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Enterococci play a dual role in human ecology. They serve as commensal organisms of the gastrointestinal
tract and are also leading causes of multiple antibiotic-resistant hospital-acquired infection. Many nosocomial
infections result from the ability of microorganisms to form biofilms. The molecular mechanisms involved in
enterococcal biofilm formation are only now beginning to be understood. Enterococcal surface protein, Esp, has
been reported to contribute to biofilm formation by Enterococcus faecalis. Recent studies have shown that
enterococci form biofilms independently of Esp expression. To precisely determine what role Esp plays in E.
faecalis biofilm formation, Esp was expressed on the cell surface of genetically well-defined, natively Esp-
deficient strains, and isogenic Esp-positive and Esp-deficient strains were compared for their biofilm-forming
ability. The results show that Esp expression leads to a significant increase in biofilm formation, irrespective
of the strain tested. The contribution of Esp to biofilm formation was found to be most pronounced in the
presence of 0.5% (wt/vol) or greater glucose. These results unambiguously define Esp as a key contributor to
the ability of E. faecalis to form biofilms.

Biofilms are bacterial communities attached to a biotic or an
abiotic substrate and encased in a matrix that may be com-
posed of carbohydrates, DNA, or protein (8, 21, 24, 39). Not
only do biofilms play an important role in the pathogenesis of
several chronic infections, such as bacterial endocarditis, in-
fectious kidney stones, and cystic fibrosis (25), but they are also
central to nosocomial infections related to indwelling medical
devices (8). In spite of marked phenotypic differences between
biofilm and planktonic cells, such as higher levels of antibiotic
resistance and slower growth rate, as shown for the gram-
negative pathogen Pseudomonas aeruginosa, only 1% of the
genes are differentially regulated between the two modes of
growth to a significant extent (40). Thus, biofilm development,
though complex, may involve the interplay of only a few crucial
factors depending on the milieu.

Enterococci, as members of the commensal human flora, are
present in the colon in numbers as high as 108 CFU per g of
feces (17). Enterococci are also important opportunistic patho-
gens and now rank among the most common nosocomial
agents infecting the bloodstream, surgical sites, and urinary
tract (28). Enterococcal endocarditis, which accounts for 5 to 10%
of the total bacterial endocarditis cases reported each year, is
becoming increasingly difficult to cure because of growing resis-
tance of enterococci to multiple antibiotics (12). Enterococci have
been associated with biofilms on various kinds of indwelling med-
ical devices, such as artificial hip prostheses, intrauterine devices,
prosthetic heart valves, central venous catheters, and urinary cath-
eters (7). An understanding of bacterial factors involved in pro-
moting persistence of enterococci in the nosocomial environment
or at infection sites is only now emerging.

Enterococcal surface protein, Esp, was initially identified in
a virulent gentamicin-resistant Enterococcus faecalis isolate,
MMH594 (18), and was recently found to be encoded on a
large, 153-kb pathogenicity island (31, 33). An esp homolog has
been reported in Enterococcus faecium as well, and infection-
derived E. faecalis and E. faecium isolates show enrichment for
the esp gene (11, 33). Studies with a mouse model of urinary
tract infection have shown that Esp-positive E. faecalis colo-
nizes and persists in urinary bladders in significantly greater
numbers than isogenic Esp-deficient strains (32).

A strong correlation between the presence of Esp and the
ability of an enterococcal strain to form biofilms in vitro has
been reported (36). None of the esp-deficient isolates tested in
that study were capable of forming biofilms (36). However, it
was also observed that insertional inactivation of esp did not
cause a loss of the biofilm phenotype in every mutant tested.
These results suggest that, whereas Esp is important in biofilm
formation, additional determinants in E. faecalis may also con-
tribute to biofilm formation (36). Moreover, recent studies
(20) demonstrated that an esp-negative strain, OG1RF, origi-
nally derived from the oral cavity (14), can form biofilms on
abiotic surfaces independently of Esp.

