm development of E. faecalis is much more
sensitive to the growth medium used (29) may indicate that in
E. faecalis, additional factors aside from Esp are involved.

From data presented in the current study, the lack of biofilm
formation in esp-positive strains can be explained by absent or
only low-level expression of functional Esp on the cell surface
despite the presence of its gene. Furthermore, detectable levels
of Esp on the surface of E. faecium does not indicate in all
cases availability for adherence to polystyrene, as was illus-
trated for strain E1176. This could be the result of shielding of
Esp by other surface structures, like polysaccharide capsules.
In general, however, the amount of surface-exposed Esp cor-
relates well with the ability to adhere to polystyrene and de-
velop biofilm.

Temperature-dependent regulation of expression, as shown
for Esp in E. faecium, is a characteristic feature of pathogens
alternating between a vector or an environmental reservoir and

FIG. 3. Temperature-dependent expression of cell wall-associated Esp of E. faecium. Shown are the means of the mean FL1 from three
independent experiments. Bacteria listed were grown on SRA for 72 h at 21°C (open bars) or 18 h at 37°C (dashed bars). Error bars denote
standard deviations. �, P 	 0.05; ��, P 	 0.005; and ���, P 	 0.0001.

FIG. 4. Effect of anaerobiosis on the expression of cell wall-associated Esp of E. faecium. Shown are the means of the mean FL1 from three
independent experiments. Bacteria listed were grown on SRA for 18 h at 37°C under aerobic (open bars) or anaerobic (dashed bars) conditions.
Error bars denote standard deviations. ��, P 	 0.005.
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a mammalian host. Pathogens like Bordetella, Borrelia, Clos-
tridium, Escherichia, Salmonella, Shigella, Vibrio, and Yersinia
spp. (14, 15) respond to temperature transitions by inducing
the expression of temperature-regulated genes that often en-
code virulence factors. E. faecium shares these ecological fea-
tures. Besides being a common colonizer of the gastrointestinal
tracts of humans and animals, it is also able to survive, for
prolonged periods of time, in environmental reservoirs, both
outside hospitals (in soil and sewage) and inside hospitals (on
thermometers, bed rails, over-the-bed tables, bed linen, uri-
nals, bedpans, hands of health care workers, and patients’ skin)
(3). We postulate that growth temperature-dependent expres-
sion of Esp is a niche-dependent adaptation mechanism of E.
faecium. As such, Esp may contribute to the early stages of
colonization and subsequent infection.

Furthermore, in five of six esp-positive strains, Esp expres-
sion increased under anaerobic conditions. E. faecium is a

facultative anaerobic bacterium, which allows the bacterium to
alternate between environmental reservoirs and its host. In E.
faecalis, up-regulation of household genes and the virulence
factor cytolysin were found under anaerobic conditions (5, 33).
Our observation that Esp expression is up-regulated under
anaerobic conditions once more suggests a role for Esp in the
early stages of E. faecium colonization and infection.

Within hospital settings, enterococci have been described as
triple-threat pathogens combining characteristics of Enterobac-
tericeae (i.e., gut colonization), Staphylococcus aureus (i.e., skin
colonization), and Clostridium difficile (prolonged survival on
inanimate environments) (3). The combination of skin coloni-
zation and survival on inanimate environments has probably
been instrumental in the rapid nosocomial spread of these
bacteria. Furthermore, extensive colonization of the skin is an
important risk for the development of intravascular-device-
related infections and subsequent bacteremia, which are

FIG. 5. Histograms showing the Esp-specific binding of the rabbit polyclonal anti-Esp serum. Strains were grown for 18 h on SRA at 37°C. E470 was
incubated with anti-Esp (
-Esp) serum pretreated with increasing amounts of rN-Esp. As negative controls, E135 (esp negative) incubated with the
anti-Esp serum and E470 incubated with pooled rabbit preimmune serum (Prs) were used. On the x axis, the mean fluorescence (mean FL1) is indicated.

FIG. 6. Correlation between Esp expression and initial adherence to polystyrene. Difference in Esp expression and adherence between bacteria
grown at 21°C and 37°C are indicated at the x and y axes, respectively. Error bars denote standard deviations.

VOL. 75, 2007 GROWTH TEMPERATURE-DEPENDENT EXPRESSION OF Esp 929



among the most frequently occurring enterococcal infections
(7). Migration of bacteria from the skin along the catheter into
the bloodstream, accompanied by a shift in temperature from
21°C to 37°C, might be the signal for E. faecium to up-regulate
Esp expression, which will result in initial adherence to the
catheter and subsequent biofilm development. Once part of a
biofilm on the surface of an invasive medical device, bacterial
cells are shielded against the detrimental activities of the host
immune response and antibiotics (8, 10, 11).

Whether Esp in E. faecium serves as an adhesin to abiotic
materials or is involved in colonization remains to be deter-
mined. Esp-positive blood isolates adhered well to Caco-2 hu-
man colon cancer cells (19), suggesting a role for Esp in gut
colonization. In contrast, in E. faecalis, Esp appeared not to be
instrumental in a mouse intestinal colonization model (26).

In this study, we have shown that Esp is expressed on the
surface of E. faecium and that Esp expression may vary

considerably between esp-positive isolates, which may ex-
plain previous conflicting results on the relation between esp
and adherence or biofilm formation. For the first time, we
demonstrated, quantitatively, that Esp expression levels cor-
relate with initial adherence to polystyrene and biofilm for-
mation. Furthermore, it was shown for the first time that E.
faecium senses and responds to environmental changes.
These findings support the idea of a role for Esp in the early
stages of E. faecium colonization. Naturally, definitive
claims of Esp functions await conformation of our findings
with esp knockout strains. Until now, we and others have not
been successful in constructing an esp knockout strain of E.
faecium. Recent findings reported by Nallapareddy et al.
(23) on improved temperature-sensitive vectors with which
acm mutations were constructed in poorly transformable
clinical E. faecium strains might be instrumental in over-
coming this problem.

FIG. 7. Correlation between Esp expression and biofilm formation. The x axis indicates the Esp expression at 0 h (t � 0), and the y axis indicates
the biofilm development measured after 24 h. Error bars denote standard deviations.

FIG. 8. Inhibition of initial adherence of E. faecium to polystyrene by the N-terminal Esp domain. The ability to block initial adherence by
N-terminal Esp was studied using two different strains. Prior to the assay, strains were grown at different temperatures, and in the assay different
bacterial concentrations were used. Diamonds, 5 � 107 CFU of E470 grown at 37°C; squares, 2.5 � 107 CFU of E470 grown at 37°C; triangles,
1.25 � 107 CFU of E470 grown at 37°C; circles, 5 � 107 CFU of E470 grown at 21°C; asterisks, 5 � 107 CFU of E135 grown at 37°C.
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