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MINIREVIEW

Pheromone-Inducible Conjugation in Enterococcus faecalis:
Interbacterial and Host-Parasite Chemical Communication
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Conjugation is a major mechanism of horizontal genetic
transfer in gram-positive cocci and the genes transferred often
include antibiotic resistance and virulence determinants (9, 14,
15, 40). A number of enterococcal conjugative plasmids can
transfer very efficiently (frequencies as high as 5 3 1021 [17])
in liquid cultures. Expression of this highly efficient transfer
system (which to date has been shown to be present only in the
enterococci) in donor cells is induced by a peptide signal (pher-
omone) produced by recipient cells.
Most work in this area has focused on two plasmids, the

hemolysin-bacteriocin plasmid pAD1 (62), which has been de-
scribed in detail in recent reviews by Clewell (10, 11) andWirth
(69), and the tetracycline resistance plasmid pCF10 (16).
These plasmids share many common features at the molecular
and genetic levels and exhibit some very interesting differences.
This minireview will focus on the cell surface receptors in-
volved in mating pair formation and on the molecular mech-
anisms by which the pheromone acts as a chemical signal to
induce expression of the transfer functions, with emphasis on
pCF10. We will also briefly discuss possible roles in host-
parasite interactions for the signalling systems and for the
surface components involved in mating aggregate formation.

OVERVIEW OF PHEROMONE-INDUCIBLE
CONJUGATION

In the generally accepted model for pheromone-inducible
plasmid transfer, recipient cells excrete the peptide phero-
mone molecule into the medium, where it can diffuse to a
potential donor cell. Plasmid-encoded gene products allow the
donor cell to bind the pheromone with high affinity, and the
specific recognition of this signalling molecule serves as a
means of communicating the presence of a recipient cell in
close proximity. The bound pheromone somehow initiates a
response resulting in activation of expression of transfer func-
tions, including the synthesis of aggregation substance (AS),
which can promote attachment to recipients via a complemen-
tary receptor called enterococcal binding substance (EBS).
The close cell-to-cell contact resulting from AS-EBS binding
allows for subsequent formation of some sort of mating chan-
nel between the two cells that enables transfer of the plasmid
from the donor to the recipient. Since the new donor cell
created by this event generally shows a pheromone-inducible
transfer pattern identical to that of the original donor (18, 19)
(even though it has the genes for both production and response

to pheromone), the plasmid must encode functions to prevent
the donor cell from responding to its own pheromone.

PHEROMONES
Enterococcus faecalis recipient cells excrete a variety of pher-

omones, which are encoded by the chromosome (19), although
the genes involved have not been identified. Different plasmids
encode responses to distinct pheromones, and the specificities
of pheromone response generally correspond to the incompat-
ibility groups of pheromone-inducible conjugative plasmids
(70). Biochemical identification and analysis of pheromones
and pheromone inhibitor peptides (see below) carried out in
the laboratory of A. Suzuki at the University of Tokyo in
collaboration with the Clewell group and with our group have
provided the molecular structures of several of these mole-
cules, as reviewed in references 10 and 11. The pheromones
are short, hydrophobic peptides excreted into the medium in
fairly small amounts (1028 to 1029 M). In the case of cCF10
(sequence, Leu-Val-Thr-Leu-Val-Phe-Val), the synthetic pep-
tide displays biological activity at concentrations of ,5 3
10212 M, which corresponds to one to five molecules per re-
sponder cell under the conditions of the assay (44). The amino
terminus is especially important (44, 45, 58) for recognition.

TRANSFER GENE PRODUCTS, MOLECULAR
ORGANIZATION, AND REGULATION

The transfer genes of both pAD1 and pCF10 are in a con-
tiguous region of about 25 to 30 kb with the major regulatory
sequences at one end and the genes encoding products that
carry out the transfer process making up the remainder of the
region. Figure 1A shows a simplified map of the transfer region
of pCF10, which illustrates this organization.
Cell surface components involved in mating aggregate for-

