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Abstract

Streptococcus gordonii produces a pheromone heptapeptide, s.g.cAM373, which induces a conjugative mating response in

Enterococcus faecalis cells carrying the responsive plasmid, pAM373. We investigated the extent of this intergeneric signaling

on DNA acquisition by streptococcal species likely to cohabit oral biofilms. E. faecalis/pAM373/pAMS470 cells were incubated

with synthetic s.g.cAM373, reverse peptide s.g.cAM373-R, or peptide-free medium and examined for their abilities to transfer

plasmid DNA to streptococcal species in the presence of DNase. Preinduction of E. faecalis donors with s.g.cAM373 resulted

in transconjugation frequencies in non-pheromone producing strains of Streptococcus mutans, Streptococcus sanguinis,

Streptococcus anginosus, and Streptococcus suis that were significantly higher than frequencies when donors were

preincubated with s.g.cAM373-R or medium alone. Peptide-mediated communication between commensal streptococci and

E. faecalis carrying pheromone-responsive plasmids may facilitate conjugative DNA transfer to bystander species, and

influence the reservoir of antibiotic resistance determinants of enterococcal origin in the oral metagenome.

Streptococcus gordonii are commensal members of the oral
microbiota that play essential ecological roles in maintain-
ing the community balance of bacterial species associated
with health versus disease in the oral cavity. Enterococcus
faecalis, although traditionally considered members of the
gut microbiota, are also found in the oral cavities of healthy
humans [1, 2]. Studies of oral E. faecalis have primarily
focused on their role in persistent endodontic infections
since these bacteria are consistently recovered from teeth
with failed root canal treatment [3, 4]. However, enterococci
are found on other oral surfaces [5] with higher carriage
rates in medically compromised patients [6]. E. faecalis is
widely-recognised as a medically-important opportunistic
pathogen, particularly in nosocomial infections [7]. Its high
degree of pathogenicity is attributed to the presence of mul-
tiple plasmids and mobile genetic elements that can carry
genes conferring advantages for fitness, virulence, and anti-
biotic resistance within a single cell [8]. Representative spe-
cies of Enterococcus are known to express resistance to
virtually all known antibiotics [7]. Many E. faecalis conjuga-
tive plasmids, which are highly adapted for efficient hori-
zontal gene transfer, respond to enterococcal pheromone
peptides. These 7- or 8-amino acid active pheromones are

specific for different families of conjugative plasmids and
are processed from signal sequences of chromosomally-
encoded lipoproteins [9]. In response to extracellular phero-
mone, E. faecalis cells carrying the cognate responsive
plasmids (donors), exhibit a mating response that includes
expression of genes encoding a surface aggregation sub-
stance (AS) protein that facilitates intercellular adhesion
and conjugative transfer to pheromone-responsive-plasmid-
free cells (recipients) [10, 11].

Members of the conjugative plasmid pAM373 family, some
of which are known to carry vancomycin resistance deter-
minants [12], are noteworthy because in addition to
responding to E. faecalis pheromone cAM373 (e.f.cAM373),
they respond to pheromone-like signals from at least three
other species: Staphylococcus aureus [13], S. gordonii [14],
and Enterococcus hirae [15]. We have previously identified
the S. gordonii pheromone, gordonii-cAM373 (s.g.cAM373),
a heptapeptide processed by lipoprotein signal peptidase II
(LspA) and a zinc metalloprotease Eep (enhanced expres-
sion of pheromone) from the signal sequence of the lipopro-
tein, CamG [16]. E. faecalis cells carrying pAM373 or its
derivatives express an aggregation substance (AS-373)-
mediated clumping response to pheromone-containing
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filtrates of S. gordonii strains CH1 and G9B. Synthetic s.g.
cAM373 induces conjugative plasmid transfer from E. fae-
calis cells carrying both pAM373 and a co-resident plasmid
to S. gordonii recipients in filter matings [16]. Genetic anal-
yses of E. faecalis clinical isolates recovered from patients
with periodontal [17] and endodontic [18] diseases have
identified determinants specific for pAM373-family plas-
mids. Recent studies of the oral metagenome support the
concept that commensal oral bacteria may act as silent
reservoirs for resistance-encoding genes [19]. Pheromone-
mediated conjugative plasmid transfer is considered a criti-
cal mechanism for antibiotic resistance dissemination
among enterococci [20] and potentially other members of
the human gut microbiome [21]. The present studies were
done to investigate the feasibility of a role for streptococcal-
enterococcal pheromone-mediated communication in con-
jugative dissemination of DNA among members of the oral
microbiome.

