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Enterococcus faecalis is a gram-positive opportunistic pathogen known to form biofilms in vitro. In addition,
this organism is often isolated from biofilms on the surfaces of various indwelling medical devices. However,
the molecular mechanisms regulating biofilm formation in these clinical isolates are largely unknown. Recent
work has suggested that a specific cell surface protein (Esp) of E. faecalis is critical for biofilm formation by
this organism. However, in the same study, esp-deficient strains of E. faecalis were found to be capable of biofilm
formation. To test the hypothesis that Esp is dispensable for biofilm formation by E. faecalis, we used microtiter
plate assays and a chemostat-based biofilm fermentor assay to examine biofilm formation by genetically
well-defined, non-Esp-expressing strains. Our results demonstrate that in vitro biofilm formation occurs, not
only in the absence of esp, but also in the absence of the entire pathogenicity island that harbors the esp coding
sequence. Using scanning electron microscopy to evaluate biofilms of E. faecalis OG1RF grown in the fermentor
system, biofilm development was observed to progress through multiple stages, including attachment of
individual cells to the substratum, microcolony formation, and maturation into complex multilayered struc-
tures apparently containing water channels. Microtiter plate biofilm analyses indicated that biofilm formation
or maintenance was modulated by environmental conditions. Furthermore, our results demonstrate that
expression of a secreted metalloprotease, GelE, enhances biofilm formation by E. faecalis. In summary, E.
Jaecalis forms complex biofilms by a process that is sensitive to environmental conditions and does not require
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the Esp surface protein.

Surface-associated bacterial growth is ubiquitous, occurring
in any nutrient-sufficient natural, industrial, or medical ecosys-
tem (5). Despite the ubiquity of surface-associated growth,
until relatively recently the genetics and physiology of bacteria
inhabiting this unique ecological niche remained unknown. It
has now become clear that surface-associated bacteria exist in
complex microbial communities, known as biofilms, which are
typically encased in a self-produced extracellular polymeric
matrix (for reviews, see references 5 and 42). Osmolarity, nu-
trient concentration and composition, and other nascent envi-
ronmental conditions influence the formation of surface-ad-
herent biofilms by diverse bacterial species (22, 25, 29, 32, 35,
46). In a clinical setting, biofilms have been implicated as
etiological agents of chronic infection (6, 11, 26). Biofilm bac-
teria are differentiated from their free-swimming (planktonic)
counterparts, exhibiting biofilm-specific phenotypes such as
enhanced tolerance to antibiotic treatment and increased lev-
els of genetic exchange (reviewed in reference 42). Further-
more, many studies have documented biofilm-specific patterns
of gene expression or protein production, leading to the pro-
posal that biofilm formation by planktonic bacteria represents
a form of microbial development (reviewed in references 28
and 42).

In support of this hypothesis, mutations that interfere with
the function of cell density signaling systems lead to alterations
of mature biofilm architecture in diverse bacterial species, sug-
gesting that an orchestrated program of changes in gene ex-
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pression occurs during the formation of mature biofilms. For
example, the Pseudomonas aeruginosa lasl gene product cata-
lyzes the production of an acylhomoserine lactone signaling
molecule that is required for the expression of a number of
virulence genes and which was also found to be required for
development of typical mature biofilm architecture by P.
aeruginosa, at least under certain environmental conditions (8).
Studies of biofilm formation by the oral bacterium Streptococ-
cus mutans yielded similar results: a mutant unable to produce
the competence-stimulating peptide required to signal the de-
velopment of natural genetic competence in streptococci was
found to form biofilms with an altered architecture (24). Thus,
cell density-dependent signaling systems appear to trigger
changes in gene expression required for proper biofilm devel-
opment by distantly related bacteria.

Enterococcus faecalis is a gram-positive commensal bacte-
rium normally associated with humans as a member of the
intestinal microflora (43). However, E. faecalis is also an op-
portunistic pathogen of increasing clinical significance, partic-
ularly as an etiological agent of nosocomial infections (36).
The intrinsic antibiotic resistance of enterococci, coupled with
their promiscuity in acquisition and dissemination of geneti-
cally mobile antibiotic resistance elements, presents serious
challenges to the treatment of enterococcal infections.

Infection-derived isolates of E. faecalis have been shown to
form biofilms in vitro (3, 38, 44). Furthermore, E. faecalis is
often isolated from biofilms on the surfaces of various indwell-
ing medical devices associated with chronic infection (10, 11).
However, because these clinical isolates are usually not char-
acterized at the genetic level, little is known about the genetic
determinants or molecular mechanisms regulating biofilm for-
mation by E. faecalis. E. faecalis biofilms grown in vitro have
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been observed to exhibit phenotypic properties similar to bio-
films of other organisms. For example, using an in vitro per-
fused biofilm system, Foley and Gilbert established that E.
faecalis biofilms exhibit enhanced tolerance to vancomycin and
teicoplanin (16). The enhanced antibiotic tolerance resulting
from growth in a biofilm state, coupled with the intrinsic an-
tibiotic resistance of the organism as well as its propensity to
serve as a reservoir for the dissemination of antibiotic resis-
tance genes, suggests that biofilm formation of E. faecalis in a
hospital setting may be particularly problematic.