mation. Genes involved in production of EBS, AS, and entry
exclusion or surface exclusion (SE; prevention of plasmid
transfer between aggregated donor cells) proteins have been
identified. By convention, the surface proteins are named after
both their putative function and the plasmid by which they are
encoded (25); thus, Asc10 refers to the aggregation substance
(encoded by the prgB gene) of pCF10 (37). The pCF10 struc-
tural gene, prgA, encodes SE protein Sec10 (20, 37). Both the
AS and SE proteins have structural features characteristic of
many surface proteins of gram-positive cocci, including N-
terminal signal sequences and C-terminal wall-spanning and
‘‘membrane anchor’’ regions (23). A comprehensive analysis of
sequence relatedness among a variety of enterococcal phero-
mone-responsive plasmids by Galli and Wirth (26) showed a
highly conserved region spanning the genes encoding AS and
SE in nearly all plasmids tested.
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The internal amino acid sequences of the AS and SE pro-
teins have marked structural differences. Sec10 is predicted to
be highly a-helical, particularly in the amino-terminal portion,
and showed some similarity to bacterial and eucaryotic pro-
teins known to have a high degree of helical secondary struc-
ture (37); interestingly, a region between amino acid residues
150 and 175 of Sec10 showed a very high degree of similarity to
the receptor-binding domains of several colicins (64). Con-
versely, the AS proteins are predicted to have a random coil
structure for virtually the entire length of the extracellular
portion of the molecule (71), suggesting a rather amorphous
configuration on the cell surface. Recent field emission elec-
tron microscopic studies (48) indicated that the Sec10 protein
may form a fibrillar matrix apparent on the surfaces of induced
wild-type donor cells, with Asc10 distributed as an amorphous
material within the Sec10 matrix. These findings are generally
similar to those of previous studies of the pAD1 system by
Wanner et al. (27, 32, 65), with the possible exception that
some of the extracellular material reported to be Asa1 protein
might be interpreted to also contain Sea1, in view of the more
recent results (48). Relatively little is known about the specific
domains of the AS molecules that directly interact with recip-
ient cells; the recent review of Wirth (69) contains a summary
of work in this area and suggests that the amino-terminal half
of Asa1 contains sequences crucial for binding to donors.
Donor cells expressing AS attach to recipients via a receptor

(EBS). Cell wall lipoteichoic acid (LTA) may be EBS or a
component thereof. The results of experiments showing that
purified LTA inhibited AS-mediated aggregation (21) and
transposon mutagenesis (63) and molecular cloning (4) of
chromosomal genes involved in expression of EBS also support
the notion that LTA could be EBS. However, the genetic basis
for EBS synthesis and assembly is very complex, and all the ebs
genes sequenced thus far appear to encode products such as
regulatory proteins, cell wall hydrolases, and secretion proteins
(4). This suggests that EBS could be structurally complex or
that interaction of EBS with other cell envelope components
could affect its expression or function. ‘‘Reversed receptor
experiments’’ in which aggregate formation was dependent on
binding of AS on the recipient cell to EBS on the donor (49)
indicated that AS-EBS binding serves as a molecular grappling
hook that brings the mating cells into close contact and allows
subsequent formation of a mating channel dependent on ad-
ditional plasmid-encoded gene products. These results and
previous data (12, 20) also suggest that the surface exclusion
mechanism may operate at a step in the channel formation
process subsequent to AS-EBS binding. As yet, there are no
data available to indicate a mechanism for surface exclusion,
the precise role of the SE proteins, or the possible involvement
of other gene products.
Control of surface protein expression. The expression of AS

has been studied in some detail as an indicator of the phero-
mone response. It appears that the genes encoding the AS
proteins are controlled by two regulatory circuits, one positive
and one negative. In the case of plasmid-carrying cells grown in
the absence of pheromone, a negative-control circuit prevents
transcriptional activation of the genes encoding AS. As a result
of pheromone binding to donor cells, the negative control is
(temporarily) abolished, and a distinct positive-control mech-
anism upregulates AS expression at the transcriptional level.
In the pCF10 system, the region required for positive control

of prgB expression was localized between the prgX gene and the
prgA gene as illustrated in Fig. 1A. The positive-control system
functions at distances of 10 kb or more upstream of the target
gene, but only in cis, and when the genes are in the same
orientation as that of the prgB target (6). The data indicated

that one or more cis-acting positive-control elements might
track along the DNA to reach their target, presumably the prgB
promoter region (6). Both genetic experiments (8) and physical
analysis of the prgB mRNA (6) indicate that prgB transcription
initiates a short distance upstream from the ATG start codon
for the gene rather than from within the positive-control re-
gion. Activation of prgB expression requires prgQ and prgS (8).
A constitutively synthesized mRNA hybridizing with a prgS
probe has been detected (7). The prgQ gene encodes a 22-
amino-acid polypeptide which is processed to generate the
heptapeptide iCF10, which functions as a competitive inhibitor
of cCF10 (46). The prgQ transcript is much longer, however,
with a very abundant, constitutive message (QS) of about 430
nucleotides present in cells carrying pCF10. Following phero-
mone induction, a second message (QL) representing a 39
extension of about 100 bp is observed in addition to QS; the QL
message is produced constitutively, concomitantly with expres-
sion of Asc10, in E. faecalis strains carrying subcloned frag-
ments of pCF10 in which the negative-control regions have
been deleted (7). The data generated thus far indicate that the
functional gene product(s) of the prgQ region responsible for
positive control is likely RNA, rather than protein. QS is ap-
parently required for transcription of the prgS to prgA regions,
which are expressed constitutively in wild-type donor cells, and
prgS is required for QL. QL, in turn, is required for transcrip-
tion of prgB, resulting in production of Asc10. When negative
control is abolished by pheromone induction or by genetic
alterations, a product of prgS promotes QL formation, either by
enhancing stability or by antitermination. The features of this
model that have been described thus far do not explain the
cis-acting, orientation-dependent nature of the system. The
corresponding positive-control mechanism in the pAD1 system
(24, 52, 60) shares some common features with the pCF10
system, including the existence of a gene called iad, which
encodes an inhibitor peptide and short and long RNA species
resembling the Q RNA species (24, 60). In contrast to pCF10,
pAD1 contains a gene called traE1, which acts in trans to
activate transcription of the asa1 gene (24, 60). This positive-
control gene is encoded by a region of pAD1 corresponding to
the prgR-prgS region, which shows no sequence similarity to
pCF10. It is possible that both positive-control mechanisms
utilize similar RNAmolecules, but pAD1 has acquired an extra
regulatory protein that enhances the interaction of the regu-
latory RNAs with their target(s).
The negative-control regions of pCF10 and pAD1 shown in

