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ABSTRACT
Recently, our laboratory demonstrated that bacteriocins produced by commensal enterococci
provide an advantage in niche maintenance in the highly competitive environment of the
gastrointestinal (GI) tract. Bacterial production of bacteriocins is a conserved defense strategy to
help establish an ecological niche. Bacteriocin-encoding genes in enterococci are often carried on
mobile genetic elements, including conjugative plasmids, enabling the transfer of such traits to
other community members in a shared niche. Use of a novel mouse model for enterococcal
colonization of the GI tract allowed us to investigate enterococcal dynamics and the role of
enterococcal bacteriocins in the mouse GI tract. We examined the role of bacteriocin-21, carried on
the pPD1 plasmid, in enterococcal colonization of the gut. We discovered that Enterococcus faecalis
(EF) harboring pPD1 effectively colonizes the GI tract by using Bac-21 to eliminate its competition.
In our study, we also present evidence for active conjugation in the GI tract, a strategy EF uses to
enhance the number of bacteriocin producers in a given niche and eliminate bacteriocin-
susceptible populations. Using an engineered strain of EF that is capable of producing Bac-21 but
impaired in its conjugation ability, we were able to reduce pre-existing colonization by vancomycin-
resistant enterococci in the mouse gut. Thus, our results suggest a novel therapeutic strategy to de-
colonize antibiotic-resistant enterococci from the GI tract of patients and thereby prevent the
emergence of resistant enterococcal infections that are otherwise difficult, or impossible, to treat.
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Enterococci are Gram-positive bacteria that are mem-
bers of the gut microbiome of a wide range of mam-
mals, including humans.1 While enterococci do not
cause enteritis or invade systemically in most cases,
they can cause significant disease in immune compro-
mised individuals.2,3 Treating enterococcal infections
is challenging due to their intrinsic and acquired resis-
tance to a wide range of antibiotics.3 Additionally,
alterations in the intestinal microbiota during antibi-
otic therapy increases the risk of enterococcal infec-
tions, enabling expansion of antibiotic-resistant
enterococci in the GI tract of the host and subsequent
translocation to extraintestinal sites.4,5 In this study,
we tested a strategy designed to reduce colonization of
antibiotic-resistant enterococci in the GI tract by using
bacteriocin-producing commensal enterococci.6

Bacteriocins often exhibit a relatively narrow spec-
trum of antimicrobial activity, with activity against

bacterial species that are closely related to the produc-
ing organism.7-11 Bacteriocin production is one of the
tools bacteria can use to enhance the stability of their
bacterial communities.10,11 These antimicrobial pepti-
des interfere with other bacterial competitors, prevent
invasion of competing species, and thereby establish a
stable niche for the producing strain.6,7,10 In our
recent study, we explored the effect of enterococcal
bacteriocin, Bacteriocin-21 (Bac-21) produced by the
laboratory strain of Enterococcus faecalis (OG1RF) in
the GI tract.6 Bac-21 is encoded on the sex-phero-
mone-responding conjugative plasmid pPD1.12,13 The
bacterial strain in which pPD1 was first identified was
originally called Streptococcus faecalis 39-5 (later re-
classified as Enterococcus faecalis), a haemolysin-bac-
teriocin-producing strain isolated from subgingival
scrapings of a patient with periodontitis.14 The preva-
lence of the pPD1 plasmid among natural populations
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of enterococci has not been reported so far. However,
reports on sex pheromone plasmids of enterococci
more generally provide evidence for their prevalence
in food samples (in the cheese making industry) or in
clinical isolates.15

Genes induced in response to the enterococcal sex
pheromone cPD1 (traC-traB-traA-ipd-traE) (Fig. 1)
and those involved in bacteriocin (bac-21 operon)
production are the only pPD1 determinants that have
been sequenced prior to our study.12,13 We deter-
mined the complete genetic sequence of pPD1,6

revealing a plasmid of 57,732 bp that encodes 59 pre-
dicted open reading frames (ORF). As expected, ORFs
homologous to those responsible for conjugation and
replication in other well studied pheromone-respon-
sive plasmids (pAD1 and pCF10)6,12,13,16-18 were iden-
tified. The genes involved in regulation of the
pheromone response are clustered in a 7 kb region
present on each plasmid.12,13,16-18 Other ORFs not
associated with conjugation, replication, or bacteriocin
production were largely of unknown function.6

Bac-21 has been characterized as a circular bacteri-
ocin produced by E. faecalis strains and is similar to a
previously characterized bacteriocin, AS-48.19 The cir-
cular bacteriocins are a group of ribosomally synthe-
sized antimicrobial peptides linked by a covalent N-
and C-terminus to form a circular peptide backbone.