Although the genetic basis of biofilm formation by E. faecalis
is largely unknown, a recent study suggested that a specific cell
surface protein (Esp) is critical for biofilm formation by this
organism (44). Esp exhibits overall sequence similarity to Bap,
a surface protein of Staphylococcus aureus previously reported
to be involved in biofilm formation (7). Toledo-Arana et al.
used an esp-specific PCR assay to determine if the esp gene was
present in 152 clinical isolates of E. faecalis, which were eval-
uated for biofilm formation by use of a polystyrene microtiter
plate biofilm assay (44). The authors reported a significant
correlation between the presence of esp and the capacity to
form biofilms in their microtiter assay, suggesting that Esp is
involved in biofilm formation by this organism. However, in the
same report, two esp-deficient mutants of E. faecalis were con-
structed and found to be fully capable of biofilm formation.
Furthermore, Sandoe et al. recently evaluated 70 bloodstream
isolates of E. faecalis in culture media distinct from those used
by Toledo-Arana et al., using a microtiter plate assay, and
found no association between the presence of esp and biofilm-
forming ability (38). Therefore, we hypothesized that Esp is
not critical for biofilm formation but that additional, unknown
genetic determinants control biofilm formation by E. faecalis.

To test this hypothesis, we investigated biofilm formation by
several genetically well-characterized esp-negative strains of E.
faecalis. Using a chemostat-based biofilm fermentor system
and a microtiter plate biofilm system, we established that mul-
tiple esp-negative strains are capable of biofilm formation and
that E. faecalis biofilm development is influenced by the pre-
vailing environmental conditions. A secreted protease, GelE,
was found to enhance biofilm formation by E. faecalis. Our
results further suggest that biofilm formation by E. faecalis, as
for other organisms, is controlled by multiple partially over-
lapping regulatory pathways.

MATERIALS AND METHODS

Bacterial strains, growth media, plasmids, and genetic methods. E. faecalis
strains OGIRF (13, 17), JH2 (21), V583 (30, 37), MMH59%4 (19, 40), TX5243
(34), and TX5264 (41) have been described. Their relevant properties are de-
scribed in the text. Bacteria were stored at —80°C in Todd-Hewitt broth (THB;
prepared according to the manufacturer’s instructions) supplemented with 30%
glycerol. Unless otherwise indicated, all culture media were from Difco and all
chemicals were from Sigma. Culture media were as follows: Trypticase soy broth
without dextrose (TSB; BBL), prepared according to the manufacturer’s instruc-
tions, without additional exogenous carbohydrate; M17 broth (M17), prepared
according to the manufacturer’s instructions, without additional exogenous car-
bohydrate; brain heart infusion (BHI) medium, prepared according to the man-
ufacturer’s instructions; Todd-Hewitt yeast extract broth (THYE), prepared as
for THB plus 0.3% yeast extract; and MOYE medium (14), a semidefined M9-
based medium supplemented with 0.3% yeast extract and 1% Casamino Acids.

Plasmid pMSP3535 is an expression vector containing a nisin-inducible pro-
moter (4). Plasmid pMSP3614 is a derivative of pMSP3535 carrying cloned gelE
from strain OGIRF (45), expressed under the control of the nisin-inducible
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promoter. Transformation of E. faecalis was carried out as previously described
(1). When it was required to select for plasmid-bearing E. faecalis, erythromycin
was included in culture media at 10 pwg/ml. Nisin was included in culture media
at 25 ng/ml when required for induction of gelE expression. Expression of GelE
was evaluated by culturing strains on THB agar plates containing 3% gelatin at
37°C, as previously described (45).

Biofilm formation in the chemostat-based biofilm fermentor. Biofilms of E.
faecalis OGIRF were grown in the chemostat-based biofilm fermentor and
analyzed as previously described for S. mutans (23). Briefly, THYE diluted
fourfold and supplemented with 0.01% hog gastric mucin (type III; Sigma) was
used to cultivate OGIRF at a dilution rate D of 0.1 h™! at 37°C and pH 7.0.
When the culture reached a steady state (at least 10 mean generation times or 4
days at D = 0.1 h™'), glass rods were aseptically inserted into the fermentor
(approximately 4.4-cm? surface area per rod immersed in fluid medium) for the
initiation of biofilm formation. At intervals thereafter, biofilms were quantified
by withdrawal of the glass rods followed by sonication in phosphate-buffered
saline to remove bacteria from the rod surface and enumeration of viable CFU
in the resulting cell suspension. Scanning electron microscopy (SEM) of intact
biofilms on unsonicated glass rods was performed as previously described (23).

Microtiter plate assay for biofilm formation. Polystyrene microtiter plates
were used to evaluate biofilm formation of E. faecalis, as previously described for
other gram-positive cocci (2, 18, 24, 25, 31), with slight modifications. A test
strain was cultivated overnight in THB at 37°C. A portion of the overnight
culture was diluted 100-fold in fresh culture medium, as required for a particular
experiment, and 0.1-ml aliquots were dispensed into the wells of a 96-well
flat-bottomed polystyrene microtiter plate (Corning 3595). When indicated for a
particular experiment, fresh culture medium was either diluted fourfold with
sterile water, mixed with cell-free conditioned culture supernatants, or supple-
mented with glucose or sodium chloride (NaCl) prior to the addition of bacteria.
Unless otherwise indicated, microtiter plates were incubated aerobically at 37°C
without agitation for the specified amount of time to allow bacterial growth and
biofilm formation. At the desired times, planktonic cells were routinely removed
for determination of cell density at 600 nm, and the plates were washed with
distilled water three times by use of a multichannel handheld microplate washer
(Bio-Tek Instruments) to remove any remaining nonadherent cells. After drying
of the microtiter plates in air at room temperature, the adherent biofilms were
stained for 20 min at room temperature with 0.1% safranin. The plates were then
washed five times as described above and dried in air at room temperature.
Subsequently, the absorbance of the biofilm on the bottom surface of each well
of the dried plates was determined at 490 nm using an enzyme-linked immu-
nosorbent assay microplate reader. All experiments included a blank well (cul-
ture medium without any bacteria) and seven replicate experimental wells. All
experiments were repeated independently on different days a minimum of three
times each, with similar results.