Fig. 1B encode at least four very important functions. These
functions include prevention of expression of AS and other
transfer gene products by host cells growing in the absence of
exogenous pheromone, a related function that entails preven-
tion of self-induction of donor cells by internally produced
pheromone, the ability to bind exogenous pheromone and
transmit the induction signal, and interestingly, the functional
replication machinery for the plasmid.
Ruhfel et al. used a pheromone-binding assay to identify a

gene called prgZ which encoded the binding function (54). The
PrgZ protein is similar in sequence to oligopeptide-binding
proteins of Salmonella typhimurium and Bacillus subtilis (31,
50, 53), with about 40% identical amino acid residues, and is
highly related (75% overall identity, over 90% in the amino-
terminal portion) to the deduced product of traC, encoded by
pAD1 (59). Because none of the DNA within several kilobases
of prgZ or traC resembles the sequences of integral membrane
proteins and ATPases found in other bacterial oligopeptide
transport systems (50), the chromosome may encode genes
whose products interact with the plasmid-encoded binding pro-
teins.
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Biochemical and genetic studies have indicated that three
mechanisms appear to operate in concert to prevent constitu-
tive expression of the transfer functions of cells carrying pher-
omone-inducible plasmids. Culture supernatants of E. faecalis
cells carrying pAD1 contain a biological activity that can com-
petitively inhibit the pheromone activity produced by recipi-
ents (34, 43). This activity is mediated by a peptide called
iAD1, encoded by the iad gene of pAD1 (13). It has been
suggested that the inhibitor iAD1 could reduce the sensitivity
of donors to exogenous pheromone from recipients, so that the
system would be turned on only when recipients are very close
to donors (11). The lack of pheromone cAD1 in the same
supernatants has been ascribed to the product of a ‘‘shut-
down’’ gene called traB (3, 66). In addition, disruption of a
third pAD1 negative regulatory gene, traA, results in increased
expression of transfer functions even in the presence of active
inhibitor and shut-down genes (51, 66), indicative of a nega-
tive-control function distinct from inhibitor and pheromone
shutdown.
Interestingly, pCF10-containing cells excrete a mixture of

cCF10 and iCF10 in a ratio that essentially neutralizes both
activities in culture fluids (46). As noted above, iCF10 is en-
coded by the prgQ gene whose RNA products have been im-
plicated in positive control; the sequence of the prgQ region is
very similar to that of the iad region of pAD1 (13). We have
recently found that very high levels of pheromone activity can
be detected in membrane fractions, apparently trapped during

cell lysis, from appropriate E. faecalis strains (39). Membranes
from plasmid-free cells had titers of pheromone activity at least
100-fold higher than the activity in the supernatant. No activity
was present in membranes from wild-type donor cells, whereas
intermediate activity was detected if either prgQ or prgY were
deleted or disrupted. The latter gene does not have a high
degree of similarity to any pAD1 gene, but it is in a similar
location, and its protein product shares some predicted struc-
tural features, including a predicted membrane association,
with the traB gene product (3). Our data suggest that the prgY
gene product may function to prevent self-induction by degrad-
ing or sequestering intracellular pheromone and that iCF10
encoded by prgQ could inhibit any residual pheromone that
escapes the PrgY mechanism, including the pheromone in the
culture fluid.
In the pCF10 system, the prgN gene and the prgX gene are

also involved in negative regulation (30). While the phero-
mone-binding protein PrgZ is not involved in negative control,
inactivation of either prgW or prgY also abolished negative
control. The latter findings may be indirect results of the re-
spective mutations on self-induction rather than direct effects
on negative control, since prgY is required to prevent self-
induction and prgW is likely required for transcription of an
operon containing prgZ and prgY.
The same region of pCF10 required to encode both negative

control and signalling is also sufficient to support replication of
the plasmid. Portions of this region are very similar to the

