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ABSTRACT

Enterococcus faecalis, a common causative agent of hospital-acquired infections, is resistant to many known antibiotics. Its abil-
ity to acquire and transfer resistance genes and virulence determinants through conjugative plasmids poses a serious concern for
public health. In some cases, induction of transfer of E. faecalis plasmids results from peptide pheromones produced by plas-
mid-free recipient cells, which are sensed by the plasmid-bearing donor cells. These plasmids generally encode an inhibitory
peptide that competes with the pheromone and suppresses self-induction of donors. We recently demonstrated that the inhibi-
tor peptide encoded on plasmid pCF10 is part of a unique quorum-sensing system in which it functions as a “self-sensing sig-
nal,” reducing the response to the pheromone in a density-dependent fashion. Based on the similarities between regulatory fea-
tures controlling conjugation in pAD1 and pAM373 and those controlling conjugation in pCF10, we hypothesized that these
plasmids are likely to exhibit similar quorum-sensing behaviors. Experimental findings indicate that for both pAD1 and
PAM373, high donor densities indeed resulted in decreased induction of the conjugation operon and reduced conjugation fre-
quencies. This effect was restored by the addition of exogenous inhibitor, confirming that the inhibitor serves as an indicator for
donor density. Donor density also affects cross-species conjugative plasmid transfer. Based on our experimental results, we pro-
pose models for induction and shutdown of the conjugation operon in pAD1 and pAM373.

IMPORTANCE

Enterococcus faecalis is a leading cause of hospital-acquired infections. Its ability to transfer antibiotic resistance and virulence
determinants by sharing its genetic material with other bacteria through direct cell-cell contact via conjugation poses a serious
threat. Two antagonistic signaling peptides control the transfer of plasmids pAD1 and pAM373: a peptide pheromone produced
by plasmid-free recipients triggers the conjugative transfer in plasmid-containing donors, and an inhibitor peptide encoded on
the plasmid and produced by donor cells serves to modulate the donor response in accordance with the relative abundance of
donors and recipients. We demonstrate that high donor density reduces the conjugation frequency of both of these plasmids,
which is a consequence of increased inhibitor concentration in high-donor-density cultures. While most antibiotic strategies
end up selecting resistant strains and disrupting the community balance, manipulating bacterial signaling mechanisms can serve
as an alternate strategy to prevent the spread of antibiotic resistance.

E nterococcus faecalis, a bacterium normally present in the hu-
man intestinal tract, is a major cause of health care-associated
infections. Treatment of these infections has become increasingly
difficult with the emergence of E. faecalis strains that are resistant
to multiple antibiotics, such as macrolides, tetracyclines, amino
glycosides, and glycopeptides, including vancomycin (1, 2). E.
faecalis also possesses the ability to transfer these antibiotic resis-
tances to other bacteria within and across species, facilitating the
spread of resistance. Conjugative DNA transfer is particularly
common among enterococci, and it frequently involves highly
transmissible plasmids or conjugative transposons carrying anti-
biotic resistance (3). E. faecalis secretes a number of peptide sex
pheromones that act as mating (conjugation) signals for donor
bacteria harboring certain conjugative plasmids. Peptide signaling
activates genes whose products mediate conjugative plasmid
transfer. Enterococcal sex pheromones thus contribute directly to
dissemination of antibiotic resistance (4, 5).

Plasmid pCF10 is a well-characterized conjugative plasmid
that carries tetracycline resistance (6, 7). This plasmid encodes a
DNA transfer machine whose expression is induced by the hepta-
peptide sex pheromone cCF10, which is secreted by plasmid-free
(recipient) bacteria (8). In addition, pCF10 also encodes the pep-
tide iCF10, which acts as a competitive inhibitor of ¢cCF10 and
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functions in preventing self-induction by an endogenous phero-
mone produced by plasmid-containing cells (9). We have used
pCF10 as a model system for analysis of control mechanisms and
development of computational models that describe the regula-
tion of conjugation functions (10-12). Recently, we demonstrated
that iCF10 also serves as a classic quorum-sensing signal for do-
nors, functioning to reduce conjugation at high donor densities
(10).