S. GORDONII S.G.CAM373-INDUCED

CONJUGATIVE DNA TRANSFER IS

INDEPENDENT OF RECIPIENT CELL

COMPETENCE.

In addition to their ability to take up naked DNA by trans-
formation via the competence response, S. gordonii cells can
acquire plasmids and mobile genetic elements through con-
jugation (not necessarily requiring pheromone induction).
Previous transcriptome analysis showed that neither the
structural gene, camG, nor eep and lspA, essential for proc-
essing the pheromone precursor to active s.g.cAM373 [16],
were differentially expressed in response to Competence
Stimulating Peptide (CSP) [22], suggesting that upregula-
tion of genes that facilitate pheromone-induced conjugation
is independent of the competence response. We further
investigated the independence of these two genetic mecha-
nisms in S. gordonii CH1 by examining isogenic mutants
with either a deletion of the DNA encoding s.g.cAM373
(strain CH1811 [16]; Table S1, available in the online Sup-
plemental Material) or allelic replacement of the comCDE
region required for competence with the aad9 determinant
encoding spectinomycin resistance (SpR) (strain CH9278;
see Supplemental Material).

Strains CH1, CH1811 and CH9287 were incubated with
heat-fixed horse serum or CSP in Todd Hewitt (TH)
medium as previously described [22] and transformed with
pVA749 [23], a replicative plasmid that carries an erythro-
mycin resistance (EmR) determinant. There were no signifi-
cant differences in transformation frequencies between
comCDE-positive strains CH1 and CH1811 (Table 1) indi-
cating similar competence levels of the s.g.cAM373-positive
and -negative strains, respectively.

A microtiter plate clumping assay [16, 24] was used to
determine the AS-373-mediated clumping of E. faecalis cells
carrying pAM373 or its derivatives, pAM4020 or pAM378
(Table S1) that was induced by two-fold dilutions of cell-

free filtrates from CH1, CH9287 and CH1811 cultures. The
intra-experiment equivalent titers (the most dilute filtrate
that yielded macroscopically visible cell clumping) of strains
CH1 and CH9278 (ranging from 16 to 32 for both S. gordo-
nii strains) and the negative titers (less than 2) of control
strain CH1811 [16] with all E. faecalis responders supported
the independence of s.g.cAM373 expression and the compe-
tence response.

The in vivo function of s.g.cAM373 in facilitating conjuga-
tive transfer was examined in overnight filter matings
using E. faecalis donors with the s.g.cAM373-positive
strains CH1-S [spontaneous streptomycin resistant (SmR)
derivative of CH1 with an identical titer in the clumping
assay] and CH9287, and with the s.g.cAM373-negative
strain CH1811-S (spontaneous SmR derivative of CH1811)
recipients. An inherent limitation in measuring conjuga-
tive transfer of pAM373 to non-enterococcal recipients is
that the pAM373 replicon is not known to function in
non-enterococcal recipients; evidence indicates that
pAM373 can transfer itself and carry additional DNA, but
may not be maintained [14]. This limitation has been
overcome by either the use of chimeric plasmids that carry
a copy of the recipient replicon so that transferred plas-
mids were detectable in S. aureus transconjugants [15], or
alternatively, by detecting transfer of a co-mobilisable plas-
mid as was done in S. gordonii [16]. We used the latter
approach with pAMS470 [16], a mobilisable derivative of
pVA749, known to be stable in a broad range of strepto-
coccal species, to demonstrate pheromone-induced DNA
transfer by using E. faecalis JH2-2/pAM378/pAMS470 as
donors in filter mating experiments. Donors and recipients
were grown to OD600 1.0 (Spectronic 20D+spectropho-
otometer), mixed at a ratio of 1 : 10 and then pelleted by
centrifugation (3000 g). Donor and recipient cell mixtures
were resuspended in 50 µl of fresh TH containing 10 units
DNase (Thermo Fisher Scientific) to control for DNA
acquisition by transformation [22]. The mating mixture
was placed on a sterile 0.45 µm filter (Millipore Sigma) on
a TH agar surface and incubated at 36

