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ABSTRACT Conjugative transfer of plasmids in enterococci is promoted by intercellular
communication using peptide pheromones. The regulatory mechanisms that control
transfer have been extensively studied in vitro. However, the complicated systems that
regulate the spread of these plasmids did not evolve in the laboratory test tube, and re-
markably little is known about this form of signaling in the intestinal tract, the primary
niche of these organisms. Because the evolution of Enterococcus faecalis strains and their
coresident pheromone-inducible plasmids, such as pCF10, have occurred in the gastroin-
testinal (GI) tract, it is important to consider the functions controlled by pheromones in
light of this ecology. This review summarizes our current understanding of the pCF10-
encoded pheromone response. We consider how selective pressures in the natural envi-
ronment may have selected for the complex and very tightly regulated systems control-
ling conjugation, and we pay special attention to the ecology of enterococci and the
pCF10 plasmid as a gut commensal. We summarize the results of recent studies of the
pheromone response at the single-cell level, as well as those of the first experiments
demonstrating a role for pheromone signaling in plasmid transfer and in Gl tract com-
petitive fitness. These results will serve as a foundation for further in vivo studies that
could lead to novel interventions to reduce opportunistic infections and the spread of
antibiotic resistance.
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he tetracycline resistance plasmid pCF10 is a member of a family of pheromone-
inducible conjugative plasmids of Enterococcus faecalis; these elements frequently
carry antibiotic resistance or virulence genes, which can readily be transferred horizon-
tally by the induction of conjugation machinery. Cells containing pCF10 are potential
plasmid donors, and these can be signaled by recipients secreting the chromosomally
encoded peptide pheromone cCF10 to induce conjugative transfer of pCF10 (Fig. 1).
Over a dozen different but related enterococcal plasmids, each responding to a distinct
chromosomally encoded peptide pheromone, have been identified, as reviewed by Accepted manuscript posted online 5

February 2018
Clewell and Dunny (1).
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the following: (i) initial rates of plasmid transfer were very low upon mixing Editor George O'Toole, Geisel School of
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cell-free recipient culture supernatants dramatically increased transfer frequencies
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FIG 1 Plasmids can be transferred from donor to recipient cells in a cell-cell contact-mediated process
called conjugation. For pCF10, conjugation is induced by the cCF10 (C) peptide pheromone produced
from the chromosome of potential recipient cells. A pCF10-encoded counteracting peptide, iCF10 (1),
inhibits this response; | functions to block spontaneous self-induction in donors and is critical for
shutdown of the donor response to C following an induction cycle.

upon the addition of recipient cells to the donor cells, and the conditioned medium
from recipients also induced clumping of donor cultures whether or not recipient cells
were present. Subsequent follow-up studies demonstrated that cell aggregation and
efficient plasmid transfer were induced by the same clumping-inducing agent (CIA)
peptide. The primary determinant of clumping is a large cell wall-anchored surface
protein generically termed “aggregation substance” and is highly conserved among
several different pheromone-responsive plasmids, as exemplified by the PrgB protein
of pCF10 and the Asal protein of pADIT.

We now know that for pCF10 and several other plasmids, the genes encoding
aggregation substances are a part of a long inducible operon composed of over 25
genes. These gene products collectively mediate donor/recipient attachment, forma-
tion of a mating channel between the attached cells, and processing of the plasmid
DNA for transfer to the recipient via the channel (3).

REGULATION OF CONJUGATION

The intricate system controlling pCF10 conjugation involves secretion and sig-
naling by two short peptides, cCF10 (LVTLVFV) and iCF10 (AITLIFI) (abbreviated C
and |, respectively); each of these binds the cytoplasmic pheromone receptor PrgX
and modulates the transcription of prgQ and the downstream genes (Fig. 2). Potential
pCF10 recipients signal to pCF10-containing donor cells by releasing cCF10. In the
absence of recipients, donor self-induction is prevented by pCF10-encoded iCF10 and
reduction of donor-produced cCF10 by plasmid-encoded PrgY (3). The import of cCF10
is enhanced by PrgZ, a member of the OppA family (4, 5). It is interesting that PrgX,
PrgY, and PrgZ, which all specifically bind cCF10, have independently evolved their
cCF10 binding functions from distinct ancestor proteins (5).

