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Background and purpose: Enterococcus faecium is a normal bowel commensal and lactic acid bacterium
that is rarely found in the oral cavity. This study investigated whether a non-pathogenic and non-biofilm strain of
E. faecium functioned as a probiotic strain toward biofilm formation by Streptococcus mutans, which is an
etiological agent for dental caries.
Methods: The effects of E. faecium on streptococcal biofilm was evaluated by absorbance of safranin-stained
biofilm at 492 nm in a 96-well microtiter plate.
Results: The E. faecium strain demonstrated cell-number–dependent inhibition of biofilm in dual cultures with
4 laboratory and 16 clinical S. mutans strains, as well as laboratory strains of Streptococcus sobrinus and
Streptococcus sanguinis, in 96-well microtiter plates. The inhibiting effects of E. faecium were not dependent
on the production of bacteriocin from streptococci and E. faecium, low pH after mix culture, or biofilm formation
levels of S. mutans. A culture supernatant sample of more than 10 kDa from E. faecium showed direct inhibiting
effects toward S. mutans biofilm formation. Treatment of heat, butanol, and phenol to a supernatant sample
restored biofilm formation in culture of S. mutans with the sample. Moreover, the tendencies of inhibition levels
by the supernatant sample were associated with those by bacterial cells of E. faecium to S. mutans strains.
Conclusion: The E. faecium non-biofilm strain produced an inhibiting protein to streptococci biofilm formation,
showed various susceptibilities to inhibit streptococcal biofilm, and acted as a probiotic bacterial inhibitor of
streptococcal biofilm formation.
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Introduction
Oral bacterial communities are known as biofilms,
which are characterized by species composition, surface or substratum composition, and the conditioning
films that coat the surfaces on which they form [1-3].
The interactions between oral streptococci and other
bacteria are potentially beneficial for one or more
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species present in the biofilm through aggregation
[4,5]. Streptococcus mutans is the predominant etiologic agent of human dental caries [1], and has been
shown to be able to adhere to and form a biofilm on
tooth surfaces, as well as to catabolize carbohydrates
and generate acids, and survive in low pH and other
environmental stress conditions, which are characteristics involved with its cariogenicity [6]. Further,
extracellular polysaccharides synthesized by key
bacteria such as S. mutans play an important role in
biofilm formation by facilitating bacterial adherence
and cell-cell communication on tooth surfaces [7,8].
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Enterococci are Gram-positive cocci that form a part
of the normal gastrointestinal tract flora in animals and
humans [9], and are generally considered to be normal
bowel commensals, although they are also recognized
as opportunistic pathogens [10]. Enterococci have long
been implicated in persistent root canal and dentin
infections [11-13], as well as endocarditis and urinary
tract infections [12,14]. In addition, enterococci occur in
natural foods and are used as probiotics in dairy products
[15]. The genus Enterococcus consists of at least 23 species, 2 of which, Enterococcus faecalis and Enterococcus
faecium, account for more than 95% of the clinically
important isolates. In clinical settings, the use of E.
faecium and E. faecalis during food fermentation and
as probiotics demands careful safety evaluation [11,15].
Lactic acid bacteria such as Enterococcus do not
communicate usually with oral biofilm bacteria, because
they are rarely found in the oral cavity. However, they
have abilities to act or live in some conditions of root
and dentin caries. Enterococci can survive in mono and
mixed cultures in the root canal systems [16] and are

hard to eliminate once present [17]. A recent report found
that colonization of the healthy oral cavity by enterococci
was caused by cheese contaminated with enterococci in
the oral cavity [18]. Therefore, enterococci may develop
an independent microbial community and have unique
effects on oral biofilm formation. In this study, the
biofilm inhibition of S. mutans in mixed cultures with a
non-pathogenic and non-biofilm strain of E. faecium in
vitro was assessed using a 96-well microtiter plate assay.