Preparation of conditioned medium supernatants. For preparation of condi-
tioned medium supernatants, a test strain was cultivated overnight in THB at
37°C. A portion of the overnight culture was diluted 100-fold in fresh M17 and
incubated at 37°C without shaking for 24 h. The resulting cell suspension was
centrifuged for 2 min at 13,000 X g in a microcentrifuge to pellet the cells. The
supernatant was passed through a 0.45-um-pore-size Tuffryn syringe filter
(Gelman) to yield a sterile conditioned culture supernatant that was subse-
quently added directly to fresh M17 to produce a final concentration of 80%
fresh to 20% conditioned M17. This mixture was then used as a culture medium
for biofilm formation.

For specific experiments, OGIRF-conditioned M17 was subjected to one of
several experimental treatments prior to mixing with fresh M17. These treat-
ments consisted of heat treatment of an aliquot of conditioned M17 in a water
bath at either 55 or 80°C for 10 min or, alternatively, fractionation of the
OG1RF-conditioned M17 with a Microcon YM10 centrifugal filtration device
(Millipore) by centrifugation at 13,000 X g for 30 min at room temperature. This
procedure yielded the flowthrough fraction (composed of OG1RF-conditioned
M17 components that were smaller than approximately 10 kDa) and the retained
fraction, or retentate (composed of OG1RF-conditioned M17 components that
were larger than approximately 10 kDa). Because the contents of the retentate
fraction had been concentrated approximately 16-fold during centrifugation,
sterile water was added to restore the retentate fraction to the original volume
prior to mixing with fresh M17.

Determination of the presence of esp. A PCR assay which was previously used
for epidemiology of the esp gene in clinical isolates of E. faecalis (40) was used
to assess whether the E. faecalis strains evaluated in this study carried the esp
gene. It is important that the presence or absence of esp in these strains has been
previously reported by other investigators, and as such, our assays served pri-
marily to confirm these findings. Briefly, template DNA was obtained by use of
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FIG. 1. Quantitation of biofilm development by E. faecalis OG1RF
in the chemostat-based biofilm fermentor. Biofilms were grown as
described in Materials and Methods. Surface-adherent CFU were enu-
merated at intervals during growth of biofilms on glass rods inserted
into the fermentor. The results are expressed as the mean CFU *
standard deviations per cm? of glass surface.

the DNEasy tissue kit (Qiagen). For isolation of chromosomal DNA, test strains
were cultivated overnight in THB at 37°C without shaking and processed ac-
cording to the manufacturer’s instructions for gram-positive organisms. Subse-
quently, 1 pl of the purified DNA was added to a PCR as the source of template.
Three esp-specific primer sets were used to test for the presence of the esp gene:
espll-espl2, esp2-esp3, and esp46-esp47 (40). As a control for the quality of
each template preparation, an unrelated 0.8-kb fragment of the E. faecalis chro-
mosome was successfully amplified in parallel. A portion of each reaction was
analyzed by electrophoresis on a 1% agarose gel and staining with ethidium
bromide.

RESULTS

To evaluate the ability of esp-negative E. faecalis to form
biofilms, we chose to analyze the well-characterized plasmid-
free strain OG1RF. This strain has been used extensively to
study the genetics of pheromone-responsive conjugative plas-
mid transfer (12, 15) as well as cell density-dependent control
of extracellular protease expression (33, 34). OG1RF was pre-
viously found to lack the recently identified E. faecalis patho-
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genicity island harboring the coding sequence for Esp (39).
Consistent with that result, we were unable to generate any
esp-specific PCR amplification products from OGIRF chro-
mosomal DNA (data not shown) with a PCR assay designed to
detect the presence of esp (40).

We used a chemostat-based biofilm fermentor to analyze
biofilm formation by E. faecalis OG1RF growing under condi-
tions of continuous culture, as previously described for S. mu-
tans (23). Insertion of glass rods into the fermentor provided
surfaces for biofilm formation. At specified intervals, rods were
withdrawn from the biofilm chamber and surface-adherent
bacteria were removed by sonication for enumeration of CFU,
revealing that OG1RF formed dense biofilms of >10° CFU/
cm? within 24 h of growth (Fig. 1). This biofilm density is
100-fold higher than the biofilm density achieved by S. mutans
under identical conditions (23), suggesting that E. faecalis
OGI1REF is particularly competent at growth in a biofilm state.

The process of biofilm formation is often characterized as
proceeding temporally through a series of defined stages, in-
cluding initial bacterial attachment to the substratum, micro-
colony formation, and maturation into complex three-dimen-
sional structures, which typically contain void spaces described
as water channels (5, 42). We used SEM to monitor the struc-
ture of OG1RF biofilms grown in the biofilm fermentor as a
function of time (Fig. 2). The results show that biofilm forma-
tion by OG1RF progresses through each of the typical biofilm
stages: initial attachment of individual cells (Fig. 2, 4 h), mi-
crocolony formation (Fig. 2, 8 h), and development into a
mature biofilm with complex architecture containing void
spaces, presumably corresponding to water channels (Fig. 2,
20 h). Thus, E. faecalis OGIREF is fully capable of forming
dense biofilms that exhibit typical biofilm architecture in the
absence of esp.