Plasmid pMB2 harbors the locus encoding AS-48,
which consists of 10 genes (as-48A, B, C, C1, D, D1, E,
F, G and H).20,21 Plasmid pPD1 harbors the bac-21
operon that includes 9 annotated genes (bacA, B, C,
D, E, F G, H and I).6,13 It is clear that with the excep-
tion of the bacteriocin precursor itself (BacA), most
genes in the bacteriocin operon and the proteins they
encode have undergone some divergence in sequence.6

However, no data is available to indicate whether these
changes have functional consequences. The physical
structure of the final Bac-21 bacteriocin product has
not yet been determined. Although the bacteriocin-
encoding genes give rise to identical amino acid
sequences, in light of the sequence divergence found
in the remainder of the bacteriocin-producing operon
it is possible that Bac-21 may undergo different post-
translational modifications than AS-48. Since there is
ambiguity surrounding functional consequences of
sequence divergence in these 2 operons, we refer them
separately as AS-48 and Bac-21. AS-48 was the first
circular bacteriocin for which the secondary and ter-
tiary structure has been deciphered.22 Initial studies
on AS-48 identified an N to C-terminal peptide bond
linking the N-terminal methionine (Met1) to the C-
terminal tryptophan (Trp70), resulting in a unique a
circular structure that is characteristic of these bacter-
iocins.22 Like AS-48, mature Bac-21 peptide is pre-
dicted to have 70 amino acids residues derived from
105-aminoacid prepeptide.22 In vitro, Bac-21 is
secreted, and its activity is detected in liquid cultures
of exponential as well as stationary-phase cells, indi-
cating that it is constitutively produced (data not
shown). In our study, we identified that Bac-21-pro-
ducing EF exhibited bacteriocin activity in vitro
against many multidrug-resistant clinical isolates of E.
faecium and E. faecalis.6

Colonization

Numerous scientific studies have focused on the appli-
cation of bacteriocins in food and packaging indus-
tries, since most Gram-positive bacteria including
Listeria are highly susceptible to circular bacterio-
cins.23 However, little is known about the actual con-
tribution of bacteriocins to the producing strain in its
natural ecosystems such as the mammalian GI tract,
where EF exists as a commensal. To understand the
mechanisms enterococci use to colonize the GI tract,
we developed a model that allows mouse intestinal

Figure 1. Conjugative transfer of pPD1 in E. faecalis. The plasmid
transfer of pPD1 is initiated by the donor cells (EFCpPD1)
responding to the secreted pheromone cPD1 produced by the
recipient cells (EF). This response triggers the expression of genes
involved in the conjugative process in the donor cells. Aggrega-
tion substance stabilizes the interaction and facilitates the trans-
fer of the pPD1 plasmid from donor cells to the recipient cells.
Figure modified from Bennett and Dunny (2010)33.
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colonization by laboratory strains of EF without the
need for antibiotic treatment, thereby modeling com-
mensal colonization rather than invasion resulting
from antibiotic disruption of intestinal homeostasis.6

Delivering a marked strain of EF in drinking water ad
libitum for 2 weeks enabled us to establish long-term
colonization with EF in an unperturbed mouse intesti-
nal environment. Although the strain (OG1) used in
our study is originally derived from an oral human
isolate, this does not preclude its ability to colonize
the GI tract.24 The oral cavity is of course contiguous
with and a part of the gastrointestinal tract, and it is
therefore not surprising that bacterial traits enabling
gut colonization may also promote colonization of the
oral cavity.

It is clear that introducing most bacteria (pathogens
and commensals/probiotics) into the mouse gut
through oral gavage, as is commonly done, does not
result in long-term colonization, even when carried
out repeatedly.25-27 When we gavaged mice with »109

CFU of EF, we observed variable colonization levels
that lasted for 2-3 d. However, when we fed mice for a
long period of time (2 weeks) by introducing the bac-
teria in their drinking water, we observed stable colo-
nization of EF in the GI tract extending up to at least
11 weeks. In addition, comparative genome analysis
after whole-genome sequencing of EF isolated from
the intestine after 4 weeks of colonization revealed no
evidence for new mobile genetic elements or sponta-
neous mutations that could contribute to their success
in adapting to mouse GI tract (unpublished data).
This suggests that bacteria adapt to the intestinal envi-
ronment through changes in the gene expression and
this adaptation phenomenon is supported by pro-
longed exposure to EF through the drinking water.
Continuous dosing of mice with bacteria through their
drinking water may provide greater opportunity for
non-indigenous strains of enterococci to establish a
niche by competing with others members of the
microbiota for resources. Additionally, certain host
factors or immune responses elicited by EF during its
presence in the GI tract could also contribute to its
adaptation. Our model may offer a new means of
investigating the bacterial mechanisms that underlie
GI tract colonization.