FIG. 1. Organization of plasmid-encoded genes involved in pheromone-inducible conjugation. (A) Illustration of the transfer genes of pCF10, with the positions
of EcoRI restriction enzyme cleavage sites indicated at the top, functions in the middle, and genes identified by DNA sequencing and other analyses on the bottom.
(B) Comparison of the molecular and genetic organization of regions of pAD1 and pCF10 involved in pheromone signalling, negative control, and plasmid replication.
The large letters across the top refer to arbitrary regions whose genetic functions and sequence relatedness are summarized below, based on published data and recently
obtained results from the Dunny, Clewell, Wirth, and Weaver groups (10, 11, 69). Region A: there is 98% nucleotide sequence identity in this region; in pAD1, a
partitioning function has been localized here. Region B of pAD1 is made up of 770 bp, including an ORF (orfD) of unknown function, and is absent in pCF10. There
is 86% sequence identity in region C; prgN has been implicated in negative control. There is no significant sequence homology in region D; functional similarity is not
yet known. There is significant sequence similarity in region E; repB has been implicated in pAD1 copy control. In pAD1, there are an extra 200 nucleotides in region
F and repeated iteron sequences that are not found in pCF10. There is significant protein similarity in region G, which contains the apparent location of oriT in pAD1.
The H and I regions of the two plasmids are reversed; prgY and traB are involved in control of endogenous pheromone. For region I, TraC and PrgZ are both
pheromone-binding proteins with high similarity. There is no significant homology in region I, but there are probably similar functions in negative control for each
plasmid.
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replication region of pAD1. The prgW, -P, and -O genes are
homologous to repA, -B, and -C genes of pAD1; in addition, a
putative noncoding partitioning region that is very similar to
the PAR region of PAD1 recently described by Weaver et al.
(67, 68) has been identified. The identification of potential
multifuctional gene products in this region, such as PrgW, is
interesting to consider in light of previous findings linking
pheromones to incompatibility (70) and replication as well as
transfer (67).
The ultimate question with regard to pheromone induction

is how the binding of the molecule to the donor cell actually
results in the response. Several lines of recent evidence (39)
suggest that the pheromone likely operates by becoming inter-
nalized and binding to intracellular targets. These include ex-
periments indicating that labelled pheromone is taken up by
donor cells, that a pheromone coupled to a large particle
(Sepharose bead) maintains PrgZ-specific binding ability but
cannot signal donors, and that genetic inactivation of prgZ
results in a donor strain that can still respond to pheromone
(receptor bypass) but is 50- to 100-fold less sensitive than
wild-type donors (39). It is likely that a low-affinity, chromo-
somally encoded peptide transport system may promote pher-
omone internalization in the absence of PrgZ. In addition,
affinity chromatography experiments with pheromone coupled
by either the amino or carboxy terminus has identified several
specific binding molecules from cell lysates, icluding PrgZ,
PrgW, several host proteins, and interestingly, prgQ RNA (39).
These recent data link the negative- and positive-control cir-
cuits, in addition to providing the first strong evidence for
pheromone internalization. The data suggest a model for reg-
ulation in which pheromone is internalized by an Opp trans-
port system which allows for binding to intracellular regulatory
molecules and inactivation of negative control, allowing the
positive-control system to activate expression of transfer func-
tions. It is interesting to consider the results obtained in reg-
ulatory studies of pCF10 in comparison to those of pAD1 (Fig.
1B). The general organizations of the two regulatory regions
are quite similar, and some genes (prgZ and traC, prgQ and iad,
and prgW and repA), are almost identical. In contrast, other
genes (prgX and traA; prgY and traB) probably have similar
functions but are not related at the sequence level.

CELLULAR COMPONENTS INVOLVED IN
CONJUGATION AS POTENTIAL VIRULENCE FACTORS

The pathogenicity of enterococci has received increasing
attention recently because of the very high prevalence of the
organism in nosocomial infections (41, 56) and because the
inherent and acquired antibiotic resistance of these organisms
has resulted in situations where there is no effective antimicro-
bial chemotherapeutic agent available to treat some cases of
life-threatening enterococcal infections (42). Interestingly,
there is substantial evidence indicating that several compo-
nents of pheromone-inducible conjugation may affect the vir-
ulence of the organism.
An association between pheromone plasmid-encoded hemo-

lysin and virulence in systemic natural infections (33, 35), as
well as in experimental endophthalmitis (36, 57) and endocar-
ditis (5), has been shown. The AS proteins have also been
found to enhance the adherence (38) and invasiveness (47) of
enterococci and to enhance virulence in experimental endo-
carditis (5). The effects of host factors on the expression of
potential enterococcal virulence factors have also been exam-
ined by several groups. There are numerous lines of evidence
for enhancement of expression of such factors by growth in
serum (1, 2, 28, 29, 38); it is not yet known whether the pher-

omone signalling mechanism is involved in response to the
signalling molecules in serum. Finally, it has been found that
several E. faecalis peptides identified as pheromones or inhib-
itors have neutrophil chemotactic activity (22, 55) that appears
to function via the N-formyl peptide (F-Met-Leu-Phe) recep-
tor (61) of the neutrophil. The significance of this activity with
respect to virulence is not yet known.