To precisely define the role of Esp in enterococcal biofilm
formation, we sought to compare Esp-deficient strains FA2-2
(5) and OG1RF (9) to their isogenic Esp-positive derivatives.
Using these isogenic strains, we show that Esp expression sig-
nificantly enhances biofilm formation irrespective of the basal
abilities of the tested strains to form biofilms. However, Esp-
dependent biofilm formation is influenced by the growth me-
dium and conditions tested.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains and plasmids used in the present
study are listed in Table 1. Enterococcal strains were cultured in brain heart
infusion or Trypticase soy broth (TSB) supplemented with various concentra-
tions of glucose and appropriate antibiotics. Luria-Bertani broth was used for
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cultivation of Escherichia coli strains. E. coli XL1-Blue was obtained from Strat-
agene (La Jolla, Calif.), and used as a host for plasmid purifications. The entire
esp gene, along with 160-bp region upstream of the putative transcriptional start
site, was amplified by using the primers Esp103 (5�-GAGAGAGCTCGGGAT
GTTCCAGTGACCCC-3�) and Esp104 (5�-GAGAGGATCCGAGGAAGAGA
CTTCTTCCTCTTGT-3�), which contain recognition sequences (underlined) for
SacI and BamHI respectively, at the 5� ends. The amplified fragment was se-
quentially restricted with SacI and BamHI (New England Biolabs, Inc., Beverly,
Mass.) and purified from a 0.8% low-melting-point agarose gel by using the
Wizard Preps DNA purification system (Promega, Madison, Wis.). Plasmid
pESPF was generated by ligating the PCR-amplified and -restricted fragment
into SacI- and BamHI-cut shuttle vector pAT28 (37). Natively Esp-negative
FA2-2 (5) and OG1RF (9) were transformed with pESPF to the generate
Esp-positive strains FA2-2(pESPF) and OG1RF(pESPF). FA2-2 and OG1RF
were transformed with plasmid pAT28 to generate FA2-2(pAT28) and
OG1RF(pAT28), which served as controls. FA2-2(pESPF) was cotransformed
with pCUGel (obtained from L. E. Hancock), which harbors the gelE gene cloned
downstream of a constitutive aphA promoter in shuttle vector pCU1 (1), to generate
the GelE-positive and Esp-positive derivative FA2-2(pESPF, pCUGel). Rifampin at
25 �g/ml and fusidic acid at 10 �g/ml were used for host (FA2-2 and OG1RF)
selection; spectinomycin at 500 �g/ml was used for pAT28 and pESPF selection,
and chloramphenicol at 10 �g/ml was used for pCUGel selection.

Biofilm assay. The biofilm assay was performed by using microtiter plates as
described earlier (36), with slight modifications. Flat-bottom polystyrene (Corn-
ing, Inc., Corning, N.Y.), polypropylene, and polyvinyl chloride (Becton Dickin-
son) microtiter plates were used. Bacterial strains were grown at 37°C for 16 h in
TSB containing various amounts of glucose based on the experiment to be
performed; the bacterial cells were then pelleted at 6,000 � g for 10 min, and the
cell pellet resuspended in 5 ml of fresh medium. The optical densities (ODs) of
the bacterial suspensions were measured by using a UV-1201 UV-VIS spectro-
photometer (Shimadzu, Kyoto, Japan) and normalized. Bacterial cultures were
diluted 1:40 in fresh TSB supplemented with glucose and containing suitable
antibiotics. From the diluted culture, 200 �l was dispensed into 12 wells in a
single row of a sterile 96-well flat-bottom microtiter plate. After incubation at
37°C for 24 h, the planktonic cells were aspirated, and the wells washed three
times with sterile phosphate-buffered saline (PBS). The plates were inverted and
allowed to dry for 1 h at room temperature. For biofilm quantification, 200 �l of
0.2% aqueous crystal violet solution was added to each well, and the plates were
allowed to stand for 15 min. The wells were subsequently washed thrice with
sterile PBS to wash off the excess crystal violet. Crystal violet bound to the
biofilm was extracted with 200 �l of an 80:20 (vol/vol) mixture of ethyl alcohol
and acetone, and the absorbance of the extracted crystal violet was measured at
595 nm with an ELX-800 (Bio-Tek Instruments, Inc., Winooski, Vt.) automatic
microplate reader. As a control, crystal violet binding to wells was measured for
wells exposed only to the medium with no bacteria. All biofilm assays were
performed in triplicate, with 12 replicates for each strain per assay.