Several families of conjugative plasmids that have mating re-
sponses to various peptide pheromones have been identified in E.
faecalis clinical isolates (13, 14). Two of these conjugative plasmids
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FIG 1 Genearrangement in pheromone-responsive plasmids. Comparison of the pheromone-responsive region of pCF10 to the sex pheromone plasmids pAD1
and pAM373 in their regulatory regions. The positions for the regulatory features, i.e., transcription start sites and transcriptional terminators, are indicated

relative to the transcription start sites from P, and P, (indicated as “1”).

are pAD1 and pAM373, which confer responses to pheromones
cAD1 and cAM373, respectively (15, 16). Each plasmid also en-
codes a cognate small peptide (IAD1 or iAM373), which is se-
creted and acts as a competitive inhibitor of the corresponding
pheromone (17, 18). Both pAD1 and pAM373 are clinically rele-
vant due to the genetic features they encode. Plasmid pAD1 con-
sists of elements that encode a hemolysin/bacteriocin and resis-
tance to UV light (19). Derivatives of plasmid pAM373 often carry
vancomycin resistance, and their mating response can be induced
by peptides produced by Staphylococcus aureus, Streptococcus gor-
donii, and Enterococcus hirae (4, 20).

As shown in Fig. 1, there is substantial conservation of the
critical regulatory regions in pCF10, pAD1, and pAM373. Plasmid
pCF10 carries the prgX and prgQ operons on cDNA strands with
an overlapping region at the 5" end of each operon. This organi-
zation results in convergent transcription of ~220 nucleotides of
mRNA that can lead to reciprocal negative regulation by both
antisense interactions (21-23) and transcription interference re-
sulting from collisions between RNA polymerase elongation com-
plexes (11). The overlapping region also encodes the inhibitor
peptide iCF10 (22). Plasmids pAD1 and pAM373 also have con-
vergent promoters in the regulatory region (24, 25), and the over-
lapping region between the two promoters encodes their respec-
tive peptide inhibitors, iAD1 and iAM373.

Noting these similarities, we set out to examine whether a dual
signaling system like that found in pCF10, with the pheromone
indicating recipient density and the inhibitor indicating donor
density, also functions in pAD1 and pAM373. Here we report that,
as in the case of pCF10, high donor density has a suppressive effect
on conjugation in both pAD1 and pAM373. The suppressive effect
requires inhibitor production by the donor cells and is likely
caused by the increased concentration of inhibitor in high-donor-
density cultures. This confirms a broad role of inhibitor peptides
as signals which regulate the social behavior of conjugative plas-
mid-harboring E. faecalis donor cells. To date, the only published

4538 aem.asm.org

studies of donor population density on expression of conjugation
functions have been carried out with the Agrobacterium tumefa-
ciens Ti plasmid system, where quorum sensing operates to en-
hance conjugation at high donor density (26, 27). Here, we report
that the opposite situation holds for multiple enterococcal sex
pheromone plasmids.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plas-
mids used in this study are listed in Table 1. All liquid cultures were grown
at 37°C in M9 medium containing 3 g/liter yeast extract, 10 g/liter Casa-
mino Acids, 36 g/liter glucose, 0.12 g/liter MgSO,, and 0.011 g/liter CaCl,
or in Todd-Hewitt broth (THB; Difco). Antibiotics, when used for selec-
tion, were at the following concentrations: tetracycline (Tet), 10 pg/ml;
chloramphenicol (Cm), 10 pg/ml; erythromycin (Erm), 20 pg/ml; strep-
tomycin (Strep), 1,000 pg/ml; spectinomycin (Spec), 1,000 mg/ml; and
rifampin (Rif), 25 pg/ml (for JH2-2) and 200 pg/ml (for OG1RF).

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Description” Reference(s)
Strains
E. faecalis
OGIRF Rif" Fa* 42
0GIX Strep” 20, 43
JH2-2 Rif" Fa* 20, 44
OGI1Sp Spec” 45
S. gordonii CH1 cm  Spontaneous Cm" derivative of strain ~ This study
Challis (CH1)
Plasmids
pAM714 pAD1 with Tn917 insert; Erm" 20, 43
pPAM378 PAM373 with Tn918 insert; Tet" 23,24
PAMS470 Shuttle vector which replicates in 24

Enterococcus and Streptococcus; Erm"

Applied and Environmental Microbiology

“ Rif, rifampin; Fa, fusidic acid; Strep, streptomycin; Spec, spectinomycin; Cm,
chloramphenicol; Erm, erythromycin; Tet, tetracycline.
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TABLE 2 Sequence of primers used for gPCR

Donor Density Effect in Enterococcus faecalis

Primer target (name) Sequence for forward primer Sequence for reverse primer Reference
relA CAAGATTTACGGGTCATTATGG GACTAATCCCTAAGCGATGTG 51

traEl (pAD1) CATGTTGGGTACTACGGCAA TGACCAACTTCTCTTTCGCA This study
traE (pAM373) GCGGAAACTAGTTGGCTTCTT TGCCTTATATGACTGTAAACCGAA This study