CONCLUSIONS

E. faecalis has evolved a complex but efficient chemical com-
munication system that plays an important role in the dissem-
ination of genes, including those encoding antibiotic resistance
and virulence traits. Molecular and genetic analyses of this
system have elucidated many of its important biological fea-
tures and have also facilitated the development and adaptation
of experimental methods that can be applied to other impor-
tant aspects of this organism, especially its pathogenicity. Pre-
liminary studies suggest that many of the important compo-
nents of the pheromone-inducible conjugation system may also
play a role in host-parasite interactions involving this organism.

ACKNOWLEDGMENTS

We thank a number of colleagues who have provided useful infor-
mation and communicated unpublished or in press data and manu-
scripts. These include B. Bensing, C. Wells, S. Erlandsen, P. Schlievert,
D. Clewell, R. Wirth, J. Nakayama, P. Fives-Taylor, H. Jenkinson, and
A. Smith.
The work in our laboratory was supported by Public Health Service

grants 1RO1GM49540 to G.M.D. and 5F32AI08742 to B.A.B.L.

REFERENCES

1. Aitchison, E. J., P. A. Lambert, and I. D. Farrell. 1986. Antigenic composi-
tion of an endocarditis-associated isolate of Streptococcus faecalis and iden-
tification of its glycoprotein antigens by ligand blotting with lectins. J. Med.
Microbiol. 21:161–167.

2. Aitchison, E. J., P. A. Lambert, E. G. Smith, and I. D. Farrell. 1987. Sero-
diagnosis of Streptococcus faecalis endocarditis by immunoblotting of surface
antigens. J. Clin. Microbiol. 25:211–215.

3. An, F. Y., and D. B. Clewell. 1994. Characterization of the determinant (traB)
encoding sex pheromone shutdown by the hemolysin/bacteriocin plasmid,
pAD1 in Enterococcus faecalis. Plasmid 31:215–221.

4. Bensing, B. A., and G. M. Dunny. 1993. Cloning and molecular analysis of
genes involved in expression of binding substance, the recipient-encoded
receptor(s) mediating mating aggregate formation in Enterococcus faecalis. J.
Bacteriol. 175:7421–7429.

5. Chow, J. W., L. A. Thal, M. B. Perri, J. A. Vazquez, S. M. Donabedian, D. B.
Clewell, and M. J. Zervos. 1993. Plasmid-associated hemolysin and aggre-
gation substance production contribute to virulence in experimental entero-
coccal endocarditis. Antimicrob. Agents Chemother. 37:2474–2477.

6. Chung, J. W., and G. M. Dunny. 1992. Cis-acting, orientation-dependent,
positive control system activates pheromone-inducible conjugation functions
at distances greater than 10 kilobases upstream from its target in Enterococ-
cus faecalis. Proc. Natl. Acad. Sci. USA 89:9020–9024.

7. Chung, J. W., and G. M. Dunny. Transcriptional analysis of a region of the
Enterococcus faecalis plasmid pCF10 involved in positive regulation of con-
jugative transfer functions. Submitted for publication.

8. Chung, J. W., and G. M. Dunny. Genetic analysis of a region of the Entero-
coccus faecalis plasmid pCF10 involved in positive regulation of conjugative
transfer functions. Submitted for publication.

9. Clewell, D. B. 1990. Movable genetic elements and antibiotic resistance in
enterococci. Eur. J. Clin. Microbiol. Infect. Dis. 9:90–102.

10. Clewell, D. B. 1993. Sex pheromones and the plasmid-encoded mating re-
sponse in Enterococcus faecalis, p. 349–368. In D. B. Clewell (ed.), Bacterial
conjugation. Plenum Press, New York.

11. Clewell, D. B. 1993. Bacterial sex pheromone-induced plasmid transfer. Cell
73:9–12.

12. Clewell, D. B., and B. L. Brown. 1980. Sex pheromone cAD1 in Streptococcus
faecalis: induction of a function related to plasmid transfer. J. Bacteriol.
143:1063–1065.

13. Clewell, D. B., L. T. Pontius, F. Y. An, Y. Ike, A. Suzuki, and J. Nakayama.
1990. Nucleotide sequence of the sex pheromone inhibitor (iAD1) determi-
nant of Enterococcus faecalis conjugative plasmid pAD1. Plasmid 24:156–
161.

874 MINIREVIEW J. BACTERIOL.



14. Clewell, D. B., and K. E. Weaver. 1989. Sex pheromones and plasmid transfer
in Enterococcus faecalis: a review. Plasmid 21:175–184.

15. Courvalin, P. 1990. Resistance of enterococci to glycopeptides. Antimicrob.
Agents Chemother. 34:2291–2296.

16. Dunny, G., C. Funk, and J. Adsit. 1981. Direct stimulation of the transfer of
antibiotic resistance by sex pheromones in Streptococcus faecalis. Plasmid
6:270–278.

17. Dunny, G., M. Yuhasz, and E. Ehrenfeld. 1982. Genetic and physiological
analysis of conjugation in Streptococcus faecalis. J. Bacteriol. 151:855–859.