As indicated in Fig. 2, PrgX is the master transcriptional regulator that interacts with
the cCF10 and iCF10 peptide pheromones and that controls the expression of pCF10
conjugation genes by regulating the initiation of transcription from Py, the promoter
for the prgQ conjugation operon. It is well known that PrgX is a negative regulator of
Po and that cCF10 reduces PrgX repression, while iCF10 enhances repression. The
current model for peptide-mediated modulation of PrgX activity posits that PrgX-
peptide complexes, with either cCF10 or iCF10, exist as tetramers that bind the P,
region via two operator sites. Subtle structural differences between the peptide-PrgX-
DNA complexes account for the increased ability of PrgX-l complexes to block RNA
polymerase from binding to P, thereby reducing prgQ expression. Changes in the
induction state of a donor cell result from replacement of one type of PrgX DNA-bound
complex with the opposing type, which in turn is controlled by the relative concen-
trations of the two peptides in each donor cell. A detailed description of this model,
along with recent experimental evidence supporting its refinement from earlier ver-
sions, was recently published by Chen et al. (6).

While the PrgX-peptide-related genetic switch comprises the core circuit controlling
conjugation, there are multiple downstream posttranscriptional mechanisms that also
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FIG 2 The pCF10 regulatory region. Induction and expression of the conjugation machinery from pCF10 are
responsive to signaling by the peptide pheromone cCF10 (C; sequence, LVTLVFV) in association with PrgX
tetramers which decrease repression the prgQ promoter. PrgX, in complex with iCF10 (I; sequence, AITLIFI)
enhances PrgX repression of prgQ and reduces downstream conjugation machinery transcription. Antisense
interactions between small RNAs (sRNAs; Qg and anti-Q) from the 5" ends of the prgQ and prgX operons mediate
reciprocal negative-regulatory functions, amplifying the effects of peptides and PrgX in controlling prgQ transcrip-
tion extension through the entire operon. See the text for more details.

operate to amplify the effects of pheromone induction and completely shut down the
expression of most conjugation genes in uninduced cells. The most important of these
mechanisms involves the control of transcription termination at IRS1, a stem-loop
structure about 385 nucleotides (nt) downstream from the transcription start site of the
prgQ operon (Fig. 2). Repression of the P, promoter is never complete, and exponen-
tially growing donor cells constitutively express a 385-nt “short Q" (Q) transcript that
terminates at IRS1. Induced cells make increased levels of Qg, as well as extended “long
Q" (Q,) transcripts that can reach the 3’ end of the operon. The decision to either
terminate at IRS1 or extend transcription is modulated by antisense interactions
between nascent prgQ transcripts and “anti-Q,” an opposing antisense RNA that
corresponds to the first 102 nucleotides of prgX mRNA (Fig. 2) (2). Binding of anti-Q to
nascent Q mRNA shifts the secondary structure of Qg to a “terminator” conformation,
whereas unbound Qg assumes an “antiterminator” fold, reading through IRS1 and
downstream genes. In uninduced cells, the levels of anti-Q are sufficient to bind all the
nascent prgQ transcripts, such that cells exclusively produce Q. However, pheromone
induction greatly increases Qg production, which titrates the anti-Q pool and allows for
increased levels of Q,. We also note that prgQ, the first functional open reading frame
(ORF) at the 5" end of the operon fully contained within Qg, actually encodes the iCF10
peptide. This provides a built-in mechanism for a timed shutdown of the induction
response to exogenous cCF10, providing a limited time window in which the conju-
gation apparatus can be generated.

Basal Qg expression in uninduced donor cultures leads to a cell density-dependent
increase in iCF10 levels in the culture medium during growth. Since iCF10 inhibits the
response to cCF10, donor cells at high density are poorly induced for conjugation even
in the presence of large recipient populations. The iCF10 peptide thus functions as a
self-sensing quorum signal to limit induction at high donor population densities and to
mediate shutdown after induction. In contrast, cCF10 functions as a mate-sensing
signal (7).
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FIG 3 Induction of pCF10-carrying E. faecalis cells is heterogeneous, as observed using fluorescence in situ HCR. Expression of
prgB from pCF10 can be observed in a subset of E. faecalis cells containing pCF10 exposed to 2.5 ng - ml~' cCF10. Green, Alexa
Fluor 488 HCR-labeled prgB; blue, Hoechst 33342 labeling cell DNA. Arrowheads indicate individual cells expressing different
levels of prgB mRNA.

Taken together, these mechanisms function as a dose-dependent extremely tightly
regulated expression system with potential applications for basic genetic studies and
biotechnology. This is illustrated by a recent study in which toxin genes were success-
fully cloned under the control of the P, pheromone-responsive promoter from pCF10
(8). In the absence of cCF10, the clones grew normally, but in response to exogenously
added cCF10, cells exhibited dose-dependent growth inhibition. In previous work,
these toxin genes could only be cloned in cells expressing their cognate antitoxin
genes.