Conjugation assays. Cultures of donor and recipient cells were grown
overnight at 37°C in 4 ml of M9 medium, centrifuged, washed twice with
1 ml potassium phosphate-buffered saline (KPBS) containing 2 mM
EDTA, resuspended in the original volume of fresh M9 medium, and
adjusted to equal cell densities at an optical density of 600 nm (ODy).
Plasmid-bearing donor cells (D) were diluted 1:10 or 1:1,000 in fresh M9
medium and added to equal volumes of a 1:10 dilution of plasmid-free
recipient cells (R), resulting in D/R ratios of 1:1 and 0.01:1, respectively.
Donor and recipient mating was carried out at 37°C, and 100 pl of each
mixed culture was removed at 45 min and 90 min to monitor the emer-
gence of transconjugants by using plate counts. Serial dilutions of these
samples were plated on selective LB agar medium for donors, recipients,
or transconjugants. The plates were incubated overnight before enumer-
ation. Three or more biological replicates were done to show repeatability.

Filter matings were done to observe cross-species conjugation be-
tween E. faecalis and S. gordonii CH1 cm. Cultures of donor and recipient
cells were grown overnight at 37°C in 4 ml of THB medium, washed twice,
and resuspended in equal volumes of THB. E. faecalis JH2-2(pAM378,
PASM470) donor cells were diluted 1:10 or 1:1,000 and added to equal
volumes of 1:10 dilutions of recipient cells (S. gordonii CH1 cm), resulting
in D/Rratios of 1:1 and 0.01:1, respectively. Fifty microliters of the mating
mixture was pipetted onto the surface of a UV-treated 0.22-pm-pore-size
membrane filter (Millipore, Bedford, MA, USA), placed on nonselective
LB agar plates, and incubated at 37°C for 3 h. After mating, the cells were
resuspended by vortexing the filter in 1 ml KPBS containing 2 mM EDTA,
serially diluted, and plated on selective antibiotic plates for enumeration
of donors, recipients, and transconjugants. Three biological replicates
were done to show repeatability.

Quantification of induction of conjugation genes. To examine the
dynamic response of donor cells to pheromone (cAD1 and cAM373) at
various cell densities, overnight cultures of donors in M9 medium were
centrifuged and washed twice in 1 ml KPBS containing2 mM EDTA. Cells
were diluted 1:10 (high donor density) or 1:1,000 (low donor density) into
4.5 ml M9 medium. Cultures were incubated for 1 h at 37°C before the
pheromone (50 ng/ml cAD1 or 500 ng/ml cAM373) was added. The cul-
tures were incubated at 37°C, and samples were taken at various time
intervals. Samples of cells were set on ice for 3 min, centrifuged, and
washed once in 1 ml KPBS containing 2 mM EDTA. Samples were then
treated with RNAprotect bacterial reagent (Qiagen, Inc., Valencia, CA)
according to the manufacturer’s instructions, flash frozen in ethanol and
dry ice, and stored at —80°C until RNA extraction.

To examine the effect of the inhibitor on induction, overnight cultures
of donors in M9 medium were centrifuged and washed twice in 1 ml KPBS
containing 2 mM EDTA. Cells were diluted 1:1,000 (low donor density)
into 4.5 ml M9 medium in duplicate sets and incubated for 1 h at 37°C.
One set was treated with pheromone only (50 ng/ml cAD1 or 500 ng/ml
cAM373). The other set was treated with the same concentration of pher-
omone (50 ng/ml cAD1 or 500 ng/ml cAM373) and an equal concentra-
tion of inhibitor (50 ng/mliAD1 or 500 ng/mliAM373). The cultures were
incubated at 37°C, and samples were taken at various time points, treated
with RNAprotect bacterial reagent, and flash frozen as described above.

