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INTRODUCTION

Enterococci are normal probiotic bacteria in the
human and animal intestinal flora. However, these
bacteria are capable of causing disease as opportu-
nistic pathogens.1) Enterococci are intrinsically rug-
ged organisms endowed with traits such as growth
in the temperature range between 10 and 45°C,
growth in broth with 6.5% NaCl or at pH 9.6, and
the ability to survive at 60°C for 30 min.2) Entero-
cocci are also able to survive on dry environmental
surfaces from 7 days to 4 months.3) They are intrin-
sically resistant to many antibiotics and readily ac-
quire resistance to most antibiotics.4,5)

Vancomycin-resistant enterococci (VRE) were
first detected in Europe in 1986,6,7) and since then
VRE have spread rapidly, predominantly in the vet-
erinary field in Europe and in medical fields in the
U.S.A.5) In 2000, 26.3% of the intensive care unit
enterococcal isolates reported to the US National

Nosocomial Infections Surveillance system (NNIS)
were resistant to vancomycin.8) The Society for
Healthcare Epidemiology of America (SHEA) guide-
lines recommends rigorous infection control prac-
tices designed to prevent transmission for the con-
trol of VRE infections.3) In Japan, the first clinical
isolate of VRE was detected in 1997,9) and although
the number of VRE infections has been sporadic and
small thus far, the spread of VRE in medical, food,
and veterinary fields will be a future concern.

The complete genome sequence of vancomycin-
resistant Enterococcus faecalis (E. faecalis) V583
revealed that more than 25% of the genome consists
of possible mobile or foreign DNA. The apparent
propensity for the acquisition of mobile elements
essentially contributes to the rapid acquisition and
dissemination of drug resistance in the enterococci.10)

Enterococci can acquire resistance to antibiotics ei-
ther by mutation or by acquisition of plasmids or
transposons.4) Three different conjugative transfer
systems have been reported in enterococci.2,11) The
first type of transfer relates to broad host-range plas-
mids, generally dependent on cell contact on solid
media, and is inefficient in broth. The second type
of transfer relates to narrow host-range plasmids that
transfer at a high frequency in broth. These plas-
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mids respond to clumping-inducing agents, or
“pheromones” from recipient cells by expressing an
aggregation substance. The third type of conjuga-
tive system in enterococci relates to conjugative
transposons. Transfer by this mechanism occurs at a
low frequency on solid media.

In nutrient-limited ecosystems, such as an
aquatic environment, bacteria tend to attach to a sur-
face and begin biofilm formation.12) A biofilm can
be defined simply and broadly as a community of
microorganisms attached to a surface.13) Biofilm for-
mation is regulated at four main steps: surface at-
tachment, microcolony formation, depth of the ma-
ture biofilm, and biofilm architecture. Occasionally,
biofilm-associated bacteria detach from the biofilm
matrix.14) Obviously, more than 99% of bacteria grow
in biofilms on a wide variety of surfaces (i.e., biotic
or abiotic).15) Bacteria are able to colonize and pro-
duce biofilms on surfaces including rocks in streams,
ship hulls, and industrial water pipelines, as well as
contact lenses and many varieties of biomedical
implants and transdermal devices.12,15,16) Resistance
to antimicrobials is a general trait of all biofilms that
are the major cause of uncomfortable infections.17–19)

Biofilms may be responsible for 65% of all bacte-
rial infections.20)

E. faecalis isolates are reported to establish sig-
nificantly more biofilms than E. faecium isolates.21)

Biofilm-forming E. faecalis strains can also survive
in peritoneal macrophages for longer periods than
nonbiofilm-forming strains.22) Endocarditis isolates
of E. faecalis produced significantly more biofilms
than nonendocarditis isolates.23) Recent research has
indicated that the fsr two-component signaling sys-
tem (fsr quorum-sensing system) is important for
biofilm formation, and in this report, gelatinase was
the only entity downstream from fsr signaling which
mediated biofilm formation.24) Those findings sug-
gest that the ability to form biofilms is associated
with the pathogenicity of enterococci.