�
C in 5% CO2 for

24 h. Cells were resuspended by vortexing the filter in TH,
diluted, and plated on selective antibiotic agar to deter-
mine the c.f.u. of donors [chromosomal resistance to
rifampicin (RfR) and fusidic acid (FaR) for strain JH2-2],
recipients (SmR for strains CH1-S and CH1811-S or SpR

for strain CH9287), and putative streptococcal transconju-
gants that had acquired pAMS470 (SmR+EmR or SpR+
EmR). The mating results (Table 1) suggest that endogen-
ous s.g.cAM373 from the pheromone-positive strains
CH1-S and CH9278 induced co-resident plasmid transfer
from E. faecalis donors, whereas frequencies were signifi-
cantly lower with the s.g.cAM373-negative strain CH1811-
S. The similar transconjugation frequencies for S. gordonii
CH1-S and the competence-deficient strain CH9278
(P=0.35 Student’s t-test) in the presence of DNase sup-
ported the independence of these conjugation and trans-
formation mechanisms.
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THE S.G.CAM373 PEPTIDE INDUCES DNA

TRANSFER FROM E. FAECALIS TO A RANGE

OF NONPHEROMONE-PRODUCING

STREPTOCOCCAL SPECIES

We have previously shown that synthetic s.g.cAM373 pep-
tide induces co-resident plasmid transfer from E. faecalis to
S. gordonii recipients in filter matings [16]. To investigate
the potential role of s.g.cAM373 in horizontal DNA transfer
in the oral microenvironment where S. gordonii and E. fae-
calis co-exist in a multispecies community, representative
strains of the commensal species Streptococcus sanguinis,
the pyogenic species Streptococcus anginosus [25], as well as
the cariogenic species Streptococcus mutans, were selected to
determine their abilities to act as recipients for conjugatively
transferred DNA from s.g.cAM373-induced E. faecalis
donors. To further examine the scope of these signaling
interactions, the emerging zoonotic pathogen Streptococcus
suis which also may acquire antibiotic resistance in multi-
species oropharyngeal communities [26, 27] was included.
Recipient strains were verified for an absence of endogenous
cAM373-like activity as indicated by an inability of E. faeca-
lis cells carrying pAM373, or its derivatives pAM378 or
pAM4020 to respond to their filtrates in the clumping assay.
Pheromone-free streptococcal strains were then sequentially
passaged to acquire the SmR phenotype to facilitate their
selection in filter matings. Donor E. faecalis JH2-2/
pAM378/pAMS470, as well as control JH2-2/pAMS470
(without pheromone-responsive plasmid) were grown to
OD600 1.0, diluted to OD600 0.6 and preincubated for
90min at 36

�
C 5% CO2 with 50 ng ml�1 of the synthetic

peptides (>90%purity; GenScript) s.g.cAM373 (SVFILAA)
or reverse pheromone s.g.cAM373-R (AALIFVS), or an
equivalent volume of TH broth. Recipient S. gordonii strains
CH1-S and CH9278, S. sanguinis SK36-S, S. anginosus
ATCC 33397-S, S. mutans ATCC 25175-S, and S. suis
ATCC 43765-S were grown to OD600 1.0 and mixed with
the pre-induced E. faecalis cells in donor to recipient ratios
of 1 : 10 or 1 : 100. Filter matings were performed as above
for two hours to minimize potential effects of confounding

bacterial interactions. Transconjugants were plated on
Sm+Emor Sp+Em agar and co-resident plasmid transconju-
gation frequencies were calculated.