18. Dunny, G. M., B. L. Brown, and D. B. Clewell. 1978. Induced cell aggregation
and mating in Streptococcus faecalis: evidence for a bacterial sex pheromone.
Proc. Natl. Acad. Sci. USA 75:3470–3483.

19. Dunny, G. M., R. A. Craig, R. L. Carron, and D. B. Clewell. 1979. Plasmid
transfer in Streptococcus faecalis: production of multiple pheromones by
recipients. Plasmid 2:454–465.

20. Dunny, G. M., D. L. Zimmerman, and M. L. Tortorello. 1985. Induction of
surface exclusion (entry exclusion) by Streptococcus faecalis sex pheromones:
use of monoclonal antibodies to identify an inducible surface antigen in-
volved in the exclusion process. Proc. Natl. Acad. Sci. USA 82:8582–8586.

21. Ehrenfeld, E. E., R. E. Kessler, and D. B. Clewell. 1986. Identification of
pheromone-induced surface proteins in Streptococcus faecalis and evidence
of a role for lipoteichoic acid in the formation of mating aggregates. J.
Bacteriol. 168:6–12.

22. Ember, J. A., and T. E. Hugli. 1989. Characterization of the human neutro-
phil response to sex pheromones from Streptococcus faecalis. Am. J. Pathol.
134:797–805.

23. Fischetti, V. A., V. Pancholi, and O. Schneewind. 1991. Common character-
istics of the surface proteins from gram-positive cocci, p. 290–294. In G. M.
Dunny, P. P. Cleary, and L. L. McKay (ed.), Genetics and molecular biology
of streptococci, lactococci, and enterococci. American Society for Microbi-
ology, Washington, D.C.

24. Galli, D., A. Friesnegger, and R. Wirth. 1992. Transcriptional control of
sex-pheromone-inducible genes on plasmid pAD1 of Enterococcus faecalis
and sequence of a third structural gene for (pPD1-encoded) aggregation
substance. Mol. Microbiol. 6:1297–1308.

25. Galli, D., F. Lottspeich, and R. Wirth. 1990. Sequence analysis of Entero-
coccus faecalis aggregation substance encoded by the sex pheromone plasmid
pAD1. Mol. Microbiol. 4:895–904.

26. Galli, D., and R. Wirth. 1991. Comparative analysis of Enterococcus faecalis
sex pheromone plasmids identifies a single homologous DNA region which
codes for aggregation substance. J. Bacteriol. 173:3029–3033.

27. Galli, D., R. Wirth, and G. Wanner. 1989. Identification of aggregation
substances of Enterococcus faecalis cells after induction by sex pheromones.
An immunological and ultrastructural investigation. Arch. Microbiol. 151:
486–490.

28. Guzman, C. A., C. Pruzzo, G. LiPira, and L. Calegari. 1989. Role of adher-
ence in pathogenesis of Enterococcus faecalis in urinary tract infection and
endocarditis. Infect. Immun. 57:1834–1838.

29. Guzman, C. A., C. Pruzzo, M. Plate, M. C. Guardati, and L. Calegari. 1991.
Serum-dependent expression of Enterococcus faecalis adhesins involved in
the colonization of heart cells. Microb. Pathog. 11:399–409.

30. Hedberg, P. J., B. A. B. Leonard, and G. M. Dunny. Unpublished data.
31. Hiles, I. D., L. M. Powell, and C. F. Higgins. 1987. Peptide transport in

Salmonella typhimurium: molecular cloning and characterization of the oli-
gopeptide permease genes. Mol. Gen. Genet. 206:101–109.

32. Hirt, H., G. Wanner, D. Galli, and R. Wirth. 1993. Biochemical, immuno-
logical and ultrastructural characterization of aggregation substances en-
coded by Enterococcus faecalis sex-pheromone plasmids. Eur. J. Biochem.
211:711–716.

33. Huycke, M. M., C. A. Spiegel, and M. S. Gilmore. 1991. Bacteremia caused
by hemolytic, high-level gentamicin-resistant Enterococcus faecalis. Antimi-
crob. Agents Chemother. 35:1626–1634.

34. Ike, Y., R. A. Craig, B. A. White, Y. Yagi, and D. B. Clewell. 1983. Modifi-
cation of Streptococcus faecalis sex pheromones after acquisition of plasmid
DNA. Proc. Natl. Acad. Sci. USA 80:5369–5373.

35. Ike, Y., M. Hashimoto, and D. B. Clewell. 1987. High incidence of hemolysin
production by Enterococcus (Streptococcus) faecalis strains associated with
human parenteral infections. J. Clin. Microbiol. 25:1524–1528.

36. Jett, B. D., H. G. Jensen, R. E. Nordquist, and M. S. Gilmore. 1992. Con-
tribution of the pAD1-encoded cytolysin to the severity of experimental
Enterococcus faecalis endophthalmitis. Infect. Immun. 60:2445–2452.