Frozen cell pellets were thawed and treated with lysozyme (30 mg/ml)
in Tris-EDTA (TE) buffer (10 mM Tris, 1 mM EDTA) with (500 U/ml)
mutanolysin. RNA was extracted using an RNeasy kit (Qiagen, Inc.) per
the manufacturer’s instructions. The extracted RNA was subjected to
DNase treatment with Turbo DNase (Ambion, Austin, TX) according to
the manufacturer’s instructions and normalized for RNA concentration
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across the samples. Subsequent reverse transcription into cDNA was car-
ried out using a SuperScript III first-strand synthesis kit (Invitrogen
Corp., Carlsbad, CA) with random hexamers. The cDNA was then used
for quantitative reverse transcription-PCR (qRT-PCR) using SYBR green
Supermix (Bio-Rad Laboratories Inc., Hercules, CA) and a CEX Connect
real-time PCR detection system (Bio-Rad Laboratories Inc.) instrument.
A total reaction volume of 15 pl, containing 2 pl of gene-specific primer
mixture at a concentration of 10 wM, was used in each well. Each reaction
was performed in triplicate, and threshold cycle (C;) values were ob-
tained. A constitutive housekeeping gene, relA, was used as the reference
gene to quantify expression, which was normalized relative to time zero.
The sequences of primers are listed in Table 2. Three biological replicates
were done to show repeatability.

RESULTS

Plasmids pCF10, pAD1, and pAM373 show remarkable similarity
in the gene arrangements of their regulatory regions (Fig. 1).
However, they show variation in the nucleotide and amino acid
sequences within these regions. The regulatory proteins (TraA,
PrgX), which control induction, share only a 23 to 40% identity at
the amino acid level. The three-dimensional structure of these
regulatory TraA proteins was predicted using the online tool Rap-
torX (28). A remarkable similarity is seen in the predicted struc-
ture of the two TraA proteins and the PrgX crystal structure even
though they have dissimilar amino acid sequences (see Fig. S2
in the supplemental material). PrgX was the first receptor protein
for the signaling peptides whose structure was determined using
X-ray crystallography (29). Based on the predicted structural ho-
mology of PrgX to the TraA proteins (see Fig. S2), it is likely that all
three proteins are members of a growing family of peptide-mod-
ulated transcription factors of Gram-positive pathogens (RRNPP
proteins) regulating diverse functions, including sporulation, bio-
film formation, competent cell transformation, conjugation, and
virulence (30-33).

Furthermore, the region between the inhibitor determinant
and the downstream genes traEl (pAD1), traE (pAM373), and
prgR (pCF10) is highly conserved among the three pheromone-
responding plasmids. This region is of great regulatory impor-
tance, as it is known to encode a small regulatory RNA that par-
ticipates in the termination/antitermination decision controlling
the transcription of conjugation genes downstream of the tran-
scriptional terminator ¢, shown in Fig. 1 (21, 24, 25). The second-
ary structures of the regulatory RNA transcribed from Py/P, pro-
moters (Qa in pCF10 and mD in pAD1 and pAM373) were
predicted using Sfold (34) (see Fig. S3 in the supplemental mate-
rial), and they showed a remarkable similarity. These RNAs are
known to act specifically on their respective targets (21). Along
with the similar structures of the regulatory proteins (see Fig.
S2), these findings suggest a high degree of conservation in the
regulatory components of these pheromone-responsive plas-
mids. Hence we examined the effect of donor density and the
role of the inhibitor peptide as an indicator for donor density
for plasmids pAD1 and pAM373.
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FIG 2 Influence of donor density on conjugation frequency. Different concentrations of donors (D) and recipients (R) were mixed to achieve D/R ratios of 1:1
and 0.01:1 at time zero. Transconjugants, donors, and recipients were enumerated on selective agar at 0.75 h and 1.5 h of coculture, and the conjugation frequency
is represented by the number of transconjugants per donor. (A) Liquid mating of pAD1; (B) liquid mating of pAM373. Data shown in panels A and B are averages

of results of three biological replicates (error bars are SDs from mean values).

In spite of the overall similarity of the three sex pheromone
plasmids, there are significant differences in them and in the bio-
logical activities of their corresponding inhibitor and pheromone
peptides. First, pAM373 is only 37 kb in size, markedly smaller
than pCF10 (65 kb) and pAD1 (58 kb) (35). Plasmid pAM373 also
lacks a determinant resembling TraB of pAD1 or its equivalent
PrgY in pCF10 (see Table S1 in the supplemental material) (20).
PrgY prevents plasmid-bearing cells from responding to an en-
dogenously produced pheromone by sequestering or inactivating
the pheromone as it is released from the membrane (36). Further-
more, the adhesin encoded by pAM373 (Asa373) is much smaller
than the adhesins of pCF10 and pAD1 (~700 versus >1,200
amino acids) and does not show any sequence similarity to them
(37). Plasmid pAM373 also lacks a surface exclusion protein (Seal
in pAD1 and PrgA in pCF10) (38). These differences may allow
the plasmids to have different induction and conjugation behav-
iors.