In matings with all recipient strains, E. faecalis/pAM378/
pAMS470 donors that were preincubated with s.g.cAM373
peptide had transconjugation frequencies that were at least
two to three orders of magnitude higher than when donors
were pre-incubated with either the s.g.cAM373-R peptide or
medium alone (Table 2). As expected, control experiments
with E. faecalis/pAMS470 donors that did not carry a
pAM373 derivative did not yield transconjugants. To con-
firm the presence of transferred plasmid, DNA was purified
from donors and randomly selected transconjugants lysed
with 20mg lysozyme ml-1 and 25 units mutanolysin ml-1

using a plasmid purification kit (Qiagen). Purified plasmids
were digested with HindIII and visualized by agarose gel
electrophoresis and ethidium bromide staining (Fig. S1). All
selected EmR transconjugants carried stably-maintained
pAMS470 DNA indicating that the co-resident plasmid was
successfully transferred in the filter matings in the presence
of DNase. None of the transconjugants carried plasmid
DNA bands that corresponded to pAM378 indicating that
this plasmid was not stably maintained in any of the strep-
tococcal recipients. Although replication of pAM373 has
not been observed in non-enterococcal species, pAM378
may deliver a plasmid-borne transposon which may subse-
quently be maintained, presumably in the recipient chromo-
some [16, 28]. Therefore, one hundred randomly-selected
transconjugants from each mating were picked to tetracy-
cline (Tc) agar to determine maintenance of the TcR deter-
minant on Tn918 carried on pAM378. Although we did not
detect Tc resistance in any of the pAMS470-carrying trans-
conjugants (Table 2), this may be attributable to the low fre-
quency of this event or the short duration of our matings.

BIOLOGICAL AND MEDICAL IMPLICATIONS

Our results support a model that in multi-species communi-
ties where bacteria grow in close proximity as occurs in bio-
films, streptococcal peptides such as s.g.cAM373 may

Table 1. Plasmid DNA acquisition by S. gordonii via transformation and transconjugation

S. gordonii strain Transformation frequency* Transconjugation frequency†

CH1 2.0�10�3±2.1�10�4
–

CH1-S – 6.3�10�6±5.7�10�6

CH9278 <9.0�10�8±1.8�10�8
‡ 9.3�10�6±1.1�10�5

CH1811 2.3�10�3±1.2�10�3
–

CH1811-S – 4.2�10�8±7.0�10�8§

*Number of c.f.u. of transformants ml-1 (EmR) divided by the number of c.f.u. ml-1 of cells made competent with serum or CSP [22] and transformed

with 3.5 µg pVA749 [23] DNA ml-1. N>2 independent biological replicates. Similar frequencies were seen for both serum and CSP competence

induction.

†24 h filter mating of JH2-2/pAM378/pAMS470 donors with S. gordonii recipients in the presence of DNase. Average (number of c.f.u. of transconju-

gants [SmR EmR for CH1-S and CH811-S; SpR EmR for CH2978] divided by the number of c.f.u. of donors)±S.D.; N=3 independent biological replicates.

‡Mean log values different from strains CH1 and CH1811 (P�0.006, Student’s t-test).

§Mean log values different from strains CH1-S and CH9278 (P�0.017, Student’s t-test).
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induce E. faecalis cells carrying pheromone-responsive plas-
mids to conjugatively transfer DNA to neighbouring non-
pheromone producing recipient species. Genome database
searches have identified a number of oral streptococcal spe-
cies that encode s.g.cAM373 in the signal sequences of
CamG-like lipoproteins (Fig. S2) indicating the prevalence
of this signaling molecule. In the present studies, the poten-
tial recipients were limited to members of the genus Strepto-
coccus so that the co-resident plasmid, used as a molecular
tool to monitor mating-response-related conjugation, could
be readily detected. In vivo, conjugatively acquired DNA
could include stable plasmids, or alternatively, if co-trans-
ferred plasmids cannot replicate independently in the new
recipient, the DNA could be incorporated into the chromo-
some or additional co-resident plasmids via homologous
recombination or independent mechanisms encoded within
many mobile genetic elements [20]; the absence of stable
plasmids in any bacterial isolate does not mean that it did
not acquire DNA conjugatively. In vivo, s.g.cAM373-
induced E. faecalis/pAM373 cells could transfer DNA to
both Gram-positive and Gram-negative recipients. Based
upon nucleotide sequence similarities of promoters and
structural genes and comparison of codon usage with the
host chromosome, it is highly probable that transfer of anti-
biotic resistance determinants from Gram-positive to
Gram-negative readily occurs [29]. Although not demon-
strated in the present studies, in addition to antibiotic resis-
tance determinants, conjugatively acquired DNA may carry
genes that contribute to the fitness or virulence of recipient
cells. Even if such conjugative events occur at relatively low
frequency in vivo, they may confer genetic plasticity that
remains quiescent, but could become clinically relevant
when oral dysbiosis occurs due to systemic disease or antibi-
otic treatment [30]. Since enterococci are known to harbour
a multitude of resistance and virulence determinants, factors
such as s.g.cAM373 that could facilitate genetic dissemina-
tion among members of the oral microbiota may be highly
significant genetic signals. Novel antibiotic resistance