Gene transfer by conjugation is considered to
be one of the most of important mechanisms for the
establishment of new genetic traits in various envi-
ronments and plays an important role in the spread
of genetic traits.25,26) There are many reports of effi-
cient plasmid transfer both in natural and in labora-
tory-based biofilm systems.27) However, there are
few reports on plasmid transfer in biofilm systems
of enterococci, and transconjugation between entero-
cocci in biofilms merits investigation. Here we re-
port on transconjugation between E. faecalis in a
planktonic phase and in biofilm.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions —–—
E. faecalis ATCC 51299 and the clinical isolate E.
faecalis 4437 were used. These bacteria were incu-
bated in tryptic soy broth (TSB; Eiken Chemical Co.,
Tokyo, Japan) or TSB agar at 37°C.
Antibiotic Susceptibility and Biofilm Formation
—–—  For the selection of each bacterial strain and
transconjugant strain in the mixed culture, the anti-
biotic susceptibility of E. faecalis ATCC 51299 and
E. faecalis 4437 was assayed in broth microdilution
susceptibility tests to determine the minimum inhibi-
tory concentration (MIC). For teicoplanin, an E-test
(Aska Diagnostics, Inc., Tokyo, Japan) was used.
Biofilm formation was measured using the proce-
dure of Baldassarri et al.22) with some modifications.
Sterile, flat-bottomed, 24-well polystyrene plates
(Iwaki Co., Tokyo, Japan) were inoculated with 10 µl
of an overnight culture of E. faecalis in which 1 ml
of TSB or 1% glucose-TSB was dispensed in the
wells. After 24-hr incubation at 37°C without shak-
ing, the wells were gently washed 5 times with 3 ml
of distilled water, dried in an inverted position, and
stained with 500 µl of 1% crystal violet solution for
15 min. After staining, the wells were washed 5 times
with tap water. Quantitative analysis of biofilm pro-
duction was performed by adding 2.5 ml of 95%(v/v)
ethanol to destain the wells. The optical density at
570 nm (OD570) of the ethanol solution was mea-
sured. Each assay was performed in triplicate. As a
control, a noninoculated medium was used to deter-
mine background OD570.
Gelatinase and Cytolysin Assay —–—  Produc-
tion of gelatinase was detected using Todd-Hewitt
agar (Difco Laboratories, Ann Arbor, MI, U.S.A.)
containing 3% gelatin.28) The plated bacteria were
incubated at 37°C overnight, and colonies sur-
rounded by opaque zones were deemed gelatinase
positive. Production of cytolysin (hemolysin) was
determined on Todd-Hewitt agar supplemented with
5% horse blood.29)

Conjugational Transfer in Liquid Medium with
or without Filtrated Medium of E. faecalis 4437
—–—  A medium containing culture filtrate was pre-
pared as described by Dunny et al.,30) and a trans-
conjugation experiment was carried out using the
modified procedure of Andrup and Andersen.31)