Cell surface hydrophobicity determination. Bacterial cell surface hydropho-
bicity was measured as described previously (29). Briefly, bacterial strains were
grown overnight at 37°C in TSB containing 0.75% glucose and subsequently
diluted 1:50 in 5 ml of fresh medium. The subculture was incubated further at
37°C for 4 h. Log-phase bacteria were harvested by centrifugation, washed twice

with PUM buffer (22.2 g of potassium phosphate trihydrate, 7.26 g of monobasic
potassium phosphate, 1.8 g of urea, and 0.2 g of magnesium sulfate heptahydrate/
liter [pH 7.1]), and resuspended in 5 ml of PUM buffer. Then, 100 �l of
n-hexadecane was added to a bacterial cell suspension normalized to an OD at
400 nm (OD400) of 1.0. The mixtures were incubated at 30°C for 10 min,
subsequently vortexed vigorously for 2 min, and then allowed to stand for 15 min
at room temperature to ensure complete separation of the organic and aqueous
phases. The absorbance of the aqueous layer was measured at 400 nm. The
percent cell surface hydrophobicity, which is a measure of the percentage of
bacterial cells partitioning into the organic phase, was calculated by using the
following formula: [1 � (final OD400/initial OD400) � 100]. The assay was
performed in triplicate.

Quantitative enzyme-linked immunosorbent assay (ELISA). Bacterial cultures
were grown overnight in TSB supplemented with glucose and antibiotics as
appropriate for the experiment performed. Cells were harvested at 6,000 � g for
10 min, and the cell pellet was washed once with sterile PBS. After the wash, the
cells were resuspended in 5 ml of carbonate-bicarbonate buffer (1.59 g of sodium
carbonate and 2.92 g of sodium bicarbonate/liter [pH 9.6]). The ODs of the
bacterial suspensions were measured at 600 nm, and cell densities were normal-
ized by appropriately diluting the cultures in sodium carbonate-bicarbonate
buffer. The normalized cultures (100 �l) were added to the wells of a 96-well
Immunolon2 HB plate (Dynex Technologies, Inc.), and the plate was incubated
at 4°C for 16 h. The wells were then washed three times with PBS supplemented
with 0.05% Tween 20 to reduce nonspecific binding. Nonfat dry milk 0.4%
(wt/vol; Bio-Rad Laboratories, Hercules, Calif.) in PBS was added to the wells as
a blocking agent, and the plate was incubated at 37°C for 2 h. Purified rabbit
immunoglobulin G (1:500) specific to the N-terminal region of Esp was added to
each well, and the plate was incubated at room temperature for 16 h. After
incubation, the wells were washed thrice with sterile PBS containing Tween 20.
Goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase (Sigma-
Aldrich Co., St. Louis, Mo.) was used as the secondary antibody, and the plate
was incubated at 37°C for 2 h. A 0.1% solution of p-nitrophenylphosphate was
added as a substrate for colorimetric detection, and absorbance was measured at
405 nm after 30 min of incubation at 37°C. The experiment was performed in
triplicate. Multigroup comparisons were made with analysis of variance by using
Bonferroni’s test.

Confocal laser scanning microscopy (CLSM). Bacterial biofilms were grown in
six-well polystyrene tissue culture plates (Corning) for 16 h in medium containing
various levels of glucose and antibiotics. For imaging, the cell culture supernatant
and planktonic cells were removed by gentle vacuum suction, and the biofilms
were washed twice with sterile PBS. The biofilms were stained with 100 �l of 1%
aqueous acridine orange solution for 10 min and subsequently washed twice with
sterile PBS. The biofilms were kept hydrated in 2 ml of PBS during imaging.
Confocal images were collected by using a Leica TCS NT microscope, and an
argon laser (488 nm) was used for sample excitation. The images were viewed by
using the LCS Lite software (ftp://ftp.llt.de/pub/softlib/LCSLite/). The acquired
image stacks were quantified by using the COMSTAT program (15). Two pa-
rameters were measured by using this program: biovolume and maximum thick-
ness. Biovolume is defined as the ratio of the product of the number of biomass
pixels and the voxel size [(pixel size)X � (pixel size)Y � (pixel size)Z] to the
substratum area and is expressed in cubic microns per square microns. The