Donor density controls conjugation. Overnight cultures of
plasmid-free OGIRF recipient cells were mixed with different
amounts of OGIX donor cells carrying plasmid pAM714 (a pAD1
derivative carrying a copy of Tn917 providing selectable erythro-
mycin resistance [Table 1]) to generate donor-to-recipient (D/R)
ratios of 1:1 and 0.01:1. Transconjugants, recipients, and donors
were enumerated on selective agar medium after 0.75 and 1.5 h of
coculture. The results shown in Fig. 2 indicate that decreasing the
donor concentration to a donor-to-recipient ratio of 0.01 in-
creased the conjugation frequency (number of transconjugants
per donor) of pAM714 by about 2 orders of magnitude (Fig. 2A).
A similar experiment was done using a JH2-2 strain harboring
PAM378 (a pAM373 derivative carrying a selectable tetracycline
resistance gene [Table 1]) as the donor and OG1Sp as the recipient
strain. A similar trend was observed, i.e., the lower donor-to-re-
cipient ratio resulted in a higher transfer frequency per donor (Fig.
2B). Thus, high donor concentrations have a suppressive effect on
the conjugative transfer of both plasmids.

The dynamics of induction of the conjugation operon at high
and low donor densities were analyzed to further examine how
donor cell concentration affects conjugation. Overnight cultures
of donor cells (the same two strains used in the mating experi-
ments described above) diluted 1:10 (high donor density) or

4540 aem.asm.org

Applied and Environmental Microbiology

1:1,000 (low donor density) in fresh medium were induced with
their cognate pheromone peptide, and transcript levels of a con-
jugation gene (pADI traEl or pAM373 traE [Fig. 1]) were mea-
sured using qRT-PCR. In preliminary experiments, we deter-
mined that higher levels of pheromone were required to induce
PAM373 derivatives than pAD1 derivatives, so we used 500 ng/ml
of cAM373 and 50 ng/ml cADI for induction. Both low-density
donor cultures showed higher levels of induction and induction
was sustained for longer periods of time than for the correspond-
ing high-density cultures (Fig. 3). Both plasmid systems showed a
rapid induction response, followed by a return of transcription to
the preinduction level, as was previously shown for pCF10 (10).
The pAD1 system showed higher and more sustained levels of
induction than those shown by pAM373.

Role of inhibitor as a quorum sensor of donor density. In
order to examine if the effects of donor density on conjugation
and expression of a gene in the conjugation machinery operon
were a consequence of increased concentrations of the inhibitor
peptide, mating experiments were carried out at a low donor-to-
recipient ratio (0.01:1) with and without the addition of exoge-
nously added inhibitor. In the presence of inhibitor, the conjuga-
tion frequency decreased by about 2 orders of magnitude for both
plasmids (Fig. 4). The effect that the addition of exogenous inhib-
itor had on conjugation frequency was the same as that observed
with high donor densities (Fig. 2), indicating the role of the inhib-
itor as a measure of donor cell density.

We also evaluated the effect of inhibitor concentration on gene
expression by adding exogenous inhibitor peptides to low-density
cultures. A 1:1,000 dilution of OG1X(pAM714) was induced us-
ing 50 ng/ml cAD1 peptide. An identical low-donor-density cul-
ture was exposed to 50 ng/ml of pheromone cAD1 and 50 ng/ml of
the inhibitor iAD1. Transcript levels of traE1 in both cultures were
measured over time using qRT-PCR (Fig. 5A). In the culture
where both pheromone and inhibitor were added, the induction
level was much lower than in the case where no inhibitor was
added, restoring the trend observed in the high-donor-density
culture shown in Fig. 3A. Similarly, the conjugative operon of
plasmid pAM378 was induced with 500 ng/ml of cAM373 with
and without iAM373 (500 ng/ml). Transcript levels of traE were
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FIG 3 Donor density affects expression levels of conjugation operons on plasmids pAD1 and pAM373 following induction. The low and high donor densities
are derived from 1:1,000 and 1:10 dilutions of overnight cultures, respectively. A synthetic pheromone was added at time zero to induce the donor cells. qRT-PCR
was used to measure the dynamic expression of conjugation determinants encoded by the plasmids. (A) Donors carrying pAD1 were induced with 50 ng/ml
cAD1. (B) Donors carrying pAM373 were induced with 500 ng/ml cAM373. Data shown in panels A and B are averages of results of three biological replicates

(error bars are SDs from mean values).

much lower in the presence of the inhibitor (Fig. 5B), mirroring
the trends observed in the high-donor-density culture (Fig. 3B).