Twenty milliliters of fresh TSB was inoculated with
20 µl of overnight culture of E. faecalis 4437, and
the material was incubated at 37°C. At OD660 = 1,
the supernatant collected by centrifugation was fil-
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trated through a membrane (pore size 0.22 µm) and
then autoclaved. One milliliter of fresh TSB con-
taining various concentrations (0–50%) of the fil-
trated medium was dispensed into culture wells, and
each well was inoculated with 10 µl of E. faecalis
ATCC 51299 culture (OD660 = 0.6). After 120-min
incubation at 37°C with shaking (300 rpm), 300 µl
of strain 4437 culture (OD660 = 0.6) was added to
each well and incubated for a further 60 min with
shaking. The mixed cultures were diluted and plated
on TSA plates supplemented with chloramphenicol
(15 µg/ml) for selection of strain ATCC51299, tet-
racycline (10 µg/ml) for selection of strain 4437, or
gentamicin (500 µg/ml) and tetracycline (10 µg/ml)
for selection of transconjugants. After incubation at
37°C for 48 hr, the number of colonies on each plate
was counted. Transfer frequency was estimated as
the number of transconjugants per number of
ATCC51299 cells, or number of transconjugants per
number of E. faecalis 4434 cells.
Preparation and Analysis of Plasmid DNA —–—
Plasmid DNA from Enterococcus sp. was prepared
according to the procedure of Woodford et al.32) with
some modifications. An overnight culture (500 ml)
of the strains was centrifuged, and the pellets were
suspended in 10 ml of suspending buffer [25% su-
crose in Tris-HCL 10 mM, EDTA 1 mM (pH 8.0)
(TE buffer) plus 10 mg of lysozyme/ml]. After in-
cubation at 37°C for 60 min, 15 ml of alkaline-so-
dium dodecyl sulfate (NaOH 0.2 M, 1% sodium
dodecyl sulfate) was added and mixed gently. The
mixture was incubated at 37°C for 30 min. After the
addition of 11.5 ml of potassium acetate 3 M
(pH 4.8), the mixture was left on ice for 30 min and
then centrifuged for 15 min at 4°C. The supernatant
was added to 25 ml of 99% isopropyl alcohol and
centrifuged at 3000 rpm (4°C) for 30 min. The pre-
cipitate was washed with 70% ethanol and dried.
The dried precipitate was dissolved in TE buffer and
subjected to CsCl density-gradient centrifugation.
The plasmid DNA fraction was extracted with iso-
propyl alcohol and dialyzed in TE buffer overnight.

Digestion of the plasmid DNA was performed
as recommended by the manufacturer. The digested
plasmid DNA was electrophoresed through 0.7%
agarose gel at 100 V for 1.5 hr. Tris-acetate 40 mM,
EDTA 1 mM (pH 8.0) (TAE buffer) was used for
electrophoresis.
Transconjugation in Liquid Medium —–—  Over-
night cultures of the strain ATCC51299 and E.
faecalis strain 4437 were mixed at ratios of 5 : 1,
2 : 1, 1 : 1, 1 : 5, 1 : 10, and 1 : 50, and 1 ml of TSB

was inoculated with 10 µl of each mixture in round-
bottomed polystyrene tubes (PS-tube, Iwaki Co.) and
incubated at 37°C without shaking. At various time
points, cells in the planktonic phase and in biofilms
were isolated separately. To isolate cells in biofilm
on the surface of the PS-tube, the tube was washed
gently 5 times with 10 ml of sterile water, and 0.5 ml
of saline was then added and vortexed with glass
beads. Agar plates supplemented with appropriate
antibiotics as described above were inoculated with
cells recovered from the planktonic phase and the
biofilms. After incubation at 37°C for 48 hr, colo-
nies on the plates were counted, and the transfer fre-
quency was estimated.
Transconjugation in Biofilm —–—  Strain 4437
was grown in 1 ml of TSB at 37°C for 18 hr in a PS-
tube without shaking. The biofilm formed in the PS-
tube was washed as mentioned above, and 1 ml of
fresh TSB containing 2, 10, 20, or 100 µl of over-
night culture of strain ATCC51299 was added. Af-
ter incubation for 3, 4.5, 6, and 9 hr at 37°C, cells
from the planktonic phase and the biofilm were re-
covered. The number of transconjugants on the agar
plates containing gentamicin (500 µg/ml) and tetra-
cycline (10 µg/ml) was counted, and the transfer fre-
quency was estimated as described above.