TABLE 1. E. faecalis strains and plasmids used in this study

Strain or plasmid Descriptiona Source or
reference

E. faecalis strains
OG1RF Plasmid-free, esp-negative Rifr Fusr 9
FA2-2 Plasmid-free, esp-negative Rifr Fusr 5
OG1RF(pAT28) OG1RF transformed with pAT28 This study
OG1RF(pESPF) OG1RF transformed with pESPF This study
FA2-2(pAT28) FA2-2 transformed with pAT28 This study
FA2-2(pESPF) FA2-2 transformed with pESPF This study
FA2-2(pESPF, pCUGel) FA2-2 cotransformed with pCUGel and pESPF This study

Plasmids
pAT28 Shuttle vector 37
pESPF esp cloned in pAT28 This study
pCUGel gelE cloned in pCU1 This study

a Rifr, rifampin resistant; Fusr, fusidic acid resistant.
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maximum thickness is expressed in microns. Statistical significance between the
parameters was tested by using the Student t test.

RESULTS

Esp enhances biofilm formation. In contrast to previously
published reports that implied a critical role for Esp in the
process of enterococcal biofilm development (36), recent stud-
ies demonstrated biofilm formation in an esp-deficient strain
(20). Due to these contrasting reports, we sought to compare
isogenic Esp�/� strains to determine precisely what role Esp
plays in enterococcal biofilm formation. To achieve this, an
antibiotic-resistant derivative of the oral isolate OG1 (14),
OG1RF (9), shown previously to form biofilms in an Esp-
independent manner, was transformed with pESPF, which har-
bors the esp gene along with its native promoter (unpublished
data) cloned in the shuttle vector pAT28 (37). The expression
of Esp at the cell surface was confirmed by using an ELISA
that used rabbit polyclonal antibodies specific to the N-termi-
nal region of Esp (33).

As shown in Fig. 1A, OG1RF(pESPF) showed significantly
greater ability to form biofilms on polystyrene in the presence
of 0.5, 0.75, or 1% glucose than the Esp-negative control
OG1RF(pAT28) (P � 0.001, 0.0002, or 0.0009, respectively).
No significant difference was observed when the medium
lacked glucose or was supplemented with 0.25% glucose (P �
0.544 or 0.417, respectively).

To determine whether the observed increase in biofilm for-
mation conferred by Esp was independent of the OG1RF
strain background, a second Esp-negative strain, FA2-2 (5),
which is an antibiotic-resistant derivative of the clinical isolate
JH2 (19), was transformed with pESPF, and the expression of
Esp at the cell surface was confirmed by using ELISA (33).
Similar to the results observed for OG1RF(pESPF), as shown
in Fig. 1B, expression of Esp significantly increased the biofilm
formation by FA2-2(pESPF) in the presence of 0.5, 0.75, or 1%
glucose (P � 0.008, 0.00002, or 0.00002, respectively). This
difference also required the presence of glucose, since no dif-
ference was observed between Esp-positive and Esp-negative
FA2-2 in the complete absence or presence of 0.25% glucose
(P � 0.99 or 0.52, respectively) (Fig. 1B). As shown in Fig. 1C,
differences in biofilm formation between Esp-positive strain
OG1RF(pESPF) and Esp-negative strain OG1RF(pAT28)
were easily observed visually after crystal violet staining, when
the strains were grown in the presence of 0.75% glucose. Since
Esp contributed to biofilm formation in these media in the
presence of glucose at levels �0.25%, further biofilm assays
were performed with 0.75% glucose.