Methods
Bacterial strains and culture conditions
S. mutans MT8148, MT6229, GS5, and clinical strains,
as well as Streptococcus sobrinus American Type
Culture Collection (ATCC) 33478, AHT, and 6715,
E. faecium 129 BIO 3B (classified previously as Streptococcus faecalis), which was provided by Biofermin
Pharmaceutical Co (Kobe, Japan), and JCM8727, and
E. faecalis JCM8726 were used in this study. The
S. mutans clinical strains are listed in Table 1, and each

Table 1. Inhibitory effects of Enterococcus faecium to streptococcal biofilm formation.
Bacterial strain
		
Streptococcus mutans
MT8148
MT6229
GS5
FSC-1
FSC-2
FSC-3
FSC-5
FSC-6
FSC-8
FSC-9
FSC-10
FSC-11
FSM-2
FSM-3
FSM-6
FSM-7
FSM-11
Streptococcus sobrinus
ATCC 33478
AHT
6715
Streptococcus sanguinis
ATCC 10556
ST205

Minimal dilution to
Biofilm formation
inhibition effects		

Bacteriocin
production level

Clinical or
laboratory strain

0.2a
3.1
0.8
25.0
1.6
12.5
0.1
6.3
6.3
0.4
<0.1
6.3
1.6
25.0
0.1
6.3
<0.1

1.23 ± 0.08b
1.16 ± 0.08
1.72 ± 0.02
1.27 ± 0.21
1.84 ± 0.08
1.99 ± 0.21
2.20 ± 0.09
1.98 ± 0.06
1.82 ± 0.26
1.70 ± 0.20
2.48 ± 0.02
1.85 ± 0.07
2.23 ± 0.09
1.46 ± 0.19
1.95 ± 0.05
2.71 ± 0.12
2.55 ± 0.05

+
++
-

L
L
L
C
C
C
C
C
C
C
C
C
C
C
C
C
C

0.1
0.1
<0.1

2.96 ± 0.23
0.90 ± 0.02
2.78 ± 0.07

-

L
L
L

0.4
0.4

0.87 ± 0.05
0.78 ± 0.05

-

L
L

a

Minimum ratio of cell number of E. faecium to streptococci (x1.0) in the inhibition effects on streptococcal biofilm formation.
Biofilm formation level of each Streptococcus sp. in a single culture.
Abbreviations: ATCC = American Type Culture Collection; C = clinical; L = laboratory.
b
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revealed different types of genomic DNA and biofilm
formation [19]. The streptococci, as well as E. faecium
and E. faecalis, were grown in brain heart infusion
BHI medium (Difco Laboratory, Detroit, MI, USA).

Human saliva collection
Whole saliva samples were collected from 5 healthy
human participants (age, 28-30 years) after stimulation by chewing paraffin gum, and pooled into icechilled sterile bottles for 5 min. The samples were
clarified by centrifugation at 10,000 × g for 20 min at
4°C, filter sterilized, and used immediately for biofilm
assays, using 96-well microtiter plates and a flow
chamber system.

Biofilm formation assay in 96-well microtiter plates
Biofilm formation by each strain was assayed using a
method described previously [19]. To evaluate biofilm
formation by single cultures of an oral Streptococcus
sp. and lactobacilli or in a coculture of S. mutans,
S. sobrinus, or Streptococcus sanguinis with E. faecium, 20 μL (4.0 × 104 colony forming units [CFUs])
of a bacterial cell suspension along with 20 μL (4.0 ×
104 CFUs) of the other bacterial cell suspension were
mixed in the wells of a 96-well (flat bottom) microtiter
plate (Sumitomo Bakelite, Tokyo, Japan), along with
160 μL of tryptic soy broth without dextrose supplemented with 0.25% sucrose (TSBS), after coating with
whole saliva for 30 min. E. faecium treated with 10%
formalin (Wako Pure Chemical Industries, Ltd, Osaka,
Japan) was used for comparison between live and nonlive cells. The plates were incubated at 37°C for 16 h
under anaerobic conditions, then the liquid medium
was removed and the wells were rinsed a second time
with sterile distilled water (dH2O). The plates were
then air dried and stained with 0.25% safranin for 15
min. After being stained, the plates were rinsed with
dH2O to remove excess dye and then air dried. The
biofilm mass was measured without desolvation by a
solvent using an enzyme-linked immunosorbent assay
microplate reader (Multiskan Bichromatic Laboratory
Japan, Tokyo, Japan), as the biofilms were uniformly
formed on the bottoms of the wells in the 96-well
plates [19]. Quantification of stained biofilm on the
bottom was performed by measuring the absorbance
at 492 nm. After culturing for 16 h, pH of the supernatant was determined. Photographs of biofilm formation were taken using a digital camera connected to a
microscope (Olympus, Tokyo, Japan) with low (× 40)
and high (× 400) magnification.
190