RESULTS

Antimicrobial Susceptibility, Biofilm Formation,
Gelatinase Activity, and Cytolysin Production of
E. faecalis ATCC51299 and E. faecalis 4437

E. faecalis ATCC51299 showed high-level re-
sistance to streptomycin and gentamicin, resistance
to erythromycin and chloramphenicol, and interme-
diate resistance to vancomycin, but was susceptible
to teicoplanin, benzylpenicillin, ampicillin, and tet-
racycline. Strain 4437 showed resistance to tetracy-
cline, but did not show high-level resistance to strep-
tomycin and gentamicin, and was susceptible to van-
comycin, teicoplanin, benzylpenicillin, and ampicil-
lin (Table 1).

In strain ATCC51299, biofilm formation was not
observed during incubation in TSB, but a signifi-
cant increase was observed in TSB supplemented
with 1% glucose (TSBG) (OD570 > 2). Weak biofilm
formation was observed in strain 4437 during incu-
bation in TSB and TSBG (OD570 = 0.3). Although
Baldassarri et al.22) and Tendolkar et al.33) reported
that biofilm formation of E. faecalis was strongly
affected by the presence of glucose added in the
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medium, we did not observe this effect in biofilm
formation by strain 4437.

The formation of opaque zones around colonies
of E. faecalis ATCC51299 and strain 4437 was ob-
served on a gelatin medium (Table 1). Gelatinase, a
secreted Zn-metalloprotease of E. faecalis, has been
implicated as a virulence factor by epidemiologic
data and in animal model studies,34) and recent re-
search has indicated that gelatinase is required for
biofilm formation.24) Cytolysin activity was not de-
tected in either strain.

Plasmid Transfer from E. faecalis ATCC51299 to
Strain 4437 in Liquid Medium

Positive clumping reactions were observed when
the exponentially growing strain ATCC 51299 was
mixed with a culture filtrate of strain 4437 and in-
cubated for 120 min at 37°C with shaking. The
clumping reaction was observed even in the culture
containing 3.1% culture filtrate of strain 4437 (32-
fold dilution). Moreover, those positive clumping
reactions were enhanced during 1-hr incubation with
exponentially growing cells of strain 4437. Although
clumping was not observed in cultures containing
no culture filtrate of strain 4437, gentamicin- and

tetracycline-resistant conjugants were present in the
cultures. The number of colonies on the selective
plates [gentamicin (GM) + tetracycline (TC)] in-
creased as the content of strain 4437 culture filtrate
was increased (Table 2).

Figure 1 shows the agarose gel electrophoresis
of EcoRI-digested plasmid DNA isolated from colo-
nies on the selective plates. Comparison of EcoRI-
digested plasmid DNA fragments showed that at least
four EcoRI-digested DNA fragments, indicated by
arrowheads present in EcoRI-digested plasmid DNA
isolated from strain ATCC51299, were also present
in plasmid DNA fragments from colonies on the se-
lective plates (GM + TC). Other EcoRI fragments
observed in the EcoRI-digested plasmid DNA iso-
lated from colonies on the selective plates were simi-
lar to those from strain 4437.

Transconjugation Frequency in Liquid Medium
Equal numbers of cells of strain ATCC51299

(donor strain) and strain 4437 (recipient strain) were
mixed and incubated for 12 hr at 37°C. Time courses
of the colony-forming units (CFU) of the donor
strain, recipient strain, and transconjugant in the
mixed culture were investigated (Fig. 2a and 2b). In

Table 2. Effect of Culture Filtrate of E. faecalis 4437 on Plasmid Transfer from E. faecalis ATCC51299 to Strain 4437

Contentration of culture filtrate of strain 4437 in medium (%) Transconjugants/recipient Transconjugants/donor

0.0 1.3 � 10�5 8.1 � 10�7

3.1 9.3 � 10�4 1.3 � 10�4

6.3 7.2 � 10�2 5.2 � 10�3

12.5 1.6 � 10�1 3.4 � 10�2

25.0 2.7 � 10�1 4.8 � 10�2

50.0 2.5 � 10�1 6.9 � 10�2

Culture filtrate was prepared from the culture broth of strain 4437 in the exponential phase. The filtrate was added to a mixed
culture of strains ATCC51299 and 4437 at the designated concentrations.