determinants have been found among commensals in
human gut metagenomic studies [21]; E. faecalis has been

postulated to play a pivotal role in this genetic exchange

[20]. Similar biological potential exists in the oral micro-
biome. In addition to facilitating DNA transfer, streptococ-

cal pheromones may contribute to E. faecalis carriage and

pathogenicity. Pheromone-induced AS proteins that are
functionally similar to AS-373 affect biofilm structure [31]

which may influence bacterial colonisation, and have been
implicated as virulence factors in endocarditis [32]. AS pro-

teins have also been implicated in immune system evasion

by increasing enterococcal survival in polymorphonuclear
leukocytes [33] and human macrophages [34]. Through

actions as benign as chewing, oral bacteria may be dispersed

into the bloodstream, and in rare but significant cases, both
streptococci and enterococci can cause serious systemic

complications such as infective endocarditis [35]. All the

recipient streptococcal species that acquired DNA from s.g.
cAM373-induced E. faecalis cells in the present studies have

been associated with endocarditis and/or abscess formation.
The induction of AS-373 by s.g.cAM373 and the accompa-

nying potential for acquisition of additional resistance and

virulence determinants by commensal bacteria from E. fae-
calis could make both donors and recipients more difficult

to eradicate in oropharyngeal, cardiac, or other systemic

infections.
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Table 2. Pheromone-induced co-resident plasmid transfer

Transconjugation frequencies of pAMS470 from JH2-2/pAM378/pAMS470 donors*

Recipient strain Donors incubated with s.g.cAM373† Donors incubated with s.g.cAM373-R Donors incubated with TH medium

S. gordonii CH1-S 4.0�10�4±1.1�10�4 <1.1�10�8±5.7�10�9 <4.2�10�8±4.4�10�8

S. gordonii CH9278 4.1�10�4±1.3�10�4 <1.6�10�8±1.1�10�8 <1.3�10�8±7.4�10�9

S. sanguinis SK36-S 7.9�10�4±1.1�10�3 <1.2�10�8±1.4�10�8 <3.2�10�8±4.0�10�8

S. anginosus ATCC 33397 s 2.4�10�4±2.2�10�4 <1.1�10�8±7.1�10�9 <1.4�10�7±2.1�10�7

S. mutans ATCC 25175 s 2.1�10�6±2.0�10�6 <6.3�10�9±7.3�10�9 <2.3�10�8±2.5�10�8

S. suis ATCC 43765 s 2.6�10�6±4.9�10�6 <6.3�10�9±7.3�10�9 <1.3�10�8±1.4�10�8

*Average [number of c.f.u. of transconjugants (SmR EmR or SpR EmR) divided by the number of c.f.u. of donors (RfR FaR)]±S.D.; N>3 independent bio-

logical replicates. Selected EmR transconjugants from each mating were incubated for 48 h at 37
�
C on 25 µg Rf ml-1+25µg Fa ml-1 agar to confirm

their sensitivity; none grew on Rf+Fa, thereby ruling out SmR or SpR E. faecalis donor breakthrough. No selected transconjugants grew after 48 h

incubation at 37
�
C on 10 µg Tc ml-1 agar indicating that the TcR determinant from pAM378 had not been stably maintained.