Bacteriocin assay
Loopfuls of stationary-phase cultures of streptococci
or E. faecium strains were stabbed into BHI agar on a
plate, and then incubated at 37°C for 24 h. An indicator strain of E. faecium or streptococci was grown to
an optical density of 0.3 at 550 nm. Each culture was
then diluted to 1:100 and 0.2 mL of the dilution was
transferred by pipette into a tube containing 4 mL of
molten BHI with 1% agar (Wako). This solution was
mixed and poured evenly onto the surfaces of the
plates and incubated at 37°C for an additional 24 to
48 h, after which the diameters of the zones of inhibition were measured.

Preparation of culture supernatant
Culture supernatant samples from E. faecium 129
BIO 3B incubated in extra BHI medium after dialysis
by cellulose membrane (passage molecular weight,
14,000; Viskase Companies, Inc., Darien, IL, USA)
overnight were precipitated by salting out using ammonium sulfate. The precipitates were suspended and
dialyzed in phosphate-buffered saline (PBS), then
further centrifuged at 6000 × g for 20 min at 4°C.
The sample of more than 10 kDa was condensed by
ultrafiltration using a centrifugal filter device (Amicon
Ultra; Millipore, Billerica, MA, USA). Protein concentrations in the sample solution were determined
using a protein assay kit (BioRad Laboratories, Hercules, CA, USA) and the samples were also used as a
supernatant sample in the biofilm experiment. To confirm whether the inhibiting substance was a protein,
the culture supernatant sample was treated with heat
(boiled for 5 min), with an equal volume of l-butanol
(Sigma Aldrich, St Louis, MO, USA) for 20 min or
hot phenol (Wako) for 20 min. The lower aqueous
phases were dialyzed using hydrate membrane (SlideA-Lyzer® Dialysis Cassettes, 10 kDa cutoff; Pierce,
Rockford, IL, USA) in PBS and used for the biofilm
inhibition assay.

Native polyacrylamide gel electrophoresis
Prior to electrophoretic analysis, the culture supernatant samples were diluted with an equal volume of
native polyacrylamide gel electrophoresis (PAGE)
sample buffer (0.06 M trisaminomethane hydrochloride [Tris-HCl], pH 6.8; Amersham Pharmacia
Biotech, Uppsala, Sweden) with 20% glycerol (Wako)
and 0.0012% bromophenol blue (Wako). The samples
were subjected to 10% polyacrylamide gel (PAGELmini, ATTO Corp, Tokyo, Japan) in the presence of
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25 mM of Tris-HCl and 192 mM of glycine (Wako).
Electrophoretic separation of the proteins was carried
out in the native polyacrylamide gels for 80 min at
40 mA. The Precision Plus Protein Standard molecular weight marker (BioRad) was used as a protein size
marker for native PAGE. When electrophoresis was
completed, proteins in the gels were stained with 0.1%
(w/v) Coomassie Brilliant Blue.

Application of inhibiting substance for biofilm
formation assay
A sonic extract, culture supernatant sample has been
identified as able to inhibit S. mutans biofilm formation.
To evaluate the effects of samples from E. faecium,
40 μL (8.0 × 104 CFUs) of cell suspension of S. mutans
was mixed and simultaneously cultivated in a 160-μL
mixture containing various concentrations of samples
in the wells of a 96-well (flat bottom) microtiter plate
(Sumitomo Bakelite), after coating with saliva for
30 min. To evaluate the direct effects of the culture
supernatant sample, an S. mutans cell suspension
MT8148
MT6229
GS5

2.5

FSC-3
ATCC 10556

(20 μL, 8 × 104 CFUs) was preincubated with 3 mg/mL
(20 μL, 6 mg/mL in PBS) of culture super-natant
sample for 1 h at 37°C and cultivated in 160 μL TSBS
(final concentration, 600 μg/mL; culture supernatant
sample). To clarify the dominance effects of the culture
supernatant sample toward biofilm inhibition, 20 μL
of culture supernatant sample 6 mg/mL was initially
incubated for 1 h at 37°C in the wells of a 96-well
microtiter plate prior to the cell culture, after which cell
suspensions of S. mutans were added and cultivated in
160 μL TSBS (final concentration, 600 μg/mL; culture
supernatant sample). In another experiment, before
adding the culture supernatant sample, S. mutans was
initially incubated for 1 h at 37°C and, after adding the
sample, the mixture was cultivated for 16 h at 37°C.
Thereafter, the biofilm was evaluated by the methods
previously described [19].