Using this model, we assessed the role of the bacte-
riocin encoding conjugative plasmid pPD1 on entero-
coccal dynamics in the mouse gut. Interestingly, the
strain carrying pPD1 exhibited enhanced ability to

colonize via outcompeting susceptible strains of
enterococci and occupying the entire enterococcal
niche. Deletion of bacA and bacB genes in pPD1 dis-
abled the ability of EF (EFCpPD1:: DbacAB) to pro-
duce Bac-21 and eliminated any colonization benefit
to the host strain. Moreover, carriage of the mutant
pPD1 (pPD1:: DbacAB) impaired long-term persis-
tence in the GI tract. It is likely that deletion in bacAB
reduces bacterial fitness in a highly competitive envi-
ronment through the excessive metabolic burden of
maintaining and duplicating a large and non-advanta-
geous plasmid. Since Bac-21 has been shown to have a
relatively broad spectrum of antibacterial activity, we
investigated the effect of EFCpPD1 on other bacterial
populations in the GI environment. Comparative
analysis of 16S rDNA obtained from high-throughput
pyrosequencing of cecal DNA obtained from control,
EF and EFCpPD1 colonized groups of mice was per-
formed. We found no significant differences in com-
position between the ceca of control mice and those
colonized by EF indicating that colonization of mice
with laboratory strains of EF does not substantially
alter intestinal microbial ecology. However, compari-
son of the cecal composition of EF and EFCpPD1
revealed a significant decrease due to Bac-21 effect on
the presence of Gram-negative, Mucispirillum species
that belong to the phylum Deferribacteres. We specu-
late that this effect on the microbiota, specifically on
Mucispirillum species, is more likely secondary
because Gram-positive bacteriocins such as Bac-21
have low efficacy against Gram-negative bacteria. It
seems likely that the primary mechanism by which
pPD1 enhances colonization is through the elimina-
tion of competing enterococcal strains. Alternatively,
it is possible that Bac-21 could affect Mucispirillum
dynamics indirectly through a direct undefined effect
on host gene expression.

Competition

We investigated pPD1-mediated enterococcal compe-
tition in the gut more carefully, through competitive
colonization studies using differentially marked
enterococcal strains. Introducing EF-S (EF lacking
pPD1, hence susceptible to Bac-21) and EFCpPD1 at
various levels (1:1, 1:9 and 9:1) in drinking water
showcased the ability of EFCpPD1 to outcompete
Bac-21 susceptible EF-S, again suggesting that harbor-
ing pPD1 provides a competitive advantage for EF in
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the intestinal tract. Similar competitive experiments
using EFCpPD1:: DbacAB and EF-S did not affect EF-
S survival in the GI tract, indicating that competitive
ability is indeed due to the Bac-21 activity against the
susceptible enterococci. Ectopic expression of
bacABCDE in EFCpPD1:: DbacAB restored bacterio-
cin activity (but not in plasmid-free EF) indicating
that the distal part of the bac operon (bacFGHI) is
necessary for bacteriocin expression and that the
bacAB in-frame deletion did not result in any polar
effects on the expression of the distal part of the bacte-
riocin determinant. EFCpPD1:: DbacAB bacABCDEC
was able to colonize the GI tract and its ability to com-
pete was restored to the levels seen with the intact
pPD1. To investigate if the colonization and competi-
tive advantage are unique to pPD1 and its determi-
nant Bac-21, we tested the effect of another
pheromone-inducible plasmid, pCF10, in EF coloniza-
tion of the intestinal tract. This plasmid does not
encode a bacteriocin determinant. Unlike pPD1,
pCF10 did not provide a competition and colonization
advantage to outcompete the indigenous enterococci.
These findings support our hypothesis that bacterio-
cins like Bac-21 can drive the competition between
closely related bacterial species in a competitive
environment.