†Mean log values for all strains are significantly different when compared to the cAM373-R (P�0.02) and medium alone (P�0.007) values for each

streptococcal strain. Negative control matings of s.g.cAM373-induced JH2-2/pAMS470 donors with each recipient strain resulted in no transconju-

gants (frequencies<3.3�10�9) for all strains.
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4. Siqueira JF, Rôças IN. Diversity of endodontic microbiota revis-
ited. J Dent Res 2009;88:969–981.

5. Delboni MG, Gomes BP, Francisco PA, Teixeira FB, Drake D.

Diversity of Enterococcus faecalis genotypes from multiple oral
sites associated with endodontic failure using repetitive
sequence-based polymerase chain reaction and arbitrarily primed
polymerase chain reaction. J Endod 2017;43:377–382.

6. Komiyama EY, Lepesqueur LS, Yassuda CG, Samaranayake LP,

Parahitiyawa NB et al. Enterococcus species in the oral cavity:
prevalence, virulence factors and antimicrobial susceptibility.
PLoS One 2016;11:e0163001.

7. Mundy LM, Sahm DF, Gilmore M. Relationships between entero-
coccal virulence and antimicrobial resistance. Clin Microbiol Rev

2000;13:513–522.

8. Arias CA, Contreras GA, Murray BE. Management of multidrug-
resistant enterococcal infections. Clin Microbiol Infect 2010;16:
555–562.

9. Clewell DB, An FY, Flannagan SE, Antiporta M, Dunny GM. Entero-
coccal sex pheromone precursors are part of signal sequences
for surface lipoproteins. Mol Microbiol 2000;35:246–247.

10. Clewell DB. Properties of Enterococcus faecalis plasmid pAD1, a
member of a widely disseminated family of pheromone-respond-
ing, conjugative, virulence elements encoding cytolysin. Plasmid

2007;58:205–227.

11. Wardal E, Sadowy E, Hryniewicz W. Complex nature of entero-
coccal pheromone-responsive plasmids. Pol J Microbiol 2010;59:
79–87.

12. Showsh SA, de Boever EH, Clewell DB. Vancomycin resistance
plasmid in Enterococcus faecalis that encodes sensitivity to a sex
pheromone also produced by Staphylococcus aureus. Antimicrob

Agents Chemother 2001;45:2177–2178.

13. Flannagan SE, Clewell DB. Identification and characterization of
genes encoding sex pheromone cAM373 activity in Enterococcus

faecalis and Staphylococcus aureus. Mol Microbiol 2002;44:803–
817.

14. Clewell DB, An FY, White BA, Gawron-Burke C. Streptococcus fae-

calis sex pheromone (cAM373) also produced by Staphylococcus

aureus and identification of a conjugative transposon (Tn918).
J Bacteriol 1985;162:1212–1220.

15. De Boever EH, Clewell DB, Fraser CM. Enterococcus faecalis con-
jugative plasmid pAM373: complete nucleotide sequence and
genetic analyses of sex pheromone response. Mol Microbiol 2000;
37:1327–1341.

16. Vickerman MM, Flannagan SE, Jesionowski AM, Brossard KA,

Clewell DB et al. A genetic determinant in Streptococcus gordonii

Challis encodes a peptide with activity similar to that of entero-
coccal sex pheromone cAM373, which facilitates intergeneric DNA
transfer. J Bacteriol 2010;192:2535–2545.

17. Song X, Sun J, Mikalsen T, Roberts AP, Sundsfjord A. Characteri-
sation of the plasmidome within Enterococcus faecalis isolated
from marginal periodontitis patients in Norway. PLoS One 2013;8:
e62248.

18. Barbosa-Ribeiro M, de-Jesus-Soares A, Zaia AA, Ferraz CC,

Almeida JF et al. Antimicrobial susceptibility and characterization
of virulence genes of Enterococcus faecalis isolates from teeth
with failure of the endodontic treatment. J Endod 2016;42:1022–
1028.