Table 1. Susceptibility to Antibiotics, Biofilm Formation, and Gelatinase and Cytolysin Production in E. faecalis ATCC 51299 and
4437

MIC (�g/ml)

Strain PC ABPC CTRX SM GM EM AMK TC MINO

ATCC 51299 2 1 > 256 > 1024 > 512 > 256 > 256 0.5 < 0.13

4437 2 1 > 256 64 8 0.5 64 128 16

MIC (�g/ml) Biofilm Gel Cly

Strain CP OFLX REF VCM TEIC (OD570)

ATCC 51299 64 1 0.5 8 1.5 0.090 � 0.05 + �

4437 8 2 1 4 1.5 0.259 � 0.05 + �

MIC was measured according to the CLSI (formerly NCCLS) broth microdilution method, except for teicoplanin. The E-test was used
for teicoplanin. Gel: gelatinase, formation of opaque zones around colonies on gelatin agar plate. Cyl: cytolysin, hemolysis on horse serum
plate. Abbreviations: PC, benzylpenicillin; ABPC, ampicillin; CTRX, ceftriaxone; SM, streptomycin; GM, gentamicin; EM, erythromycin; AMK,
amikacin; TC, tetracycline; MINO, minocycline; CP, chloramphenicol; OFLX, ofloxacin; REF, rifampicin; VCM, vancomycin; TEIC, teicoplanin.
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the planktonic phase, viable cell counts of the donor
and recipient strains increased until 4.5-hr incuba-
tion and plateaued at 109 CFU/ml. The number of
transconjugants was 1.9 × 105 CFU/ml after 3-hr
incubation and reached a plateau at 1.1 × 106 CFU/
ml. In biofilm, the amount of strain 4437 and strain
ATCC51299 was 8.1 × 105 and 1.1 × 104 CFU/ml
after 3-hr incubation and increased to 107 and 1.7 ×
106 CFU/ml, respectively. The amount of transcon-
jugants in biofilm was 4.3 × 104 CFU/ml after 9-hr
incubation. The transfer frequencies (transconjugants
per 4437 recipient) from strain ATCC51299 to the
gentamicin-sensitive strain 4437 of the plasmid con-
taining the gentamicin-resistant gene were 5.2 × 10–4

in the planktonic phase and 4.4 × 10–3 in biofilm.
We also investigated the effect of the ratio of

donor cells (D) to recipient cells (R) on transconju-
gation. As shown in Fig. 3, a higher transfer fre-
quency was observed at 4.5-hr incubation in the
planktonic phase and at 9-hr incubation in the
biofilm. In the planktonic phase, transfer frequen-
cies at ratios of D : R = 2 : 1–1 : 10 were higher, and
the highest transfer frequency (4.3 × 10–4) was ob-
tained at the ratio of D : R = 1 : 1. In the biofilm, the

Fig. 1. Agarose Gel Electrophoresis of EcoRI-digested Plasmid
DNA Isolated from E. faecalis ATCC 51299, Strain 4437,
and Transconjugants

Whole plasmid DNA prepared from E. faecalis ATCC51299, 4437,
and the transconjugants were digested with EcoRI and electrophoresed
in 0.7% agarose (TAE buffer, 100 V). Lane 1, HindIII-digested lambda
DNA; 2, plasmid DNA from strain ATCC 51299; 3, plasmid DNA from
strain 4437; 4, 5, plasmid DNA from randomly selected transconjugants.
White arrowheads indicate the common DNA fragments in the digests
of strain ATCC51299 and the transconjugants.