Conjugation

The pPD1 plasmid transfer is initiated in response to a
small signal peptide cPD1 - the pheromone constitu-
tively secreted by the recipient bacteria in vitro
(Fig. 1).28,29 The occurrence and effect of this unique
mechanism of horizontal gene transfer in an intestinal
environment has been reported for similar phero-
mone-responsive plasmids in a few studies.29,30,31,32

Our experimental strategy to study the pPD1 associ-
ated competitive benefit also allowed us to examine
whether there was transfer of the pPD1 plasmid along
with its bacteriocin trait to non-producing enterococci
in the GI tract via conjugation. Collectively, these
experiments revealed that pPD1 enhances EF compe-
tition in the GI tract by Bac-21-mediated killing or
through the transfer of functional pPD1 plasmid to
other non Bac-21 producing enterococcal strains via
conjugation thereby increasing the population of bac-
teriocin producers in the GI tract. In our study, we
also identified transfer of pPD1 to indigenous gut
enterococci, both in vivo and in vitro, at a variable

frequency. Conjugation is associated with cell-to-cell
contact, usually facilitated by the aggregation factor
produced by the donor in response to the recipient’s
pheromone.29 The evidence for conjugation, in addi-
tion to the potent and specific antimicrobial effect of
Bac-21 on susceptible enterococci, suggests that
enterococci (both exogenous and indigenous) are
physically closely associated in a similar niche in an
intestinal environment.

Therapeutic potential

In our investigation we unexpectedly observed that
EFCpPD1:: DbacAB is defective in conjugation. The
mechanism behind the effect of the DbacAB mutation
on pPD1 conjugation is currently not known. Com-
plementation of DbacAB allele ectopically restored
bac-21 production, colonization and competition, but
not conjugation. Using this complementing strain
(therapeutic strain- EFCpPD1:: DbacAB bacA-EC)
that can produce Bac-21 but is defective in conjuga-
tion, we assessed its ability to outcompete vancomy-
cin-resistant E. faecalis (V583) in mice (Fig. 2). This
strategy eliminated the risk for the transfer of bacteri-
ocin production to the multidrug resistant strain of
enterococci, V583. Using our colonization model, we
colonized mice with V583, followed by administration
of the therapeutic strain. Compared to the control

Figure 2. Bac-21 produced by EF could contribute to its coloniza-
tion and clearance of non-pPD1 strains. (A) Bac-21 enhances the
colonization of EFCpPD1, by serving as a killing peptide and
facilitating the competition with the non-pPD1 strains of entero-
cocci. Conjugation driven by the pheromone response ensures
that only the pPD1 harboring population attains immunity in the
presence of Bac-21. (B) Engineering a strain that is defective in
conjugation but effective in producing Bac-21 through an ectopic
locus in EFCpPD1:: DbacAB, bacA-EC (therapeutic strain) enhan-
ces the colonization ability of the Bac-21 producers in eliminating
the susceptible strains (EF or V583) without conjugal transfer of
bacteriocin traits.
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group, V583 levels in the challenged mice were below
the detection limit in most of the animals, effectively
clearing or suppressing colonization by this multi-
drug-resistant E. faecalis strain. In addition, bacterio-
cin traits were not transferred to the V583. These
results demonstrate that introducing a conjugation
impaired Bac-21 producing strain into the GI tract
can successfully reduce V583 colonization in the GI
tract without profound effect on the microbiota,
unlike conventional antibiotic treatment strategies
(Fig. 2). This study provides critical proof-of-concept
that bacteriocin-expressing enterococci are capable of
eliminating other antibiotic-resistant enterococci from
the GI tract, which can be one important component
of a novel therapeutic strategy. However, more work
is necessary to fully realize the potential of this thera-
peutic strategy. For example, stable colonization by a
bacteriocin-producing EF strain (after decolonization
of the antibiotic-resistant target) may allow the bacte-
riocin producer to acquire new antibiotic resistant
traits from other community members, rendering the
bacteriocin producer just as problematic as the origi-
nal target. Hence, future research on the bacteriocin
mode of action and the molecular mechanisms that
Bac-21 producing commensal EF use to identify and
establish a successful niche for intestinal colonization
will be critical for the development of bacteriocin-
delivery strains that are unable to establish stable,
long-term colonization of the gut but are nevertheless
capable of efficiently decolonizing targeted antibiotic-
resistant enterococci.
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