Microtiter plate biofilm assays have been used for many
years to evaluate biofilm formation by a wide variety of organ-
isms (18, 24, 25, 29), including clinical isolates of E. faecalis (3,
38, 44). The microtiter plate method utilizes cells grown in
batch culture and incubated under static conditions for biofilm

FIG. 2. Analysis by SEM of biofilm development by E. faecalis OGIRF in the chemostat-based biofilm fermentor. Glass rods carrying biofilms
were removed from the fermentor at the indicated times and processed for SEM. Biofilm growth and processing for microscopy were done as

described in Materials and Methods.



VoL. 186, 2004

growth. In contrast, the biofilm fermentor uses continuously
grown cultures subjected to conditions of bulk medium flow for
biofilm growth. As a result, bacteria in the microtiter plate
assay experience a different chemical and physical environment
that may affect their ability to form a biofilm. Therefore, we
wanted to evaluate the ability of OGIRF to form biofilms
under the distinct conditions found in the microtiter plate
system. OG1RF cultures were grown in flat-bottomed 96-well
microtiter plates using a variety of laboratory culture media. At
intervals after inoculation of the cultures, planktonic cells were
removed and the surface-adherent biofilms were washed and
stained with safranin. After removal of excess safranin by
washing, the density of the stained biofilm on the bottom of the
microtiter well (reflecting the biomass present in the biofilm)
was determined by measuring the absorbance at 490 nm. By
this method, biofilm formation by OGIRF was observed to
occur predominantly on the bottom of the microtiter wells
(Fig. 3A), as has been observed with biofilms of other gram-
positive cocci (18, 24, 25).

Microtiter plate analyses of biofilm accumulation as a func-
tion of time revealed that OG1RF exhibited two distinct phe-
notypes, depending on the growth medium in which biofilms
formed (Fig. 3). Biofilm accumulation in TSB, M17, and
MYYE media progressed steadily during the first 6 to 8 h of
growth. At that time, further accumulation of OG1RF biofilm
slowed and gradually achieved a plateau of biofilm density
(Fig. 3B). Thereafter, the biofilm density was essentially main-
tained at a constant level for the duration of the experiment
(up to 48 h). On the other hand, OG1REF biofilm accumulation
in THYE and BHI media progressed steadily for the first 4 h
of growth but then abruptly ceased (Fig. 3C). Thereafter, the
density of the nascent biofilm immediately began to decrease,
reflecting the loss of preformed biofilm from the polystyrene
surface in the microtiter plate wells. Thus, certain environmen-
tal conditions promoted long-term biofilm formation and
maintenance in the microtiter assay, whereas other conditions
led initially to biofilm formation but did not support long-term
biofilm maintenance. These results suggest that OG1RF senses
its physiological state or the existing environmental conditions
and uses this information to modulate biofilm formation and
maintenance.

The facile recovery of E. faecalis from the surfaces of various
indwelling medical devices in the clinical setting (10, 11) sug-
gests that the ability to form biofilms is common to most
isolates of E. faecalis. To determine if characterized strains of
E. faecalis other than OGIRF also exhibit biofilm formation,
we used the microtiter plate assay to evaluate biofilm forma-
tion by three additional, independent isolates of E. faecalis: (i)
strain JH2, a plasmid-free isolate, known to be naturally defi-
cient in the production of a secreted metalloprotease (GelE)
(21) (JH2, like OG1REF, has been used to study the transfer of
pheromone-responsive conjugative plasmids [20]); (ii) strain
V583, a vancomycin-resistant clinical isolate whose genome
sequence has been determined (30); and (iii) strain MMHS594,
a virulent clinical isolate responsible for a hospital ward infec-
tious outbreak in the mid-1980s (19), which harbors a complete
copy of the only known E. faecalis pathogenicity island (39). Of
these three isolates, MMHS594 was previously shown to be esp
positive (40), V583 was shown to be esp negative (39), and JH2
is thought to be esp negative. Our PCR analysis of chromo-
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FIG. 3. Biofilm development by E. faecalis OGIRF in the wells of
microtiter plates. The experiment was performed as described in Materi-
als and Methods. All quantitative data are presented as the mean absor-
bance values for seven replicate wells + standard deviations from a rep-
resentative experiment. (A) Image of representative stained biofilms of
OGIRF formed in the wells of microtiter plates after 24 h of growth.
Culture media were as follows: column 1, TSB; column 2, M17; column 3,
BHI medium; column 4, THYE; column 5, MOYE. (B) OG1RF biofilm
accumulation over time in culture media that support the formation and
maintenance of biofilms. Diamonds, TSB; squares, M17; triangles,
MOYYE. (C) OGI1REF biofilm accumulation over time in culture media that
support initial biofilm formation but not extended biofilm maintenance.
Diamonds, BHI medium; squares, THYE.

somal DNA from these strains yielded amplification products
of the expected sizes from the MMHS594 template, but no
amplification products from the V583 or JH2 template (not
shown), confirming the presence of esp in MMH594 and indi-
cating its absence in V583 and JH2.
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FIG. 4. Biofilm development by various strains of E. faecalis in the
wells of microtiter plates. The experiment was performed as described
in Materials and Methods. All data are presented as the mean absor-
bance values for seven replicate wells + standard deviations from a
representative experiment. Diamonds, OGIRF; solid squares, JH2;
triangles, V583; open squares, MMH594. (A) Biofilm accumulation in
TSB. (B) Biofilm accumulation in M17. (C) Biofilm accumulation in
THYE.