Initially, mathematical modeling suggested that the pCF10 regulatory system would
behave as a bistable switch (9), but follow-up using a stochastic model predicted that
there could be more variability in the induced response within individual cells ranging
from uninduced, to slightly induced, to very induced. In order to resolve these discrep-
ancies, it was necessary to develop experimental approaches to quantify the phero-
mone response at the single-cell level (10). The importance of single-cell analysis to
fully understand the biology of the pheromone response is also suggested by previous
work demonstrating that biofilm growth can impact plasmid copy number, plasmid-
mediated antibiotic resistance, and the dynamics of the pheromone response (7, 11,
12). Our recent studies used a combination of protein reporters and fluorescence in situ
hybridization chain reaction (HCR)-mediated transcript labeling to assess the response
of individual donor cells to cCF10; we found that the response to induction was
heterogeneous and most likely stochastically driven (10). The HCR technique (demon-
strated in Fig. 3) is highly sensitive and may enable future interrogation of the
pheromone response in complex environments, like the gastrointestinal tract.

BENEFITS AND RISKS OF PHEROMONE INDUCTION

Beyond plasmid transfer (and spread of potentially beneficial genes carried by the
plasmid, such as antibiotic resistance), there may be other fitness benefits to phero-
mone induction. Because pCF10 carries nearly 60 protein-coding genes, including uvr
orthologs and genes for determinants for numerous secreted proteins, predicted
enzymes, and transcription factors (13), it would not be surprising if carriage of the
plasmid impacted the fitness of the host bacterium in the Gl tract. For example, there
is substantial evidence for a functional role of aggregation substance in the interaction
of E. faecalis with its mammalian host. Surface expression of aggregation substance
increases adherence to host tissues and also modulates the innate immune response to
enterococcal infection, thus increasing virulence in multiple models of opportunistic
infection (14-19). The formation of biofilms in vitro is also greatly enhanced by
aggregation substance (20), and this adhesin could also promote intestinal coloniza-
tion, as discussed below.

On the other hand, enhancement of plasmid transfer and host colonization by
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pheromone-induced expression of aggregation substance is not without serious costs
to the donor cell. In liquid cultures, heavily aggregated cells show reduced growth,
probably as a result of impaired diffusion of nutrients to cells enmeshed within large
aggregates. Recent evidence has also suggested that in highly induced cultures of
pCF10-containing donor cells, expression and secretion of the PrgB protein (and
possibly other surface proteins) are associated with lysis and release of extracellular
DNA (eDNA) by a subpopulation of the induced cells (20). This eDNA probably en-
hances aggregate formation, conjugative plasmid transfer, and biofilm development,
providing a fitness benefit to the unlysed plasmid-carrying cells and enabling the
spread of the plasmid to new hosts. Another pheromone-induced gene product, PrgU,
a small predicted RNA binding protein, plays a critical role in modulating the phero-
mone response and limiting the toxic effects of prgB overexpression (21). Thus, the
carriage of a conjugative pheromone-inducible plasmid by E. faecalis essentially forces
the host cell to balance the potential fitness benefits of plasmid carriage and inducible
surface adhesin expression, with the potential lethal effects of an overly vigorous
response to pheromone. This situation likely contributed to the evolution of the
complex, and extremely tightly controlled, regulatory system associated with pCF10
and other pheromone plasmids. To fully investigate the genetic determinants of pCF10
affecting fitness, an unbiased comprehensive genetic screen is a major goal of our
future research.

PHYSIOLOGY AND ECOLOGY OF ENTEROCOCCI IN THE NATIVE NICHE:
PATHOGEN VERSUS COMMENSAL

E. faecalis is a leading cause of nosocomial infections and endocarditis, and entero-
coccal endocarditis correlates with mortality rates of 11 to 22% (22, 23). Along with high
levels of inherent antibiotic resistance of enterococci growing in biofilms, hospital-
acquired infections by strains of vancomycin- and multidrug-resistant Enterococcus spp.
are becoming especially problematic (24, 25). Antibiotic resistance spread in the
opportunistic pathogen E. faecalis is particularly troubling due to its ability to rapidly
transfer plasmids containing genes for antibiotic resistance to other E. faecalis cells via
conjugative transfer of plasmids, like pCF10.