Fig. 2. Time Course of Donor and Recipient Cells and Transconjugants in the Planktonic Phase and in Biofilm
a, b, Time course of colony-forming units of donor, recipient, and transconjugant; c, d, Transfer frequencies of plasmid from ATCC51299 to 4437. a,

c, Planktonic phase; b, d, Biofilm. D, ATCC51299 (donor); R, 4437 (recipient); T, transconjugant; T(pc), predicted CFU of T in biofilm was calculated as
follows: T(pc) = log CFU of [T(planktonic)/R{(planktonic)/(biofilm)}]. TSB was inoculated with equal cell counts of ATCC51299 (donor) and 4437
(recipient) and incubated at 37°C. Viable cell counts of donor, recipient, and transconjugant cells were determined by counting colonies on the selective
agar plates. CFUs and transfer frequencies were expressed as average ± standard deviation (CFU of transconjugant and transfer frequencies T/R) from
triplicate experiments.
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highest transfer frequency (6.3 × 10–3) was obtained
at the ratio of D : R = 2 : 1. The transconjugation
frequency in the biofilm was higher than that in the
planktonic phase at any D : R ratio. For example,
at D : R = 5 : 1 and 1 : 1, the transconjugation fre-
quency in biofilm was 200- and 8-fold higher than
that in planktonic phase, respectively. The transfer
frequencies in the respective phases were also sig-
nificantly different (p < 0.01).

Transconjugation in Biofilm
The plasmid donor strain E. faecalis ATCC51299

was added to an existing biofilm formed by the re-
cipient strain E. faecalis 4437 at concentrations of
3.8 × 106, 1.9 × 107, 3.8 × 107, and 1.9 × 108, and the
material was incubated at 37°C for 3 hr. Transcon-
jugant cells, donor cells, and recipient cells were
counted. The number of recipient cells in the biofilm
was nearly constant (1.8 to 3.8 × 107 CFU/ml), but
that of the donor strain ranged from 9.4 × 103 to 4.7
× 105 CFU/ml (Fig. 4). The number of transconju-
gant cells and the transfer frequency (transconjugants
per E. faecalis 4437 recipient) increased with in-
creasing number of donor cells in the biofilm and
was also correlated with the number of donor cells
(r = 0.99 and 0.98, respectively). In the planktonic
phase, the number of donor cells was 7.8 × 107 to
3.9 × 109 CFU/ml, but that of recipient cells and
transconjugant cells decreased from 2.8 × 109 to 2.3
× 108 and 2.1 × 105 to 5.3 × 104 CFU/ml, respec-
tively. When 1.9 × 108 cells of the donor strain were

added to the biofilm, the transfer frequencies in the
biofilm remained constant (1.6 to 2.0 × 10–3) during
9-hr incubation, while the transfer frequencies in the
planktonic phase decreased from 2.3 × 10–4 (after
3-hr incubation) to 1.6 × 10–5 (after 9-hr incubation).

In all transconjugation experiments, no growth

Fig. 3. Effect of Initial Ratio of Donor and Recipient Cells on Plasmid Transfer Frequencies in the Planktonic Phase and in Biofilm
Donor cells and recipient cells were mixed at various ratios in TSB and incubated at 37°C. Transfer frequencies in the planktonic phase were

determined after 4.5-hr incubation, and transfer frequencies in biofilm were determined after 9-hr incubation. Data shown are the averages of triplicate
values. Standard deviations are indicated. D : R, R/D : P, and R/D : B indicate the ratio of donor cells to recipient cells before incubation, and after 4.5-
hr incubation in the planktonic phase and 9-hr incubation in the biofilm at 37°C.

Fig. 4. Viable Cell Number of Donor Strain, Recipient Strain,
and Transconjugant in the Existing Biofilm Formed by
the Recipient Strain

E. faecalis 4437 was incubated for 18 hr at 37°C. The culture broth
was removed and then 1 ml of TSB and various numbers of E. faecalis
ATCC51299 as indicated were inoculated. After 3-hr incubation, viable
cells in the biofilm number were determined. Data shown are the averages
of triplicate values. Standard deviations are indicated.
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was observed on the transconjugant-selective plates
when the parental cultures were plated.