The increase in transcript level of traE in pAM373 upon induc-
tion is lower than that seen in pAD1. The transcript level of traE
also decreases rapidly, even without the addition of the inhibitor
(Fig. 3B), and its peak induction time also varies somewhat. In
comparison, the transcript level of traEl in pAD1 does not de-
crease as rapidly after induction, making it possible to perform an
experiment in which 10 ng/ml or 50 ng/ml of inhibitor was added
30 min after induction with 50 ng/ml of cAD1 and the traEI tran-
script reached a high level (Fig. 6). With an increasing concentra-
tion of inhibitor, a higher rate of decrease of traE1 transcript was
seen. These results strongly support the hypothesis that the inhib-
itor is responsible for the suppressive effect of donor density on
conjugation, interfering with induction and increasing the rate at
which the system is shut off after induction.

Donor density affects cross-species plasmid transfer. Nu-
merous Staphylococcus aureus strains, as well as some Enterococcus
faecium and Streptococcus gordonii strains, secrete peptides that
solicit responses from Enterococcus faecalis strains harboring spe-
cific plasmids. Past studies have shown that some of the strains
from the aforementioned bacterial species produce cAM373-like
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peptides, which can solicit a mating response from Enterococcus
faecalis strains harboring plasmid pAM373 (39, 40) or vancomy-
cin resistance plasmid pAM368 (4). In order to examine the effect
of donor density on interspecies plasmid transfer, a chloramphen-
icol-resistant variant of Streptococcus gordonii Challis CH1 (Table
1) was used as the model recipient. E. faecalis JH2-2(pAM378,
PASM470) was used as the donor strain (40). Because pAM378
can replicate only in E. faecalis, erythromycin (Erm)-resistant
plasmid pASM470 was included in the donor strain to serve as a
PAM378-dependent mobilizable vector due to its ability to repli-
cate in both E. faecalis and S. gordonii. The donors and recipients
were mixed at two different donor-to-recipient ratios (1:1 and
0.01:1) and placed on a filter membrane to mate for 3 h. Interspe-
cies transfer was assayed by selecting for Erm-resistant S. gordonii,
indicating acquisition of pAMS470. Results indicated that high
donor density led to an overall decrease in conjugation frequency
(number of transconjugants per donor) (Fig. 7). The mating mix-
ture with a donor-to-recipient ratio of 1:1 showed a number of
transconjugants per donor that was about an order of magnitude
lower than that of the mating mixture with a low donor-to-recip-
ient ratio of 0.01:1, reaffirming our hypothesis that high donor
densities led to reduced conjugation frequencies, including in the
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FIG 4 Peptide inhibitor has a suppressive effect on conjugation frequency. Overnight cultures of donors and recipients were diluted 1:10 and mixed to achieve
two sets with a D/R ratio of 0.01:1 (low donor-to-recipient ratio). One set of mating mixtures served as a control. The other set was treated with inhibitor peptide.
The conjugation frequency is represented by the number of transconjugants per donor. (A) Liquid mating of pAD1 with and without 50 ng/ml of iAD1; (B) liquid
mating of pAM373 with and without 500 ng/ml of iAM373. Data shown in panels A and B are averages of results of three biological replicates (error bars are SDs
from mean values).
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FIG 5 Peptide inhibitor suppresses expression of conjugation operons following induction. Overnight cultures of donor cells were diluted 1:1,000 to achieve two
sets of low-donor-density cultures. A synthetic pheromone was added to induce the donor cells. One set of donor cells served as a control, and the other set was
treated with inhibitor peptide. QqRT-PCR was used to measure the dynamic expression of conjugation determinants encoded by the plasmids. (A) Donors
carrying pAD1 were induced with 50 ng/ml cAD1 with and without 50 ng/ml of iAD1. (B) Donors carrying pAM373 were induced with 500 ng/ml cAM373 with
and without 500 ng/ml of iAM373. Data shown in panels A and B are averages of results of three biological replicates (error bars are SDs from mean values).

context of cross-species conjugative plasmid transfer. To examine
the role of the inhibitor, 500 ng/ml of iAM373 was exogenously
added to the mating mixture with the low donor-to-recipient ratio
(0.01:1), restoring the effect of increased donor density. An order-
of-magnitude reduction in conjugation frequency was observed
in the presence of exogenous inhibitor, demonstrating the role of
the inhibitor as an indicator for donor density.