There are some “epidemic” strains of enterococci responsible for opportunistic
nosocomial infections, for example, MMH594 (26), that may be better competitors in
the Gl tract against commensal strains. Epidemic strains could also thrive in the
ecological environment of a gut that has been disrupted by antibiotic or cancer
treatment. However, most enterococci are commensal and cause few issues for healthy
individuals. Even in the case of epidemic patient-to-patient spread, opportunistic
infections, such as bloodstream or wound infections, constitute an “evolutionary
dead-end” for the causative strain. This is because patient-to-patient spread occurs via
the fecal-oral route, and as a result, the primary determinant of fitness is the ability to
colonize the Gl tract of the hospital patient. Therefore, it is likely that most enterococci
have evolved to have a commensal lifestyle, and competition for colonization and
persistence in the gut is a primary driver of evolution. It is therefore of interest to
determine whether pheromone signaling impacts both plasmid transfer and compet-
itive fitness in the Gl tract.

STUDY OF PHEROMONE SIGNALING IN THE NATIVE NICHE

Although in vitro study of pCF10 has revealed extensive details about the regulation
and kinetics of plasmid transfer, detailed in vivo characterization of the plasmid’s
transfer dynamics and ecology in natural environments is more challenging. Most
relevant animal studies have relied on antibiotic suppression of the resident microbiota
to establish enterococcal strains of interest in sufficient numbers for analysis. Although
these protocols might be considered an extreme disruption of the niche, they could
resemble common clinical situations where overgrowth of enterococci in the intestinal
tract is triggered by preceding antibiotic treatment (27). Plasmid transfer was reported
at high frequency in animals in which it was detected (28, 29), indicating that transfer,
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FIG 4 Timeline for conjugation experiments in germfree mice colonized with E. faecalis donors and
recipients. Mice were gavaged with 2.9 X 107 to 4.3 X 107 recipients and, after 3 to 4 days, with 2 X 108
to 4.4 X 108 donors. In experiments with C+ as the primary recipient, the C— recipient was introduced
on day 4; alternatively, mice initially colonized with C— recipients were later inoculated with C+
recipients on day 4. Mice were sacrificed at various time points ranging from 5 h to 7 days after donor
inoculation, as depicted. For experiments with a competing microbiota, recipients were inoculated at
day —4 before donor inoculation, followed by the competing microbiota on day —3 (30).

possibly facilitated by pheromone signaling between donors and recipients, occurs in
vivo. However, the nature of the animal models and the markers carried on the plasmids
chosen in these studies did not allow investigators to distinguish between the role of
the pheromone signaling in vivo and the potential selective advantages of plasmid
genes unrelated to the pheromone response.

We recently used a germfree mouse model to begin elucidation of the role of
cell-cell communication between donors and recipients in vivo (Hirt et al. [30]). The
potential recipient strain was first established in the mice, followed by introduction of
the donor strain (Fig. 4). To demonstrate the effect of the peptides in vivo, we compared
the recipient ability of a plasmid-free wild-type strain (C+) to that of an isogenic C—
recipient strain engineered by a single TA—CG base pair change in the chromosomal
ccfA gene to produce a peptide (LATLVFV) closely related to cCF10 but lacking inducing
activity for pCF10 (31). While plasmid transfer to this C— recipient did occur, frequen-
cies were 100-fold lower than those observed with C+ recipients, suggesting a require-
ment of cCF10 for high-efficiency plasmid transfer. In spite of the reduced frequencies
observed with the C— recipient, plasmid transfer occurred at modest levels within 24
h of donor inoculation. Previous studies (31, 32) demonstrated induction by one or
more host factors (probably albumin-lipid complexes) in serum. These host factors
appear to act by sequestering |, which leads to self-induction of donors by endoge-
nously produced C. We hypothesize that the transfer into the C— recipient in the Gl
tract results from low-level induction of donors by a similar mechanism, which then
allows donor and recipient interaction on recipient colonies on the intestinal wall (Fig.
5A and B). Microcolonies formed by C+ recipients contain C at high levels, and the
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FIG 5 Model for in vivo plasmid transfer of E. faecalis plasmid pCF10. (A) The wild-type recipient (blue) is
established as a microcolony on the intestinal wall. C is produced in the colony but not in sufficient quantity
to induce donors in the lumen. Incoming donor cells (red) can be induced at low levels by a host factor to
express AS (green) allowing cell-cell contact with the microcolony. Plasmid transfer occurs, establishing
transconjugants (purple) that can spread the plasmid through the colony due to the presence of high
concentrations of C. (B) C— recipients (blue) establish microcolonies on the intestinal wall, similar to what
is shown in panel A, and donors are induced by a host factor and bind to the colony. Limited plasmid
transfer occurs but cannot proceed into the core of the colony due to the lack of C production by the
recipients in the microcolony. (C) Low-voltage field-emission scanning electron microscopy (FE-SEM)
micrograph illustrating E. faecalis strain OG1RF colonization and microcolony formation in the proximal
colon of a germfree Swiss-Webster mouse (scale bar = 5 um). SEM provided by Aaron Barnes; see the work
of Barnes et al. (33) for further description of microcolony formation in the intestinal tract.