Microtiter plate analyses of biofilm formation by these
strains as a function of time revealed that V583 and MMH59%4
exhibited biofilm formation phenotypes which were very simi-
lar to each other and which closely mimicked those of OG1RF,
although with a slightly reduced magnitude (Fig. 4). Thus,
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these independent clinical isolates not only exhibited the abil-
ity to form biofilms but also retained the medium-dependent
biofilm formation and maintenance phenotypes observed with
OGI1REF, indicating that the behavior of biofilm formation and
the mechanisms in place for its control likely are common to
most isolates of E. faecalis. JH2 was poor at forming biofilms in
most growth media in which it was evaluated.

Previous work has indicated that the availability of nutrients
is one of several factors modulating biofilm formation by var-
ious bacterial species (22, 25, 29, 32, 46). Furthermore, our
results with laboratory media of different compositions suggest
that nutrient availability or composition may be involved in
regulating biofilm formation, maintenance, or detachment by
E. faecalis (Fig. 3). To test whether nutrient concentration
affects biofilm formation by E. faecalis, we used the microtiter
plate assay to grow biofilms of OGIRF in M9YE medium
supplemented with increasing concentrations of glucose. Be-
cause the total yield of cells after 24 h of growth varied de-
pending on the glucose concentration in the medium, direct
comparison of the biofilm accumulation under these disparate
conditions does not reflect only the biofilm-forming ability of
the bacteria subjected to a given growth condition; rather, the
biofilm accumulation reflects a composite measure of both the
ability of the bacteria to form a biofilm and the ability of the
bacteria to generate additional biomass (through cell dou-
blings) from a given amount of nutrients. In other words, when
comparing biofilm accumulation under growth conditions in
which biomass yield is drastically different, the proportion of
total biomass that is found in the biofilm is a better measure for
comparing biofilm formation than the raw biofilm accumula-
tion. Therefore, for these experiments we expressed biofilm
accumulation as a “biofilm index,” for which the biofilm den-
sity (A490) Was normalized to the total cell yield (A4) in a
given growth medium, to produce a relative measure of the
tendency of bacteria to engage in biofilm formation. A similar
normalization procedure has been used previously to charac-
terize biofilm formation by Staphylococcus epidermidis (9). The
results in Fig. 5SA show that as the glucose concentration of the
growth medium decreases, the biofilm indices for OG1RF in-
crease, indicating that the relative tendency of OG1RF to form
biofilms in nutrient-rich environments is reduced compared
with its tendency in nutrient-poor environments. A similar
trend was observed during biofilm formation by strains V583
and MMHS594 (not shown).

To determine if a similar effect of nutrient concentration
modulated biofilm formation in other disparate growth media,
we used microtiter plate assays to evaluate the effect of nutri-
ent dilution in complex laboratory media. Biofilm accumula-
tion was assessed for OG1RF grown in complex media pre-
pared according to standard recipes or in the same media
diluted to 1/4 strength with sterile water. The results showed
that nutrient dilution leads to increases in the biofilm index for
most media tested (not shown), consistent with the results
described above. A similar trend was observed during biofilm
formation of strain V583 (not shown), suggesting that the
molecular mechanism mediating the enhancement of biofilm
accumulation in nutrient-poor media is conserved in indepen-
dent strains.

In addition to nutrient availability, other environmental fac-
tors, including the osmolarity of the growth medium, are
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FIG. 5. Effect of environmental conditions on biofilm formation of
OGIRF. (A) Effect of nutrient concentration on biofilm formation.
Biofilms were grown in microtiter plates for 24 h in MOYE supple-
mented with the indicated concentration of glucose, as described in
Materials and Methods. All data are presented as the mean values of
seven replicates * standard deviations from a representative experi-
ment. (B) Effect of medium osmolarity on biofilm formation. Biofilms
were grown in microtiter plates for 24 h in M9YE supplemented with
the indicated concentration of NaCl, as described in Materials and
Methods. All data are presented as the mean absorbance values for
seven replicate wells = standard deviations from a representative ex-
periment.

0.5 1 2 3

known to affect biofilm formation by diverse bacterial species
(25, 29, 35). Using microtiter plate assays, we evaluated the
effect of increasing NaCl concentrations in various media on
biofilm formation by OG1RF. The results shown in Fig. 5B
demonstrate that biofilm formation was abolished by growth in
a medium with high osmolarity, despite the fact that the total
yield of cells was not affected by growth in the presence of
increased amounts of NaCl, suggesting that E. faecalis moni-
tors the environmental conditions and modulates biofilm for-
mation in response. Biofilm formation was also abolished when
cells were grown in various complex media supplemented with
3% NaCl (not shown), indicating that this is not a medium-
dependent phenomenon. A similar phenotype was observed
during biofilm formation of strains V583 and MMH594 (not
shown).

Diffusible, self-produced extracellular signaling molecules
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FIG. 6. Characterization of biofilm-promoting activity found in
spent culture supernatants of OG1RF. Biofilms were grown in micro-
titer plates for 24 h as described in Materials and Methods. All data are
presented as the mean absorbance values for seven replicate wells +
standard deviations from a representative experiment. Column 1, bio-
film of OG1RF in 100% fresh M17; column 2, biofilm of JH2 in 100%
fresh M17; column 3, biofilm of JH2 in 80% fresh M17 and 20%
OG1RF-conditioned M17; column 4, biofilm of JH2 in 80% fresh M17
and 20% JH2-conditioned M17; column 5, biofilm of JH2 in 80% fresh
M17 and 20% heat-treated OG1RF-conditioned M17 (55°C for 10
min); column 6, same as column 5, but with heating at 80°C for 10 min;
column 7, biofilm of JH2 in 80% fresh M17 and 20% OG1RF-condi-
tioned M17 (YM10 flowthrough fraction); column 8, biofilm of JH2 in
80% fresh M17 and 20% OG1RF-conditioned M17 (YM10 retentate
fraction); column 9, biofilm of JH2 in 80% fresh M17 and 20%
TX5264-conditioned M17 (gelE sprE™); column 10, biofilm of JH2 in
80% fresh M17 and 20% TX5243-conditioned M17 (gelE™ sprE).