CLSM. CLSM was used to examine biofilms formed by the
Esp-positive and Esp-negative FA2-2 and OG1RF strains (Fig.
2). A 63� Plan APO 1.2 NA water immersion objective was
used, which allowed the biofilms to remain hydrated and be
observed in situ. Table 2 shows the biovolume and maximum
thickness of the biofilms produced by each of the strains. Con-
sistent with the microtiter plate assay, no difference in either
biovolume or maximum thickness was observed between the
biofilms formed by Esp-positive and Esp-negative strains in the
presence of 0.25% glucose. However, at a higher glucose con-
centration of 0.75%, the biovolume and the maximum thick-
ness of the Esp-positive strain FA2-2(pESPF) biofilms were

significantly greater (P � 0.00001) than for FA2-2(pAT28),
and those of OG1RF(pESPF) were significantly greater than
for OG1RF(pAT28) (P � 0.00001). Importantly, both biovol-
ume and maximum thickness measures for FA2-2(pESPF) and

FIG. 1. Biofilm formation by Esp-positive and Esp-negative strains
at different glucose concentrations. Biofilm formation was quantified
by crystal violet staining, followed by back extraction of bound crystal
violet into an ethanol-acetone mixture. The y axis represents the ODs
of dissolved crystal violet measured at 595 nm. The error bars repre-
sent mean 	 the standard error. (A) OG1RF(pAT28) (Œ) and
OG1RF(pESPF) (F); (B) FA2-2(pAT28) (‚) and FA2-2(pESPF) (F).
(C) Representative image of biofilm densities of OG1RF(pAT28) and
OG1RF(pESPF) strains when grown in the presence of 0.75% glucose,
as determined by crystal violet staining.
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OG1RF(pESPF) were similar, although FA2-2(pESPF)
biofilms formed in 0.75% glucose were observed to bind
amounts of crystal violet that were more than threefold greater
than for OG1RF(pESPF) biofilms. This shows that there is
little relationship between biofilm volume and crystal violet
binding, raising another important caveat in interpreting and
comparing results.

Biofilm formation and bacterial cell surface hydrophobicity.
Since the biofilm assays were performed on polystyrene plates,
which are inherently hydrophobic surfaces (27), it was of in-
terest to determine the extent to which Esp modulated surface
hydrophobicity and the extent to which this may have affected

biofilm formation. We determined the relationship between
Esp expression and the cell surface hydrophobicity of FA2-2
and OG1RF, by using n-hexadecane extraction, essentially as
described previously (29). Esp-positive FA2-2(pESPF) and
OG1RF(pESPF) cells were found to be significantly more hy-
drophobic and partitioned to a greater extent into the organic
n-hexadecane phase than did the Esp-negative cells in this
assay (Fig. 3), indicating that Esp expression at the cell surface
significantly increased the cell surface hydrophobicities of
FA2-2 and OG1RF. These results are consistent with earlier
findings that demonstrated a significant reduction in the cell
surface hydrophobicities of Esp-deficient mutant strains gen-

FIG. 2. CLSM images of Esp-positive and Esp-negative strain pairs grown in TSB containing 0.75% glucose. Each image represents the layer
in Z-stack that has the maximum bacterial coverage. The percentage of biomass in each layer of the Z-stack was computed by using the COMSTAT
program. (A) FA2-2(pAT28); (B) FA2-2(pESPF); (C) OG1RF(pAT28); (D) OG1RF(pESPF).
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erated from wild-type Esp-positive parent strains (36) and
show that the effect observed in that study resulted directly
from the loss of Esp expression, as opposed to a polar effect
stemming from the mutation. However, as seen in Fig. 3, the
relationship between cell surface hydrophobicity and biofilm
formation of the tested strains was not proportional supporting
the proposition that biofilm formation is a multifactorial pro-
cess and that Esp-dependent enhanced biofilm formation is
not attributable solely to increased cell surface hydrophobicity.
A similar conclusion can be drawn by comparing the cell sur-
face hydrophobicity (Fig. 3) with the biovolume measured by
using COMSTAT (Table 2).