DISCUSSION

The transfer of plasmids among bacteria is associated with bacte-
rial adaptation and evolution and is particularly relevant to the
increasing problem of antibiotic resistance. Genetic analysis of
vancomycin-resistant isolates of Staphylococcus aureus indicated
that the resistance was acquired from vancomycin-resistant E.
faecalis via transfer of conjugative plasmids (41, 42). It has been
shown in previous studies that donor cells harboring pAD1 and
PAM373 can be induced by E. faecium, S. aureus, S. gordonii, and
Escherichia coli cells (43, 44), and these plasmids may play a sig-
nificant role in facilitating the transmission of virulence determi-
nants and antibiotic resistance. Hence, a better understanding of

500
400 ;
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300 t
iAD1
200 ;
100 1

0 ng/mL iAD1

10 ng/mL iAD1

Normalized traE1 expression

50 ng/mL iAD1
60

Time (min)

30 90

FIG 6 Peptide inhibitor shuts down induction. qRT-PCR was used to mea-
sure the dynamic expression of conjugation determinants encoded by traEI.
Cells with plasmid pAD1 were induced by 50 ng/ml cAD1 at time zero. The
inhibitor iAD1 was added at 30 min, with final concentrations of 0, 10 and 50

ng/ml. Data shown are the averages of results of three biological replicates
(error bars are SDs from mean values).
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the regulatory mechanisms controlling the conjugation of these
plasmids would be highly beneficial. We demonstrated that donor
cell densities affect the induction and subsequent shutting down
of the conjugation operon in pAD1 and pAM373. Our data indi-
cate that this behavior is a direct manifestation of inhibitor pep-
tide accumulation.

In a mating mixture of donors and recipients, it might be ex-
pected that increasing the donor population density would in-
crease the frequency of plasmid transfer. Indeed, it has been
shown that Agrobacterium tumefaciens cells carrying conjugative
Ti plasmids show a donor-density-dependent increase in transfer,
which is mediated by an extracellular quorum-sensing acyl-ho-
moserine lactone autoinducer synthesized by the plasmid-en-
coded Tral autoinducer synthetase (45, 46). In contrast, we have
demonstrated that high donor density reduced the frequency of
pheromone-controlled conjugative transfer of plasmids pAD1
and pAM373 in E. faecalis. The reduced frequency of conjugation
is a consequence of the lower induction of the conjugation operon
due to increased levels of the inhibitor peptide in high-donor-
density cultures. This suppressive effect of high donor density on
conjugation is similar to the quorum-sensing-controlled pCF10
conjugation (10). Our current results suggest that conjugation in
at least 12 different families of pheromone-responsive plasmids
(14) is likely to be controlled by two antagonistic signaling mole-
cules, one of which (iCF10, 1AD1, iAM373, etc.) serves as a classic
quorum-sensing signal for donor population density. This pher-
omone system also utilizes a mate-sensing signaling molecule
(cCF10, cAD1, cAM373, etc.) produced by recipient cells, which
acts as a cue for donor cells to induce conjugation when recipients
are present at high densities.

The pheromone peptides cCF10, cAD1, and cAM373 are very
hydrophobic linear peptides consisting of seven or eight residues
processed from chromosome-encoded lipoproteins (see Fig. S1 in
the supplemental material). The cAM373-like peptides produced
by S. aureus and S. gordonii have a few amino acid substitutions
and are likely to show slightly different potencies than the analo-
gous peptide produced by E. faecalis. The inhibitor peptides are
the exact same sizes as their corresponding pheromones and are
processed from 21- to 23-amino-acid peptide precursors resem-
bling the precursor pheromone sequences (47). They lack any
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FIG 7 Influence of donor density on interspecies conjugative transfer from E. faecalis to S. gordonii. (A) Different numbers of E. faecalis cells (donors) were mixed
with S. gordonii cells (recipients) to achieve D/R ratios of 1:1 and 0.01:1 at time zero. Transconjugants, donors, and recipients were enumerated on selective agar
after 3 h of coculture on a membrane filter, and the efficiency of conjugation is represented by the number of transconjugants per donor. (B) E. faecalis cells
(donors) were mixed with S. gordonii cells (recipients) at a D/R ratio of 0.01:1 at time zero with and without 500 ng/ml iAM373. Transconjugants, donors, and
recipients were enumerated on selective agar after 3 h of coculture on membrane filter, and the efficiency of conjugation is represented by the number of
transconjugants per donor. Data shown in panels A and B are averages of results of three biological replicates (error bars are SDs from mean values).