Statistical analysis
Comparisons of biofilm formation levels among the
various cultures of single and dual species in 96well microtiter plates were performed using MannWhitney U test. Differences at the 0.05 level or less
were considered to be statistically significant.

Results
Absorbance at 492 nm

2

Effects of Enterococcus faecium on Streptococcus
mutans biofilm in 96-well microtiter plate

1.5

1

0.5

0
C

50

25 12.5 6.3 3.1 1.6 0.8 0.4 0.2
Dilution of cell number

Fig. 1. Inhibition of streptococcal biofilm by Enterococcus faecium. Cocultures were performed with various cell
number ratios of E. faecium to various streptococci strains
(range, 0.1:1 to 50:1). Formed biofilms were stained with
safranin and absorbance measured at 492 nm. Streptococci
strains included Streptococcus mutans MT8148, MT6229,
GS5, and FSC-3, and Streptococcus sanguinis American
Type Culture Collection 10556. Data are representative of
3 independent experiments with similar results. Results are
expressed as mean ± standard deviation of triplicate assays.
Abbreviation: C = control.
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Biofilm formations were not observed in monocultures of all tested Enterococcus strains and they
inhibited S. mutans biofilm formation. E. faecium 129
BIO 3B did not produce a variety of toxins, such as
bacteriocin and hemolysin, and functioned as a lactic
acid and non-pathogenic bacteria. E. faecium 129 BIO
3B did not demonstrate antibiotic resistance and was
proposed as a beneficial probiotic strain for intestinal
flora conditions [20]. E. faecium 129 BIO 3B was
used as a typical non-pathogenic and non-biofilm
Enterococcus strain for further experiments.
Biofilms produced by S. mutans, S. sobrinus, and
S. sanguinis were inhibited by E. faecium in cocultures in a cell-number–dependent manner, with
various inhibition activities (Fig. 1, Table 1). A 0.1:1
cell ratio of E. faecium to S. mutans FSC-5, FSM-6,
S. sobrinus ATCC 33478, or AHT caused significant
inhibition of absorbance at 492 nm in comparison with
a single culture of the streptococcal strain, although
that relative ratio was the minimum to inhibit absorbance. A 0.4 or 0.8 cell ratio of E. faecium to S. mutans
191
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GS-5, FSC-9, S. sanguinis ATCC 10556, or ST205
also caused significant inhibition. In contrast, a 25-fold
greater number of E. faecium cells to S. mutans were
necessary to cause significant inhibition of absorbance at 492 nm in cocultures with S. mutans FSC-1
and FSM-3. Bacteriocin activities by streptococci to

E. faecium were only observed in S. mutans FSM-3
and FSM-7, while none were seen in the other streptococci (Table 1). Bacteriocin activities by E. faecium
were not observed with all tested streptococci (data not
shown). Taken together, the biofilm inhibition activities
were not dependent on the bacteriocin production from

A

B

C

D

E

F

G

H

I

J

K

L

Fig. 2. Biofilm formation by (A-D) Streptococcus mutans MT8148, (E-H) Streptococcus mutans GS5, and (I-L) Streptococcus
sanguinis. Photographs were taken at low (× 40: A-C, E-G, I-K) or high (× 400; D, H, L) magnification. Biofilm formation in a
single culture is shown (A, E, I). The cell number ratio of Enterococcus faecium to streptococci was 3.2:1 (B, F, J) or 0.8:1 (C,
D, G, H, K, L). Biofilm formations were taken from the results shown in Fig. 1. Photographs are representative of independent
experiments with similar results.