are known to control the development of mature biofilm ar-
chitecture in diverse bacterial species (8, 24). In an attempt to
identify a soluble biofilm-promoting factor from E. faecalis, we
took advantage of the observation that strain JH2 was poor at
forming biofilms in M17 (Fig. 4). We assayed cell-free, condi-
tioned-medium supernatants from biofilm-forming cultures of
OGIREF for the ability to enhance biofilm formation by JH2.
Sterile, conditioned supernatants from OGIRF or JH2 were
added to fresh M17 at 20% (vol/vol), and the resulting media
were used as substrates for biofilm formation by JH2 in the
microtiter plate assay. Although JH2-conditioned supernatant
had no effect on JH2 biofilm formation, the OG1RF-condi-
tioned culture supernatant was able to enhance biofilm forma-
tion by JH2 4.5-fold (Fig. 6), indicating that the OGI1RF-
conditioned supernatant contained biofilm-promoting activity.
The OG1RF-conditioned supernatant did not, under any con-
ditions tested, fully restore biofilm formation by JH2 to a level
similar to that observed with OG1RF.

In order to determine the identity of the biofilm-promoting
activity, we performed a preliminary characterization of its
properties. Heating of the OG1RF-conditioned supernatant
for 10 min at 80°C resulted in a substantial loss of biofilm-
promoting activity from the conditioned supernatant (Fig. 6),
suggesting that the activity is proteinaceous in nature. To es-
timate the approximate molecular mass of the biofilm-promot-
ing protein, we used Microcon centrifugal filtration devices to
fractionate the OG1RF-conditioned supernatant. The majority
of the biofilm-promoting activity was retained by a YM-10
membrane (Fig. 6), suggesting that the apparent molecular
mass of the activity is greater than the exclusion limit of the
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filter (10 kDa). Such a large apparent molecular mass is con-
sistent with the possibility that the biofilm-promoting activity is
a protein.

A recent report demonstrated that a secreted metallopro-
tease of E. faecalis, GelE, performs a variety of extracellular
functions, such as degradation of misfolded surface proteins
and determination of supernatant pheromone levels (45).
These authors also found that GelE contributes to the deter-
mination of cellular chain length of strain OG1RF. To explain
this observation, they suggested that GelE proteolytically acti-
vates one or more cell wall hydrolases responsible for pepti-
doglycan cleavage required for cell separation. The apparent
involvement of GelE in a wide variety of extracellular biolog-
ical processes, in combination with our previous observations
that the biofilm-promoting activity found in OG1RF-condi-
tioned supernatants exhibited properties consistent with those
of a protein, led us to hypothesize that GelE itself was the
biofilm-promoting protein found in OG1RF-conditioned su-
pernatants. This hypothesis was consistent with the observation
that strain JH2, which is known to be Gel, was poor at
forming biofilms (Fig. 4). To test this hypothesis, we prepared
a conditioned supernatant from strain TX5264, an isogenic
mutant of OG1RF carrying an in-frame deletion of most of the
gelE gene, and tested this supernatant for the presence of
biofilm-promoting activity. As a control, we also tested a con-
ditioned supernatant from strain TX5243, an isogenic deriva-
tive of OG1RF carrying an insertion mutation in sprE, a se-
creted serine protease encoded immediately downstream from
gelE. The results shown in Fig. 6 demonstrate that the condi-
tioned supernatant from the sprE mutant possesses essentially
100% of the biofilm-promoting activity found in the condi-
tioned supernatant from OGI1RF, whereas the conditioned
supernatant from the gelE mutant lacks the majority of the
biofilm-promoting activity. Thus, our results indicate that the
GelE protease is responsible for the biofilm-promoting activity
found in OG1RF-conditioned supernatants.

If GelE enhances biofilm formation by E. faecalis, then het-
erologous expression of GelE in the Gel  strain JH2 might be
expected to restore biofilm formation to this biofilm-deficient
isolate. To test this hypothesis, we used plasmid pMSP3614,
carrying a cloned version of OG1RF gelE under the control of
a nisin-inducible promoter (45), to express gelE in JH2. An
agar plate-based assay confirmed that GelE was efficiently se-
creted from this strain in the presence of inducer (not shown).
Using the microtiter plate assay to evaluate biofilm formation
by this strain, we found that biofilm formation was partially
restored in an inducer-dependent manner (Fig. 7), consistent
with our previous results implicating GelE in enhancement of
JH2 biofilm formation.

To determine if GelE also enhances biofilm formation of
OG1REF, we used the microtiter plate assay to monitor biofilm
accumulation by the isogenic gelE mutant of OGIRF
(TX5264). A slight defect in biofilm accumulation, relative to
OGIREF, was observed when cells were cultivated in TSB (Fig.
8), consistent with a role for GelE in promoting biofilm for-
mation. Biofilms of the ge/E mutant (TX5264) accumulated to
a significantly higher level than those of JH2, suggesting that
although GelE contributes to biofilm formation, OG1RF pos-
sesses at least one GelE-independent pathway that leads to
development of biofilms. Because JH2 is unable to form bio-
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FIG. 7. Expression of gelE in JH2 partially rescues its biofilm for-
mation defect. Biofilms were grown in microtiter plates for 24 h as
described in Materials and Methods. All data are presented as the
mean absorbance values for seven replicate wells = standard devia-
tions from a representative experiment. OGI1RF or JH2 containing
either a plasmid harboring a cloned, nisin-inducible copy of gelE
(pPMSP3614) or the parental plasmid lacking gelE (pMSP3535) was
grown in the absence (black bars) or presence (white bars) of nisin to
induce gelE expression.

films comparable to those of TX5264 under identical condi-
tions, it appears that JH2 possesses at least one deficiency, in
addition to its Gel™ phenotype, that contributes to its biofilm-
defective phenotype.