37. Kao, S.-M., S. B. Olmsted, A. S. Viksnins, J. C. Gallo, and G. M. Dunny.
1991. Molecular and genetic analysis of a region of plasmid pCF10 contain-
ing positive control genes and structural genes encoding surface proteins
involved in pheromone-inducible conjugation in Enterococcus faecalis. J.
Bacteriol. 173:7650–7664.

38. Kreft, B., R. Marre, U. Schramm, and R. Wirth. 1992. Aggregation sub-
stance of Enterococcus faecalis mediates adhesion to cultured renal tubular
cells. Infect. Immun. 60:25–30.

39. Leonard, B. A. B., B. A. Bensing, P. J. Hedberg, and G. M. Dunny. 1994.
Pheromone-inducible gene regulation and signalling in the control of aggre-
gation substance expression in the conjugative plasmid, pCF10, p. 212–213.

In J. Ferretti, M. Gilmore, and T. Klaenhammer (ed.), Genetics of strepto-
cocci, enterococci, and lactococci, in press. International Bureau of Biolog-
ical Standards, Washington, D.C.

40. Macrina, F. L., and G. L. Archer. 1993. Conjugation and broad host range
plasmids in streptococci and staphylococci, p. 313–329. In D. B. Clewell
(ed.), Bacterial conjugation. Plenum Press, New York.

41. Martone, W. J., W. R. Jarvis, D. H. Culver, and R. W. Haley. 1992. Incidence
and nature of endemic and epidemic nosocomial infections, p. 577–596. InV.
Bennet and P. S. Brachman (ed.), Hospital infections. Little, Brown, & Co.,
Boston.

42. Moellering, R. C. J. 1991. The enterococcus: a classic example of the impact
of antimicrobial resistance on therapeutic options. J. Antimicrob. Che-
mother. 28:1–12.

43. Mori, M., A. Isogai, Y. Sakagami, M. Fujino, C. Kitada, D. B. Clewell, and
A. Suzuki. 1986. Isolation and structure of the Streptococcus faecalis sex
pheromone inhibitor, iAD1, that is excreted by the donor strain harboring
plasmid pAD1. Agric. Biol. Chem. 50:539–541.

44. Mori, M., Y. Sakagami, Y. Ishii, A. Isogai, C. Kitada, M. Fujino, J. C. Adsit,
G. M. Dunny, and A. Suzuki. 1988. Structure of cCF10, a peptide sex
pheromone which induces conjugative transfer of the Streptococcus faecalis
tetracycline resistance plasmid, pCF10. J. Biol. Chem. 263:14574–14578.

45. Mori, M., Y. Sakagami, M. Narita, A. Isogai, M. Fujino, C. Kitada, R. A.
Craig, D. B. Clewell, and A. Suzuki. 1984. Isolation and structure of the
bacterial sex pheromone, cAD1, that induces plasmid transfer in Streptococ-
cus faecalis. FEBS Lett. 178:97–100.

46. Nakayama, J., R. E. Ruhfel, G. M. Dunny, A. Isogai, and A. Suzuki. 1994.
The prgQ gene of the Enterococcus faecalis tetracycline resistance plasmid,
pCF10, encodes a peptide inhibitor, iCF10. J. Bacteriol. 176:7405–7408.

47. Olmsted, S. B., G. M. Dunny, S. Erlandsen, and C. L. Wells. 1994. A
plasmid-encoded surface protein on Enterococcus faecalis augments its in-
ternalization by cultured intestinal epithelial cells. J. Infect. Dis. 170:1549–
1556.

48. Olmsted, S. B., S. L. Erlandsen, G. M. Dunny, and C. L. Wells. 1993.
High-resolution visualization by field emission scanning electron microscopy
of Enterococcus faecalis surface proteins encoded by the pheromone-induc-
ible conjugative plasmid pCF10. J. Bacteriol. 175:6229–6237.

49. Olmsted, S. B., S.-M. Kao, L. J. van Putte, J. C. Gallo, and G. M. Dunny.
1991. Role of the pheromone-inducible surface protein Asc10 in mating
aggregate formation and conjugal transfer of the Enterococcus faecalis plas-
mid pCF10. J. Bacteriol. 173:7665–7672.

50. Perego, M., C. F. Higgins, S. R. Pearce, M. P. Gallagher, and J. A. Hoch.
1991. The oligopeptide transport system of Bacillus subtilis plays a role in the
initiation of sporulation. Mol. Microbiol. 5:173–185.

51. Pontius, L. T., and D. B. Clewell. 1992. Regulation of the pAD1-encoded sex
pheromone response in Enterococcus faecalis: nucleotide sequence analysis
of traA. J. Bacteriol. 174:1821–1827.

52. Pontius, L. T., and D. B. Clewell. 1992. Conjugative transfer of Enterococcus
faecalis plasmid pAD1: nucleotide sequence and transcriptional fusion anal-
ysis of a region involved in positive regulation. J. Bacteriol. 174:3152–3160.