Biofilm formation on polypropylene and polyvinyl chloride
plates. Bacterial adhesion, and consequently biofilm forma-
tion, is influenced considerably by the composition of the abi-
otic substrate (7, 10, 38). Plates made of polyvinyl chloride and
polypropylene, which vary significantly in their physical and
chemical characteristics (27), were used instead of the conven-
tional polystyrene plates in a 96-well plate biofilm assay to
determine how these surfaces affect Esp-mediated biofilm for-
mation by E. faecalis. Similar to that observed with polystyrene
plates, both Esp-positive FA2-2(pESPF) and OG1RF(pESPF)

formed significantly more biofilms, as measured by crystal vi-
olet binding, on the polyvinyl chloride and polypropylene
plates, compared to their Esp-negative counterparts (Fig. 4A
and B, respectively). However, all of the strains formed corre-
spondingly less biofilm on both the polyvinylchloride and
polypropylene substrates compared to polystyrene.

Esp expression and environmental glucose concentration.
Since we observed that higher glucose concentrations pro-
moted biofilm formation selectively in Esp-positive strains, it
was of interest to determine whether glucose upregulates the
expression of esp. To examine this, quantitative ELISA with
antibodies specific to the N-terminal region of Esp was used to
quantify the levels of Esp at the bacterial cell surface. As
shown in Fig. 5, although expression tended to be higher, there
was no significant difference between the levels of Esp detected
on the cell surface of FA2-2(pESPF) grown in the presence of
0.25, 0.5, 0.75, and 1.0% glucose. These results indicate that
the significant increase in biofilm formation by Esp-positive E.
faecalis, observed in the presence of glucose, did not result
from a significant change in the expression of Esp.

Gelatinase and Esp in biofilm formation. Recently, the se-
creted enterococcal metalloprotease, gelatinase, was found to
play a role in biofilm formation (20). Expression of gelatinase
under the influence of a nisin-inducible promoter in a gelE-
negative strain, JH2, was found to increase the ability of this
strain to form biofilms (20). It was therefore of interest to
determine whether the protease, GelE, modulated the ability
of Esp to promote biofilm formation. FA2-2, a spontaneous
rifampin- and fusidic acid-resistant strain of JH2 (19), although
genotypically gelE positive, does not express gelatinase, possi-
bly due to mutation(s) either in gelE and/or one of the regu-
latory elements of gelE (L. E. Hancock, unpublished data).
Therefore, FA2-2 was transformed with pESPF and pCUGel
(obtained from L. E. Hancock; gelE cloned in pCU1 under the
influence of a constitutive aphA promoter). The phenotypic
expression of Esp was confirmed by ELISA as described pre-
viously, and that of GelE was confirmed by the observed hy-
drolysis of casein on 1.5% skimmed milk agar plates. When
examined in the standard microtiter plate based biofilm assay
by using crystal violet staining, the expression of gelatinase did
not enhance or reduce the ability of FA2-2 or FA2-2(pESPF)
to form biofilms in the absence or presence of 0.75% glucose
(Fig. 6).

DISCUSSION

Infection-derived E. faecalis isolates have been shown to
form biofilms in vitro (2, 30), and E. faecalis is isolated from
biofilms formed on indwelling medical devices (7, 8). However,
an understanding of the process of biofilm formation by E.
faecalis is only now beginning to emerge, and the results ap-
pear to be contradictory.

In a study using a large number (n � 200) of clinical isolates
of E. faecalis, a strong correlation (P � 0.0001) between the
presence of Esp and the ability of an enterococcal strain to
form biofilms was observed, which suggested a role for Esp in
the process of biofilm development in E. faecalis (36). The
ability to form biofilms was restricted to only E. faecalis isolates
harboring esp, and esp was not detected in any of the E. faecalis
isolates unable to produce a biofilm or in E. faecium, Entero-

FIG. 3. Biofilm densities (�) and cell surface hydrophobicities (F)
of Esp-positive and Esp-negative FA2-2 and OG1RF strain pairs. The
bacteria were cultured in TSB containing 0.75% glucose, and the cell
surface hydrophobicities were measured as described in Materials and
Methods. No correlation was observed between cell surface hydropho-
bicities of the Esp-positive and Esp-negative FA2-2 and OG1RF
strains and their ability to form biofilms. The error bars represent the
mean 	 the standard error.