DISCUSSION

The results presented here demonstrate that E. faecalis is
fully capable of biofilm formation in the absence of the esp
gene and, indeed, in the absence of the entire E. faecalis patho-
genicity island previously identified for MMH594. In fact, al-
though several strains examined in this report are not isogenic,
our results suggest that the presence of this pathogenicity is-
land (with or without the gene encoding Esp) does not confer
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FIG. 8. An isogenic ge/lE mutant of OG1RF exhibits a defect in
biofilm formation. Biofilms were grown in TSB in microtiter plates as
described in Materials and Methods. All data are presented as the
mean absorbance values for seven replicate wells = standard devia-
tions from a representative experiment. Biofilm accumulation is shown
for the following strains: diamonds, OG1RF; squares, TX5264 (gelE
negative).
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any dramatically enhanced ability to form biofilms, given that
multiple, independent isolates exhibited similar biofilm-form-
ing phenotypes under the conditions we tested (Fig. 4). Fur-
thermore, two independent methods of analysis, employing
significantly different conditions for biofilm growth (the che-
mostat-based biofilm fermentor and the microtiter plate bio-
film assay), both indicated that OG1RF, lacking the entire
pathogenicity island, possesses the machinery necessary for
biofilm formation. Thus, it appears unlikely that the essential
genetic determinants conferring the biofilm formation pheno-
type are located within this E. faecalis pathogenicity island.
These biofilm determinants, potentially including any genes
required for production of extracellular polymeric matrix and
genes whose products participate in sensory transduction to
regulate the biofilm response, will likely be common to most
strains of E. faecalis. The possibility remains, however, that Esp
or other gene products encoded by the characterized pathoge-
nicity island can influence biofilm formation under certain
environmental conditions that were not tested here.

The dense OG1REF biofilm formed on glass surfaces in the
biofilm fermentor contains 100-fold more CFU/cm? than an S.
mutans biofilm cultured under identical conditions. In contrast,
the OGI1REF planktonic cell density in the fermentor was only
15-fold higher than that of S. mutans (not shown). Because S.
mutans is an oral bacterium that depends on biofilm growth for
survival and persistence in its natural ecosystem of dental
plaque, the relatively high biofilm cell density achieved by
OGIREF suggests that E. faecalis is adept at growth in the
biofilm state. Furthermore, the formation of biofilms by E.
faecalis OGIRF appears to progress through characteristic
stages of development that were previously observed during
biofilm development of distantly related bacterial species: ini-
tial bacterial adherence to the substratum, microcolony forma-
tion, and maturation into complex three-dimensional struc-
tures apparently containing water channels (Fig. 2). Thus,
control mechanisms similar to those described for other bac-
teria may operate to control biofilm development in E. faecalis.

Modulation of biofilm development by environmental con-
ditions has been observed for diverse bacterial species. For
example, the nutrient content of the growth medium influences
biofilm formation by Escherichia coli (32), P. aeruginosa (22),
Pseudomonas fluorescens (29), Streptococcus gordonii (25), and
S. mutans (46). Similarly, the osmolarity of the growth medium
has also been observed to modulate biofilm development for P.
fluorescens (29), S. gordonii (25), and S. aureus (35), although
the effect on biofilm development is species specific. The re-
sults of our microtiter plate analyses, demonstrating the me-
dium dependence of biofilm formation (Fig. 3), suggest that
environmental control of biofilm development also occurs for
E. faecalis. Because growth in certain media promoted the
formation and extended maintenance of biofilms, whereas
growth in other media promoted only the initial biofilm for-
mation but not extended maintenance of surface-adherent bio-
films, we hypothesize that E. faecalis cells monitor their phys-
iological state and/or the nascent environmental conditions
and use this information to regulate biofilm development.
Thus, we speculate that after roughly 4 h of biofilm accumu-
lation in BHI or THYE medium, an unknown signal, specific to
growth in these media, initiates the dispersion of preformed
biofilm. An alternative possibility is that a medium-specific
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signal which occurs during growth in M17, TSB, and M9YE
media but not in BHI and THYE media promotes the main-
tenance of preformed biofilms. Because both V583 and
MMHS594 exhibit the same medium-dependent biofilm accu-
mulation phenotype as OGIRF (Fig. 4), it is likely that the
sensory processes regulating this behavior will be common to
all strains of E. faecalis.

Although the specific signals that are sensed to regulate the
medium-specific biofilm phenotypes shown in Fig. 3 are un-
known, other, defined environmental conditions were also
found to modulate biofilm development by E. faecalis. Increas-
ing the osmolarity of the growth medium inhibited biofilm
formation without affecting the growth of the cells (Fig. 5), as
has been previously observed with P. fluorescens and S. gordo-
nii, suggesting that E. faecalis also monitors the osmotic
strength of the environment. Nutrient concentration was found
to influence biofilm development (Fig. 5), as growth in culture
media in which the nutrients were more dilute tended to pro-
mote proportionally higher levels of biofilm formation relative
to growth in nutrient-rich media. Taken together, our results
argue that E. faecalis uses one or more sensory systems to
monitor changes in its physiology or in the prevailing environ-
mental conditions to regulate its ability to form biofilms. How-
ever, by using the microtiter plate biofilm assay system, we also
identified environmental conditions that did not influence bio-
film development of OG1RF or V583. Growth under anaero-
bic conditions yielded similar amounts of biofilm, as did growth
under aerobic conditions, and growth at 30°C yielded similar
amounts of biofilm as growth at 37°C (not shown). These
results were independent of the composition of the growth
medium used (we tested all growth media used for Fig. 3).