192

© 2009 Journal of Microbiology, Immunology and Infection

Kumada et al

E. faecium or streptococci or with the level of biofilm
formation by the streptococci. Biofilm inhibition
was confirmed in photographs (Fig. 2), and irregular
biofilms with increased numbers of voids and hollows were observed in cocultures of E. faecium and
S. mutans MT8148 or S. sanguinis ATCC 10556 at
ratios of 0.8:1, as compared with the biofilms of monocultured S. mutans and cocultured S. mutans GS5 and
E. faecium in high magnification photographs (Fig. 2D
and Fig. 2L). The inhibiting effects of E. faecium were
lost by treatment of 10% formalin (data not shown).
The final pH levels after incubation in all experiments
ranged from 4.8 to 5.2.

inhibiting substance in the culture supernatant sample.
The inhibitions were also observed in pretreatment
culture of S. mutans GS5, MT8148, and FSC-2 but
not in FSM-7, FSC-11, and FSM-3 with the supernatant sample (Fig. 4). The inhibition cell ratios of
E. faecium to S. mutans GS5, MT8148, and FSC-2
were 0.8, 0.2, and 1.6, respectively, but those to
FSM-7, FSC-11, and FSM-3 were 6.3, 6.3, and 25.0,
respectively (Table 1). The tendencies of inhibition
levels by the supernatant sample were associated with
those by bacterial cells of E. faecium. Initial culture
of the culture supernatant sample or S. mutans did not
show significant inhibition (data not shown).

Inhibiting effects of culture supernatant

Discussion

The culture supernatant sample of more than 10 kDa
also suppressed biofilm formation by S. mutans GS5
in the simultaneous culture (Fig. 3), and the suppression was observed in a dose-dependent manner (data
not shown). Addition of 600 μg/mL of the sample
caused the inhibition of S. mutans by 52%. Treatment by heat, butanol, and phenol to the supernatant
samples restored biofilm formation in the culture of
S. mutans with the sample (Fig. 3). Therefore, it is
considered that the more than 10-kDa protein is an

Antimicrobial and bacteriocin-like substances have
roles in the interactions of S. mutans with other bacteria
during biofilm formation, and may provide a selective
advantage for initial or sustained colonization in an environment of diversely packed and competing organisms
[21,22]. In addition, lactic acid bacteria may control the
microbial environment during the development of dental
caries [6,23-25]. In this study, the inhibiting effects
of the E. faecium strain toward biofilm development
B

2
Biofilm formation (absorbance at 492 nm)

A

1

0

Control

Phenol
Butanol
Heat
No
treatment treatment treatment treatment

Fig. 3. (A) Native polyacrylamide gel electrophoresis of the culture supernatant from Enterococcus faecium 129 BIO 3B
stained with Coomassie Brilliant Blue and (B) inhibiting effects of culture supernatant samples treated with phenol, butanol,
and heat on biofilm formation by Streptococcus mutans. Each sample was simultaneously added to a cell suspension of
S. mutans GS5 and cultured in TSBS for 16 h. Data are representative of 3 independent assays with similar results. Results
are expressed as mean ± standard deviation of the triplicate assays.
Lane 1, phenol-treated sample; lane 2, butanol-treated sample; lane 3, heat-treated sample; lane 4, non-treated culture
supernatant sample prepared by ammonium sulfate and super filtration.
Abbreviations: M = molecular weight marker; TSBS = tryptic soy broth without dextrose supplemented with 0.25% sucrose.
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1.8

Control
Culture supernatant treatment

1.2
a
a

0.6

0

a

GS5

MT8148

FSC-2

FSM-7

FSC-11

FSM-3

Fig. 4. Inhibiting effects of culture supernatant samples on biofilm formation by various Streptococcus mutans strains.
Supernatant samples were simultaneously added to cell suspensions of S. mutans strains GS5, MT8148, FSC-2, FSM-7,
FSC-11, or FSM-3 and precultured for 1 h. TSBS was added and cells cultured for 16 h. Data are representative of
3 independent assays with similar results. Results are expressed as mean ± standard deviation of the triplicate assays.
a
p < 0.01 versus non-treated control.
Abbreviation: TSBS = tryptic soy broth without dextrose supplemented with 0.25% sucrose.