DISCUSSION

High-frequency transfer of pheromone-response
plasmids such as pAD1, pPD1, and pCF10 of en-
terococci in liquid media or on membrane filters is
well known,11,30) but little is known about plasmid
transfer in biofilms formed by enterococci. We dem-
onstrated that a plasmid containing the gentamicin
resistance gene in E. faecalis ATCC51299 was trans-
ferred to E. faecalis 4437 clinically isolated in Ja-
pan. The transconjugants were detected not only in
the planktonic phase (liquid medium) but also in
biofilm on an abiotic (polystyrene) surface. Trans-
conjugants were also detected in existing biofilms
formed by the recipient strain 4437 when biofilms
were inoculated with donor strain ATCC15299 after
biofilm formation. In these biofilms, transfer fre-
quencies (transconjugant cells per recipient cells or
per donor cells) were higher than those in the plank-
tonic phase.

Addition of culture filtrate prepared from an
exponential growth phase culture of strain 4437 to
E. faecalis ATCC51299 cultures produced a clump-
ing reaction, and addition to a mixed culture in-
creased plasmid transfer frequencies (Table 2). As
is generally known, recipient strains of E. faecalis
release a heat-stable substance (sex pheromone)
which incites donor cells with specific conjugative
plasmids to become adhesive, creating the cell-to-
cell contact required for plasmid transfer. Since do-
nors themselves can be incited by recipient filtrates
to “clump,” such substances were termed “clump-
ing-inducing agents” (CIAs), and filtrates with maxi-
mal CIA activity were found to have significant
mating-enhancement activity.30) It was speculated
that some metabolites produced by strain 4437 act
as pheromones to which plasmids of strain
ATCC51299 respond, and the addition of the filtrate
to strain 51299 induced a clumping reaction and in-
creased the frequency of plasmid transfer.

The transconjugants obtained in the conjugation
experiments showed antibiotic susceptibility equiva-
lent to that of the parent strain 4437, except for high-
level resistance to gentamicin (> 500 µg/ml). These
transconjugants also demonstrated biofilm forma-
tion on a polystyrene surface, production of
gelatinase, and nonproduction of cytolysin equiva-
lent to that of the parent strain 4437 (data not shown).

An E. faecalis ATCC 51299 strain isolated at
Barnes Hospital in the U.S.A. in 1989 carried vanB,
aac(6′)-1 and aph(2′′), ant(6)-I resistance genes re-
sponsible for its vancomycin- and high-level gen-
tamicin- and streptomycin-resistant phenotype. This
strain was used as a control in screening for high-
level aminoglycoside resistance in enterococci.35)

The aac(6′)-1 and aph(2′′) genes are plasmid borne
in most gentamicin-resistant isolates of E.
faecalis,36,37) and conjugal transfer of aac(6′)-1 and
aph(2′′) on the plasmid has been reported in entero-
cocci.36,38) Our experimental results indicated that
strain ATCC51299 harbored the plasmids contain-
ing the EcoRI fragments indicated by the arrowheads
in Fig. 1 and that the plasmids have a gentamicin-
resistant gene. The results also suggest that the plas-
mid was transferred from E. faecalis ATCC51299
to strain 4437 by conjugation in the mixed culture
and a high-level gentamicin resistance trait was im-
parted by aac(6′)-1 and aph(2′′).