We also evaluated whether the presence of the pheromone-
responsive conjugative plasmid pCF10 in OG1RF had any
effect on biofilm development, using both the microtiter plate
assay system and the biofilm fermentor system. pCF10 belongs
to a class of conjugative plasmids that encodes a surface pro-
tein, Ascl0, responsible for cell-cell adhesion and aggregation
during conjugation (27). We found little difference in the
amount of biofilm formed by OG1RF carrying pCF10 relative
to that formed by plasmid-free OGIRF in either the biofilm
fermentor or the microtiter plate system (not shown). How-
ever, it is worth noting that, at least in planktonic cultures, the
expression of Ascl0 is repressed in the absence of pheromone
secreted by pCF10-free recipient cells (27). Our results indi-
cate that pCF10-encoded functions do not alter biofilm devel-
opment in the absence of pCF10-free recipient cells. Further
work is required to determine if pCF10-encoded functions
modulate biofilm formation in cultures that contain mixtures
of pCF10-free and pCF10-containing cells.

Because soluble, self-produced, extracellular signals have
been found to regulate biofilm development by several species
of bacteria (8, 24), we searched for such a signal in conditioned
culture supernatants of biofilm-forming E. faecalis. We identi-
fied a soluble protein, of relatively high apparent molecular
mass, which was heat sensitive and was absent from the culture
supernatant of a gelE mutant (Fig. 6). Taken together, these
results indicated that GelE, a secreted metalloprotease, was
responsible for the biofilm-promoting activity. This proposal is
consistent with the observation that the Gel™ E. faecalis strain
JH2 is poor at forming biofilms in the microtiter plate system
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(Fig. 4). The inducible heterologous expression of gelE in JH2
led to enhanced biofilm formation (Fig. 7). Lastly, an otherwise
isogenic ge/lE mutant exhibited less biofilm accumulation than
OGI1RF when grown in TSB (Fig. 8). Therefore, we conclude
that GelE enhances biofilm development by E. faecalis. Fur-
thermore, because the ge/E mutant does form biofilms and
these biofilms accumulate to a significantly higher level than
those of JH2, we propose that multiple pathways function to
regulate biofilm formation in E. faecalis.

The mechanism by which GelE enhances biofilm develop-
ment is unknown. In one possible model, GelE might partici-
pate in the production of an extracellular signaling peptide by
proteolytically processing an inactive secreted peptide precur-
sor to a mature, active form. This processed peptide would
then be capable of serving as a signal for enhanced biofilm
formation. In an alternative model for GelE function, GelE
might proteolytically activate another surface protein involved
in some aspect of the regulation or execution of biofilm devel-
opment, such as a protein that participates in the secretion of
extracellular polymeric matrix material. If this putative secre-
tion component is synthesized as an inactive precursor that
requires proteolytic cleavage to become functional, processing
by GelE would then be necessary for the secretion of matrix
material for biofilm formation. Proteolytic processing of inac-
tive exoprotein precursors has already been proposed as a
function for GelE during activation of a cell wall hydrolase
(autolysin) involved in cell separation of E. faecalis (45).

The fsr locus encodes a cell density-dependent sensory sys-
tem in E. faecalis that is known to positively regulate the
expression of gelE in E. faecalis (33, 34). A recent report (S. K.
Pillai, G. Sakoulas, H. S. Gold, C. Wennersten, G. M. Elio-
poulos, R. C. Moellering, Jr., and R. T. Inouye, Abstr. 103rd
Gen. Meet. Am. Soc. Microbiol., abstr. B-089, 2003) indicated
that fsr mutants of OG1RF exhibited a 25 to 30% decrease in
biofilm accumulation in a microtiter plate assay. Consequently,
Pillai et al. suggested that the fsr system regulates the expres-
sion of unknown genes involved in biofilm formation. How-
ever, because gelE is not expressed in fsr mutants (34), and
because we observed a reduction of approximately 25% in
biofilm accumulation by the gelE mutant under conditions sim-
ilar to those employed by Pillai et al. (Fig. 8), it is possible that
the absence of gelE expression in the fsr mutants used by Pillai
et al. is sufficient to account for the biofilm defect they ob-
served. While it remains uncertain if the biofilm phenotypes of
fsr mutants are substantially different from those of the gelE
mutant, our results support the hypothesis that the absence of
gelE expression in fs7 mutants is primarily responsible for their
biofilm defect. Thus, we suggest that the fsr cell density-depen-
dent sensing system of E. faecalis participates in regulation of
biofilm development via control of gelE expression.

In summary, we have used independent experimental ap-
proaches to characterize biofilm formation by E. faecalis. Our
results demonstrate that E. faecalis forms robust biofilms and
that biofilm development is modulated by the prevailing envi-
ronmental conditions. Neither the esp gene product nor the
remainder of the genes encoded by the known E. faecalis
pathogenicity island is required for the development of bio-
films with complex architecture. We have found that a secreted
metalloprotease, GelE, enhances biofilm formation of E. fae-
calis but that, otherwise, the genetic determinants controlling

J. BACTERIOL.

biofilm development remain unknown. The results described
in this study set the stage for future work focused on identify-
ing and characterizing these determinants.
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