by S. mutans strains were observed at various ratios
in 96-well microtiter plates and were not dependent
on the production of bacteriocin, low pH, or biofilm
formation levels. The effects were also observed in
dual-species culture with S. sobrinus and S. sanguinis.
Therefore, biofilm development is regulated by multiple
cell-to-cell interactions between biofilm bacteria and
others, as there are various susceptibilities of streptococci to inhibition by non-biofilm bacteria such as the
tested strain of E. faecium.
The present strains of E. faecium did not coaggregate with S. mutans and form a biofilm in 96-well
microtiter plates, thus other diverse mechanisms are
likely to be involved in the mechanism of inhibition.
It is possible that E. faecium produces unknown or
known inhibiting factors related to the colonization
and biofilm formation of streptococci, as well as binding to saliva-coated surfaces. In this study, a heat-,
butanol-, and phenol-unstable substance able to inhibit
biofilm formation by S. mutans was found, which was
considered to be a protein and not a polysaccharide
or lipoteichoic acid. The E. faecium strain produced
a small amount of the inhibiting protein outside of
culturing with S. mutans, because non-concentrated
culture supernatant sample from E. faecium could not
inhibit biofilm formation of S. mutans. However, formalin-treated E. faecium did not show such inhibiting
activities. The protein acted as an inhibiting factor to
precolonized S. mutans in the early stage of E. faecium
growth and did not have an effect on attached or
194

colonized S. mutans. The inhibition effects of E.
faecium may require streptococcal strain-dependent
bacterial density, but not binding of the products to
a salivary receptor on the hard surface during the development of biofilm. Previous studies have reported
that some strains of E. faecium produce cytolysin,
which has hemolytic (lysing a broad spectrum of cells,
including human, horse, and rabbit erythrocytes) and
bactericidal activities against Gram-positive bacteria
[26,27]. However, the present strain did not produce
cytolysin and showed inhibiting effects to streptococcal biofilm formation. Thus, it is considered that the
inhibiting protein reacts directly with biofilm bacteria
in the early growth phase of E. faecium to cause various
susceptibilities of cell-to-cell communication leading to
a poor-quality biofilm.
The primary habitat of Enterococcus organisms is
the large intestine [24,28], although low numbers have
been recovered from the oral cavity, mainly from the
dental plaque of individuals with underlying diseases
in whom opportunistic transmission may have occurred
[29-31]. When E. faecium is increased in the oral cavity
in certain environmental conditions, as well as because
of an underlying disease and intake of diet contaminated
with E. faecium, it might be more infective in a competitive state with streptococci. Then, the inhibiting protein
may play an important role in the interaction of E. faecalis with streptococcal biofilm formation. In general,
the biofilm matrix is composed of diverse extracellular
polymeric substances, including exopolysaccharide,
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proteins, and DNA, while it may also contain other
non-cellular materials, depending on the environment
in which the biofilm developed [5]. In particular, DNA
has been identified as a key structural component of the
biofilm extracellular matrix [32] and, more recently,
biofilm formation was shown to involve a functional
DNA-binding uptake system [33]. DNA-binding protein
is also involved in biofilm formation by Pneumococcus
app. [34]. These findings were confirmed by another
study that found a significant inhibitory effect on biofilm
formation when DNase I or protease was added, either
before or after beginning the culture [35]. In this study,
the culture supernatant sample did not imitate these
result for the activity for inhibition, because the addition
of S. mutans after a 1-h culture did not inhibit biofilm
formation. Therefore, it is considered that the inhibitory
phenotype of the culture supernatant sample is different
from that of DNase and protease.
In additional experiments, a sonic extract sample
was prepared from the whole cell of this strain of
E. faecium and the sonic extract sample significantly
suppressed biofilm formation by S. mutans MT8148
[36]. Purification of the inhibiting protein in the sonic
extract sample and culture supernatant samples was
performed by gel filtration and ion exchange chromatography. The inhibiting protein indicates a high molecular weight complex, and was not purified completely
by various purification procedures in both samples.
It is possible that the protein may function as a high
molecular weight complex and play an important role
in the unique inhibition of S. mutans biofilm formation.
Additional investigations are required to clarify
which molecules in the inhibiting proteins participate in
the inhibition of colonization in a physical or chemical
manner during streptococcal biofilm formation, and
whether the inhibiting proteins from other non-biofilm
bacteria can also inhibit biofilm formation. Nevertheless, it seems feasible to employ such agents as an E.
faecium strain as local therapy for oral infection in
the future. The present results may also provide new
information with regard to bacterial communication
and diversity, as well as useful data for prevention of
biofilm development in the oral environment.
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