From a mixed culture of strain ATCC51299 and
strain 4437, transconjugants were obtained not only
from the planktonic phase but also from biofilm.
Plasmid transfer by conjugation in the planktonic
phase ended after 4.5-hr incubation. In the biofilm,
however, the number of transconjugants increased
gradually after 4.5-hr incubation, making it neces-
sary to consider the attachment of bacteria from the
planktonic phase. We surmised that the higher trans-
fer frequency in biofilm was a result of the attach-
ment of transconjugants in the planktonic phase to
the biofilm. Because the number of transconjugant
cells in the planktonic phase and in the biofilm were
equivalent to the number of recipient cells when in-
cubated separately in the PS-tube containing TSB
within 24 hr (data not shown), we assumed that re-
cipient cells and transconjugant cells in the plank-
tonic phase attached to the surface of the biofilm at
the same ratio. If transconjugants in the biofilm were
derived from transconjugants in the planktonic
phase, it is possible to estimate the number of
transconjugant cells in the biofilm from the number
of recipient cells in the planktonic phase and the
biofilm. The result of this calculation indicated that
the estimated number of transconjugants in the
biofilm (3.96 ± 0.14) was similar to the number of
transconjugants (4.18 ± 0.37) observed in the biofilm
during 4.5-hr incubation, but after 6-hr incubation,
the estimated number of transconjugants in the
biofilm then falls below the actual number (Fig. 2b,
broken line). If plasmid transfer ended within 4.5-hr
in the planktonic phase, increases in the number of
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transconjugants in the biofilm after 4.5-hr incuba-
tion should be deemed the result of transconjugation
in the biofilm.

The frequency of plasmid transfer by transcon-
jugation is reportedly influenced by the ratio of re-
cipient to donor cells.39–41) Similarly, in our results,
the highest transfer frequencies were obtained in both
the planktonic phase and the biofilm when the ratio
of recipient cells to donor cells (R/D) was 1 to 2.
R/D values in the biofilm were always higher than
those in the planktonic phase.

Moreover, we demonstrated that transfer of the
plasmid containing the gentamicin-resistant gene of
strain ATCC51299 to strain 4437 occurred at a higher
frequency in the existing biofilm formed by the re-
cipient strain. In the biofilm, a correlation was ob-
served between the number of donor cells and
transconjugants, and between the number of donor
cells and the ratio of transconjugants/recipient cells.
In contrast, the ratio of transconjugants/donor cells
was almost constant, as Astorga et al.40) reported.

Hausner et al.25) indicated that plasmid transfer
occurred within biofilm at a high rate in the initial
stages after donor introduction, that recipient cells
existed in fixed locations in biofilm, and that high
cell density probably assisted the initial formation
of mating pairs when donor cells attached. When all
initial recipients had received a plasmid, further plas-
mid transfer was markedly diminished, since the
donor cells were also located in fixed locations.
Christensen et al.42) also observed a positive corre-
lation between transconjugant establishment and the
preexisting pool of recipient cells. The biofilm
formed by recipient cells is regarded as one of the
important factors for transconjugation in biofilm.

In the planktonic phase, however, the density of
recipient cells decreased as the number of donor cells
increased, and at the same time the number of
transconjugants decreased. In biofilm, the fluctua-
tion in recipient cell count was smaller, and the num-
ber of donor cells remained suitable for transcon-
jugation, but this was not the case in the planktonic
phase. This may be one of the reasons for the pro-
longed transconjugation observed in the biofilm, but
not in the planktonic phase.

Biofilm provides an environment facilitating
conjugation, such as minimal shear force and closer
cell-to-cell contact.15) The chance of random cell
contact in an aqueous phase is greater than that in
biofilm, but the relative spatial stability of organ-
isms in biofilm should be favorable to conjugation.25)

The dense community structure in biofilm increases

plasmid release by conjugation, and the conjugation
mechanism itself may enhance biofilm establish-
ment.27)

In summary, we found that transfer of plasmids
related to antimicrobial-resistant traits occurred more
easily by conjugation on a material surface than in a
liquid phase. Most bacteria found in nature live in
biofilms on surfaces or at interfaces. The enterococci
that cause superinfections can easily acquire a vari-
ety of antimicrobial-resistant genes from exotic en-
vironments/flora. Our results suggest that biofilms
formed by enterococci on various surfaces give rise
to efficient gene transfer among enterococci.
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