19. Sukumar S, Roberts AP, Martin FE, Adler CJ. Metagenomic
insights into transferable antibiotic resistance in oral bacteria.
J Dent Res 2016;95:969–976.

20. Palmer KL, Kos VN, Gilmore MS. Horizontal gene transfer and the
genomics of enterococcal antibiotic resistance. Curr Opin Microbiol

2010;13:632–639.

21. Sommer MOA, Dantas G, Church GM. Functional characterization
of the antibiotic resistance reservoir in the human microflora.
Science 2009;325:1128–1131.

22. Vickerman MM, Iobst S, Jesionowski AM, Gill SR. Genome-wide
transcriptional changes in Streptococcus gordonii in response to
competence signaling peptide. J Bacteriol 2007;189:7799–7807.

23. Macrina FL, Tobian JA, Jones KR, Evans RP. Molecular cloning in
the streptococci. In: Hollaender A, DeMoss R, Kaplan S, Konisky J,
Savage D et al. (editors). Genetic Engineering of Microorganisms for

Chemicals. New York, NY: Genetic engineering of microorganisms
for chemicalsPlenum Publishing Corp.; 1991. pp. 195–210.

24. Dunny GM, Craig RA, Carron RL, Clewell DB. Plasmid transfer in
Streptococcus faecalis: production of multiple sex pheromones by
recipients. Plasmid 1979;2:454–465.

25. Singh KP, Morris A, Lang SD, MacCulloch DM, Bremner DA. Clini-
cally significant Streptococcus anginosus (Streptococcus milleri)
infections: a review of 186 cases. N Z Med J 1988;101:813–816.

26. Lun ZR, Wang QP, Chen XG, Li AX, Zhu XQ. Streptococcus suis: an
emerging zoonotic pathogen. Lancet Infect Dis 2007;7:201–209.

27. Wertheim HF, Nghia HD, Taylor W, Schultsz C. Streptococcus suis:
an emerging human pathogen. Clin Infect Dis 2009;48:617–625.

28. Clewell DB, An FY, White BA, Gawron-Burke C. Streptococcus fae-

calis sex pheromone (cAM373) also produced by Staphylococcus

aureus and identification of a conjugative transposon (Tn918).
J Bacteriol 1985;162:1212–1220.

29. Courvalin P. Transfer of antibiotic resistance genes between
gram-positive and gram-negative bacteria. Antimicrob Agents

Chemother 1994;38:1447–1451.

30. Jensen A, Valdórsson O, Frimodt-Møller N, Hollingshead S, Kilian

M. Commensal streptococci serve as a reservoir for b-lactam
resistance genes in Streptococcus pneumoniae. Antimicrob Agents

Chemother 2015;59:3529–3540.

31. Bhatty M, Cruz MR, Frank KL, Gomez JA, Andrade F et al. Entero-

coccus faecalis pCF10-encoded surface proteins PrgA, PrgB
(aggregation substance) and PrgC contribute to plasmid transfer,
biofilm formation and virulence. Mol Microbiol 2015;95:660–677.

32. Chuang ON, Schlievert PM, Wells CL, Manias DA, Tripp TJ et al.

Multiple functional domains of Enterococcus faecalis aggregation
substance Asc10 contribute to endocarditis virulence. Infect

Immun 2009;77:539–548.

33. Rakita RM, Vanek NN, Jacques-Palaz K, Mee M, Mariscalco MM

et al. Enterococcus faecalis bearing aggregation substance is
resistant to killing by human neutrophils despite phagocytosis
and neutrophil activation. Infect Immun 1999;67:6067–6075.

34. Süssmuth SD, Muscholl-Silberhorn A, Wirth R, Susa M, Marre R

et al. Aggregation substance promotes adherence, phagocytosis,
and intracellular survival of Enterococcus faecalis within human
macrophages and suppresses respiratory burst. Infect Immun

2000;68:4900–4906.

35. Beynon RP, Bahl VK, Prendergast BD. Infective endocarditis. BMJ
2006;333:334–339.

Mansfield et al., Journal of Medical Microbiology 2017;66:1635–1639

1639