TABLE 2. Quantitative analyses of confocal-microscopy-acquired
image stacks from Esp-positive and Esp-negative strains

using COMSTAT

Strain

Mean value 	 SEMa with:

0.25% Glucose 0.75% Glucose

Biovolume
(�m3/�m2)

Maximum
thickness

(�m)

Biovolume
(�m3/�m2)

Maximum
thickness

(�m)

FA2-2(pAT28) 1.55 	 0.37 6.4 	 0.67 2.98 	 0.79 7.4 	 1.12
FA2-2(pESPF) 2.17 	 0.85 6.81 	 1.51 8.48 	 1.79 17.29 	 3.33
OG1RF(pAT28) 2.33 	 0.25 6.88 	 1.33 2.17 	 0.45 7.14 	 0.82
OG1RF(pESPF) 2.53 	 0.17 7.08 	 1.19 7.1 	 1.18 16.04 	 1.92

a Biovolume � (number of biomass pixels � voxel size)/ substratum area.
Maximum thickness represents the maximum height of the biofilm from the
substratum.

6036 TENDOLKAR ET AL. INFECT. IMMUN.



coccus avium, or Enterococcus gallinarum. The same study
grouped enterococcal isolates into three categories depending
on their ability to form biofilms: strong, medium, and weak
biofilm producers. It was shown that insertional inactivation of
the esp gene in the weak and medium biofilm formers resulted
in a significant reduction in the ability of the mutant strains to
form biofilms. However, inactivating esp gene expression in the
strong biofilm producers had no significant effect on biofilm
formation and suggested that other factors may contribute to
biofilm formation in these isolates. A more recent report (20)
focused on characterizing biofilm formation by a non-infec-
tion-derived, esp-negative E. faecalis strain originally isolated

from the oral cavity, OG1RF (9), and showed that this strain
was able to form a biofilm despite being Esp deficient.

Consistent with the findings of others (36), we found that
Esp made a significant contribution to biofilm formation,
whether expressed by OG1RF or FA2-2, on three different
surfaces tested. However, we found that Esp did not contribute
to biofilm formation under all conditions but specifically re-
quired glucose at concentrations of �0.5% in the media tested.
Biofilm formation was quantified by two methods: crystal violet
staining and CLSM-acquired image stack analyses by
COMSTAT. With both methods of analysis, it was found that Esp
significantly enhanced biofilm formation in the presence of glu-
cose at concentrations of �0.5%. Moreover, crystal violet binding
as a measure of E. faecalis biofilm formation did not reflect
biofilm volume or thickness, as measured by image analysis. Thus,
whereas crystal violet staining may be a practical method to assess
biofilm formation, it does not reflect the biofilm volume quanti-
tatively under the conditions tested.FIG. 4. Esp-mediated biofilm formation on polyvinyl chloride and

polypropylene substrates. The ability of Esp-positive and Esp-negative
strains to form biofilms on medically relevant surfaces such as polyvinyl
chloride and polypropylene was assessed by crystal violet staining.
Biofilm formation by FA2-2(pAT28), FA2-2(pESPF), OG1RF
(pAT28), and OG1RF(pESPF) was quantified on polyvinyl chloride
(A) and polypropylene (B) plates. The error bars represent the mean
	 the standard error.

FIG. 5. Quantitative ELISA to ascertain the cell surface levels of
Esp in FA2-2(pESPF) grown in the presence of 0.25, 0.5, 0.75, or 1%
glucose. The ODs of FA2-2(pESPF) grown in the presence of different
glucose concentrations were equalized before they were added to the
96-well plate. The level of Esp on the bacterial cell surface was quan-
tified by ELISA as described in Materials and Methods. Similar levels
of Esp were detected on the cell surface of FA2-2(pESPF) when grown
in the presence of 0.25, 0.5, 0.75, or 1% glucose. Strain FA2-2(pAT28)
was used as negative control.