acidic or basic amino acid and are highly lipophilic (18). With the
similarity of their gene organizations and overall regulatory struc-
tures, the mechanism of induction in the two plasmids is likely to
be similar to that of pCF10. The general mechanism considered is
depicted in Fig. S$4 in the supplemental material. While the induc-
ing concentration for pAD1 is very similar to that for pCF10, it is
much higher for pAM373. Hence, we hypothesize that the binding
behavior of peptides with TraA and the subsequent binding of the
TraA complexes with the operator site of the conjugation operon
are likely to be different between the two plasmids. We have re-
cently measured the binding strength of cCF10 and iCF10 to PrgX
and the peptide-PrgX complex to the operator and determined
that both cCF10 and iCF10 have very strong binding constants to
PrgX and that both peptide-PrgX complexes have similar binding
affinities toward DNA (Y. Chen, A. Bandyopadhyay, B. K. Kozlo-
wicz, H. A. H. Haemig, A. Tai, W.-S. Hu, and G. M. Dunny, un-
published data). This newly determined parameter value set is
slightly different from that originally published (10). We applied
the mathematical model that was developed for pCF10 to the
other two plasmid systems. Considering the similarity of the over-
all dynamic behaviors and induction concentrations between
pADI and pCF10, the values of the kinetic parameters of pCF10
are used for pAD1. The parameter values used in the simulation
are shown in Table S2 in the supplemental material. Simulation
results qualitatively described the induction behavior of pAD1 in
response to 50 ng/ml cAD1, i.e., higher induction and slower shut-
down (see Fig. S5A in the supplemental material).

By analyzing the two binding events of peptide to TraA and the
peptide-TraA complex to the operator and comparing the model
simulations and experimental observations for pAM373 (see Sec-
tion S2 and Fig. S5B and C in the supplemental material), we
postulate that the binding affinity of the cAM373-TraA complex
to the operator site is likely to be 100 times lower than that for the
pADI system, while the binding of cAM373 to TraA is at a level
similar to that in the pAD1 system. The model simulation using
the modified binding constant qualitatively described the fast re-
duction in conjugation gene expression postinduction as seen in
the pAM373 system (see Fig. S5C). Interestingly, in simulating the
effect of donor cell concentration, the model predicted a higher
sensitivity to donor concentration in pAM373 than in the pAD1
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system (see Fig. S6). With the same fold increase in donor cell
density, pAM373 shuts down the induction faster than does
pADI. This is the same trend as shown in Fig. 3B.

We attribute the reduction in conjugation gene expression and
the effect of donor density to the accumulation of the inhibitor
peptides (iAD1 and iAM373) in culture. The presence of inhibitor
peptide has been shown in all three systems (17, 18, 49). Addition-
ally, 1AD1 has been shown to accumulate in culture over time (50),
although at the time it was not known to mediate the donor den-
sity effect. A codon deletion in the inhibitor coding sequence pro-
ducing an inactive form of iCF10 in the pCF10 system exhibited a
derepressed phenotype with a high expression of conjugation
transcript and abolished the effect of donor density, and the addi-
tion of the inhibitor progressively restored the normal induction
behavior and the effect of donor density (10). Given the similarity
of the three systems, a similar role of the inhibitor is likely to be at
play in pAD1 and pAM373.

This study is an illustration of the versatility of the regulatory
architecture of the three conjugative plasmid systems. The orga-
nization of the regulatory elements, formed by the quartet of in-
ducer peptide, antagonistic peptide, the repressor protein, and the
operator, are similar in all three systems at structural levels. How-
ever, they are rather different at DNA and protein sequence levels.
Interestingly, through differences in their binding constants
among the four players in the quartet, the system can also have
different kinetic behaviors.

Conclusions. Conjugative plasmid transfer in E. faecalis has
been studied for more than 3 decades, and the primary role of the
plasmid-encoded inhibitor peptide has been considered to be the
blocking of self-induction by an endogenous pheromone in donor
cells. Here, we demonstrated a critical role for the inhibitor pep-
tides (IAD1 and iAM373) in reducing the ability of donors har-
boring plasmids pAD1 and pAM373 to initiate a mating response
at high donor density. The concentration of the inhibitor peptide
serves as an indicator for donor density and functions as a “self-
sensing” signaling molecule used by the donor cells to calibrate its
mating response, by titrating the levels of pheromone and inhib-
itor. This kind of dual sensing mechanism may possibly help
maintain two subpopulations of bacterial cells: a plasmid-free
subpopulation with reduced metabolic burden and a subpopula-
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tion of plasmid-bearing cells with increased metabolic burden but
an added fitness benefit. By manipulating their signaling mecha-
nisms, thus perturbing the balance of subpopulations, one may be
able to devise a strategy of controlling the population to combat
the spread of antibiotic resistance.
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