plasmid can penetrate the colony. In a C— colony, plasmid transfer would be most likely
restricted to the surface of the colony or very shallow penetration into the colony due
to spatial restrictions and the lack of C production within the colony. This model is
based in part on recent observations that plasmid-free E. faecalis can form abundant
microcolonies on the mucosal surface throughout the Gl tract when introduced into
germfree mice (33) (also shown in Fig. 5C). To test the model, we are engineering a C—
donor strain and will examine pCF10 transfer in vivo to a C— recipient; if the model is
correct, we expect to see an extremely low level of transfer.

Another significant finding relevant to the model shown in Fig. 5 was that the
presence of a coresident C+ strain in the Gl tract did not significantly increase pCF10
transfer into a coresident C— recipient in vivo, even though extracellular rescue of the
recipient defect of C— strains by a coresident C+ recipient is readily observed in vitro.
The failure of C+ recipients to restore high levels of transfer to coresident C— recipients
by extracellular complementation suggests that, even in mice colonized by C+ recip-
ients, recipient-produced pheromone is not readily available in the lumen of the
intestine at sufficient concentrations to impact transfer frequencies.

We detected plasmid transfer 5 h after donor inoculation in the intestinal tract,
before either donor or transconjugants could be isolated from feces (30). This demon-
strates that the intestinal tract is the actual location for plasmid transfer, ruling out
mechanisms involving transfer in expelled feces followed by coprophagic reingestion.

We increased the complexity of the system by introducing a competing defined
community of five common intestinal microbes. Plasmid transfer was modestly reduced
in the lower intestinal tract where the members of the introduced community reach the
highest density. However, transfer in other regions of the Gl tract was not significantly
reduced. In summary, the early results of the germfree mouse model established the
importance of cCF10 for high-efficiency transfer and pointed to the necessity for close
contact between donor and recipient for pheromone induction of plasmid transfer.

Our initial studies of pCF10 transfer in vivo also revealed a contribution of the
plasmid to competitive fitness in the Gl tract that was not related to antibiotic selection
or plasmid-encoded bacteriocin production. This effect was not detected in previous
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suppressed microbiota models (28, 29). A strong candidate for the factor increasing
fitness is aggregation substance (AS), which could offer donors protection from im-
mune system responses (18), provide the ability to attach to host structures (34), or
allow the colonization of already-established recipient microcolonies, as described
above. AS may be the major factor on the plasmid for increased fitness, but other
factors cannot be excluded. The impact of AS on plasmid transfer in the germfree
mouse model will be assessed in future experiments.
Ultimately, direct visualization of pheromone induction and plasmid transfer in vivo
will be required to validate the model discussed above (Fig. 5). For this purpose, we
have developed a variety of fluorescently labeled strains that allow us to distinguish
between recipients, donors, and transconjugants. Although plasmid transfer is highly
efficient, detection of the event in vivo might be challenging, with only 1 in 1,000
recipients receiving the plasmid. On the other hand, if our model is correct, transcon-
jugants should be concentrated on the outer edges of adherent microcolonies, to-
gether with donors. Thus, high-resolution imaging may also allow identification of
colonies that were initiated by recipients that could possibly benefit from harboring
pCF10 and therefore expand their ecological niche. Alternatively, labeling of transcripts
in vivo with fluorescence in situ HCR will allow expansion of the investigation of pCF10
gene expression under in vivo conditions (10) and allow more quantitative analysis of
gene expression at the single-cell level (Fig. 3).

CONCLUSION

The in vivo biology and ecology of the microbial inhabitants of the Gl tract are

complex, and very little is known about the maintenance of commensal microbes that
can also become opportunistic pathogens. Enterococcus faecalis is one such inhabitant
of this niche, and exploration of the biology of pCF10 maintenance and spread in this
environment has just begun. A better understanding of the fitness benefits conferred
by pheromone plasmids in vivo may facilitate the development of novel approaches to
control antibiotic-resistant hospital infections.
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