FIG. 6. Biofilm formation by Esp-negative FA2-2(pAT28), Esp-
positive FA2-2(pESPF), GelE-positive FA2-2(pCUGel), and Esp- and
GelE-positive FA2-2(pCUGel, pESPF) on 96-well polystyrene plates
as quantified by crystal violet staining. The error bars represent mean
	 the standard error.
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A number of previous studies have shown that the nutrient
content of the growth medium influences biofilm development
in different organisms (4, 13, 16, 20, 23, 34). More specifically,
environmental factors such as glucose and iron availability,
osmolarity, pH, temperature, and anaerobiosis affect biofilm
development (22, 23). Since an enhanced ability to form bio-
films was observed in Esp-positive strains in a glucose-depen-
dent manner, it was of interest to determine whether Esp
expression was regulated by glucose. Quantitative ELISA,
however, showed similar levels of Esp on the cell surface of
FA2-2(pESPF) grown in the presence of 0.25, 0.5, 0.75, or 1%
glucose concentrations, indicating that increasing glucose in
the growth medium led to a nominal, but not significant, in-
crease in esp expression. This implies the presence of an as-
yet-unidentified glucose-regulated factor(s) that interacts di-
rectly or indirectly with Esp to enhance biofilm formation.

Interestingly, an operon, bop, consisting of four open read-
ing frames was identified recently in a strong biofilm-forming
E. faecalis strain, T9, and this locus was also found to be
present in the strain V583 (16). One of the genes on the bop
operon, bopD, which putatively encodes a sugar-binding tran-
scriptional regulator, was found to be critical for the process of
biofilm formation (16). Using bopD-specific primers designed
from the available V583 sequence information (26), we were
able to amplify the entire bop operon from FA2-2, as well as
OG1RF genomic DNA. Restriction analysis of the amplified
product yielded fragments of expected sizes based on V583
sequence (data not shown). Since our results indicate that
glucose does not regulate esp expression, it is possible that
bopD regulates the expression of other factor(s), which con-
tribute to biofilm formation synergistically with Esp in these
strains. Although this is merely speculative at this stage, a
better understanding of the individual factors involved in en-
terococcal biofilm development will help unravel the regula-
tory network involved in this process.

Another important parameter that influences biofilm forma-
tion is cell surface hydrophobicity (3, 6, 7). Cell surface hydro-
phobicity has been thought to play a role in the initial stages of
biofilm formation by promoting cell-substrate interactions (7).
Although Esp expression on the cell surface significantly en-
hanced the bacterial cell surface hydrophobicity, an increase in
hydrophobicity alone did not account for differences in biofilm
formation by the E. faecalis strains tested. Interestingly, a pre-
vious study (38) examined the contribution of surface proteins
to the adherence of E. faecalis to bile drain materials and
determined that Esp expression promoted a strong interaction
with the substratum, leading to higher numbers of adherent
bacteria, whereas another surface protein, aggregation sub-
stance, promoted bacterial cell-cell interaction due to positive
cooperativity, leading to increased cell numbers at the surface
of the substratum. Synergy between these traits may occur and
enhance biofilm formation, a prospect that is being investi-
gated further.

Gelatinase, a secreted protease, has recently been impli-
cated in the process of OG1RF biofilm formation (20). In
order to examine the possibility of a synergistic effect between
gelatinase and Esp on biofilm formation in an isogenic back-
ground, we cotransformed FA2-2 with pCUGel and pESPF. In
contrast to previous results (20), gelatinase, when constitu-
tively expressed in FA2-2 under the influence of aphA pro-

moter, did not affect the ability of the wild-type Esp-negative
FA2-2 or the Esp-positive FA2-2(pESPF) to form biofilms
under the conditions tested. The reason for this observed dis-
crepancy is not clear, and whether it is an FA2-2-specific effect
remains to be discerned.

The esp gene has been identified to be part of a large patho-
genicity island in E. faecalis (31). Infection-derived isolates are
enriched for the presence of the pathogenicity island, which is
absent or rarely present in commensal isolates (31, 35). Inter-
estingly, strain MMH594 from which the pathogenicity island
was first discovered, is a poor biofilm former (20; unpublished
observations), leading Kristich et al. (20) to conclude that
neither Esp nor the pathogenicity island are essential for bio-
film formation. However, the present results show unambigu-
ously that Esp enhances biofilm formation in E. faecalis.

In summary, our results demonstrate that Esp significantly
enhances the ability of E. faecalis to form biofilms on three
different surfaces in a glucose-dependent manner and that this
enhancement is not directly attributable to an increase in cell
surface hydrophobicity.
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