53. Rudner, D. Z., J. R. LeDeaux, K. Ireton, and A. D. Grossman. 1991. The
spo0K locus of Bacillus subtilis is homologous to the oligopeptide permease
locus and is required for sporulation and competence. J. Bacteriol. 173:1388–
1398.

54. Ruhfel, R. E., D. A. Manias, and G. M. Dunny. 1993. Cloning and charac-
terization of a region of the Enterococcus faecalis conjugative plasmid,
pCF10, encoding a sex pheromone-binding function. J. Bacteriol. 175:5253–
5259.

55. Sannomiya, P., R. A. Craig, D. B. Clewell, A. Suzuki, M. Fujino, G. O. Till,
and W. A. Marasco. 1990. Characterization of a class of nonformylated
Enterococcus faecalis-derived neutrophil chemotactic peptides: the sex pher-
omones. Proc. Natl. Acad. Sci. USA 87:66–70.

56. Schaberg, D. R., D. H. Culver, and R. P. Gaynes. 1991. Major trends in the
microbial ecology of nosocomial infection. Am. J. Med. 91(Suppl. 3B):72S–
75S.

57. Stevens, S. X., H. G. Jensen, B. D. Jett, and M. S. Gilmore. 1992. A hemo-
lysin-encoding plasmid contributes to bacterial virulence in experimental
Enterococcus faecalis endophthalmitis. Invest. Ophthalmol. Vis. Sci.
33:1650–1656.

58. Suzuki, A., M. Mori, Y. Sakagami, A. Isogai, M. Fujino, C. Kitaga, R. A.
Craig, and D. B. Clewell. 1984. Isolation and structure of bacterial sex
pheromone, cPD1. Science 226:849–850.

59. Tanimoto, K., F. Y. An, and D. B. Clewell. 1993. Characterization of the traC
determinant of the Enterococcus faecalis hemolysin-bacteriocin plasmid
pAD1: binding of sex pheromone. J. Bacteriol. 175:5260–5264.

60. Tanimoto, K., and D. B. Clewell. 1993. Regulation of the pAD1-encoded sex
pheromone response in Enterococcus faecalis: expression of the positive
regulator TraE1. J. Bacteriol. 175:1008–1018.

61. Thelen, M., B. Dewald, and M. Baggiolini. 1993. Neutrophil signal transduc-
tion and activation of the respiratory burst. Physiol. Rev. 73:797–821.

62. Tomich, P. K., F. Y. An, S. P. Damle, and D. B. Clewell. 1979. Plasmid-
related transmissibility and multiple drug resistance in Streptococcus faecalis
subsp. zymogenes strain DS16. Antimicrob. Agents Chemother. 15:828–830.

VOL. 177, 1995 MINIREVIEW 875



63. Trotter, K. M., and G. M. Dunny. 1990. Mutants of Enterococcus faecalis
deficient as recipients in mating with donors carrying pheromone-inducible
plasmids. Plasmid 24:57–67.

64. Uchimura, T., and P. C. K. Lau. 1987. Nucleotide sequences from the colicin
E8 operon: homology with plasmid ColE2-P9. Mol. Gen. Genet. 209:489–
493.

65. Wanner, G., H. Formanek, D. Galli, and R. Wirth. 1989. Localization of
aggregation substances of Enterococcus faecalis after induction by sex pher-
omones. Arch. Microbiol. 151:491–497.

66. Weaver, K. E., and D. B. Clewell. 1990. Regulation of the pAD1 sex pher-
omone response in Enterococcus faecalis: effects of host strain and traA, traB,
and C region mutants on expression of an E region pheromone-inducible
lacZ fusion. J. Bacteriol. 172:2633–2641.

67. Weaver, K. E., D. B. Clewell, and F. An. 1993. Identification, characteriza-
tion, and nucleotide sequence of a region of Enterococcus faecalis phero-
mone-responsive plasmid pAD1 capable of autonomous replication. J. Bac-

teriol. 175:1900–1909.
68. Weaver, K. E., and D. J. Tritle. 1994. Identification and characterization of

an Enterococcus faecalis plasmid pAD1-encoded stability determinant which
produces two small RNA molecules necessary for its function (pAD1 stabil-
ity determinant). Plasmid 33:1–10.

69. Wirth, R. 1994. The sex pheromone system of Enterococcus faecalis: more
than just a plasmid-collection mechanism? Eur. J. Biochem. 222:235–246.

70. Wirth, R., A. Friesenegger, and T. Horaud. 1992. Identification of new sex
pheromone plasmids in Enterococcus faecalis. Mol. Gen. Genet. 233:157–
160.

71. Wirth, R., S. B. Olmsted, D. Galli, and G. M. Dunny. 1991. Comparative
analysis of cAD1 and cCF10 induced aggregation substances of Enterococcus
faecalis, p. 34–38. In G. M. Dunny, P. P. Cleary, and L. L. McKay (ed.),
Genetics and molecular biology of streptococci, lactococci, and enterococci.
American Society for Microbiology, Washington, D.C.

876 MINIREVIEW J. BACTERIOL.


