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ABSTRACT Quorum sensing (QS) regulates diverse and coordinated behaviors in bacteria, including the production of virulence
factors, biofilm formation, sporulation, and competence development. It is now established that some streptococci utilize Rgg-
type proteins in concert with short hydrophobic peptides (SHPs) to mediate QS, and sequence analysis reveals that several strep-
tococcal species contain highly homologous Rgg/SHP pairs. In group A streptococcus (GAS), two SHPs (SHP2 and SHP3 [SHP2/
3]) were previously identified to be important in GAS biofilm formation. SHP2/3 are detected by two antagonistic regulators,
Rgg2 and Rgg3, which control expression of the shp genes. In group B streptococcus (GBS), RovS is a known virulence gene regu-
lator and ortholog of Rgg2, whereas no apparent Rgg3 homolog exists. Adjacent to rovS is a gene (shp1520) encoding a peptide
nearly identical to SHP2. Using isogenic mutant strains and transcriptional reporters, we confirmed that RovS/SHP1520 com-
prise a QS circuit in GBS. More important, we performed experiments demonstrating that production and secretion of SHP1520
by GBS can modulate Rgg2/3-regulated gene expression in GAS in trans; likewise, SHP2/3 production by GAS can stimulate
RovS-mediated gene regulation in GBS. An isolate of Streptococcus dysgalactiae subsp. equisimilis also produced a secreted fac-
tor capable of simulating the QS circuits of both GAS and GBS, and sequencing confirms the presence of an orthologous Rgg2/
SHP2 pair in this species as well. To our knowledge, this is the first documented case of bidirectional signaling between strepto-
coccal species in coculture and suggests a role for orthologous Rgg/SHP systems in interspecies communication between
important human pathogens.

IMPORTANCE Pathogenic streptococci, such as group A (GAS) and group B (GBS) streptococcus, are able to persist in the human
body without causing disease but become pathogenic under certain conditions that are not fully characterized. Environmental
cues and interspecies signaling between members of the human flora likely play an important role in the transition to a disease
state. Since quorum-sensing (QS) peptides have been consistently shown to regulate virulence factor production in pathogenic
species, the ability of bacteria to signal via these peptides may prove to be an important link between the carrier and pathogenic
states. Here we provide evidence of a bidirectional QS system between GAS, GBS, and Streptococcus dysgalactiae subsp. equisi-
milis, demonstrating the possibility of evolved communication systems between human pathogens.
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Bacteria coordinate gene expression among members of a com-
munity using sophisticated intercellular chemical signaling

pathways in a process commonly referred to as quorum sensing
(QS) (1). Since QS is a common mechanism used by pathogens to
regulate virulence factor production and virulence-related behav-
iors, inhibitors of QS are now being considered as possible treat-
ments for infections, especially in this time of increasing antibiotic
resistance and treatment failures (2, 3). QS systems are currently
best understood when bacteria are grown in pure culture; how-
ever, single bacterial species rarely exist in isolation either in the
environment or within a host. It is therefore likely that such pure-
culture studies have prevented the detection of interspecies signal-
ing that, under natural conditions, may factor in to bacterial sur-
vival and/or pathogenesis.

Members of the genus Streptococcus are among the most prev-
alent types of bacteria found at sites throughout the human host
(4). Many streptococcal species are known to be members of the
normal, healthy human flora (5–8), while others are considered to
be human pathogens but are also carried frequently in the host
asymptomatically. In the vaginal tract in particular, many species
of Streptococcus that can exist in both asymptomatic carriage and
pathogenic states have been identified. A common member of the
human vaginal flora is Streptococcus agalactiae (group B strepto-
coccus [GBS]), with reported colonization rates between 6 and
36% (9–12). Vaginal carriage in women is typically asymptomatic
but becomes particularly dangerous when the bacterium is trans-
mitted from a pregnant woman to the fetus or neonate and is a
leading cause of morbidity and mortality in newborns in the
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United States (13). Although best known as a neonatal pathogen
and vaginal colonizer, GBS also colonizes many other human
sites, including the skin, throat, and anorectum (14).

Another species capable of asymptomatic colonization at mul-
tiple sites within the host is Streptococcus pyogenes (group A strep-
tococcus [GAS]). GAS is a major human pathogen responsible for
a wide range of illnesses and life-threatening infections, such as
strep throat, impetigo, toxic shock syndrome, and necrotizing fas-
ciitis, as well as poststreptococcal sequelae like rheumatic fever
and glomerulonephritis (15). Although GAS is predominantly re-
garded as a pathogen, numerous studies have demonstrated that 2
to 14% of school-age children asymptomatically carry GAS in the
pharynx (16–20). Adult pharyngeal carriage rates are thought to
be lower; however, reporting has been limited, and rates vary from
~2 to 10% (21, 22). Carriage of GAS has also been reported in the
human vaginal tract, although at relatively low rates (23).

Until recently, very little was understood as to how or if pyo-
genic species of Streptococcus (e.g., GAS, GBS, Streptococcus dysga-

lactiae subsp. equisimilis, Streptococcus uberis, etc.) engaged in QS.
It has recently been established that multiple streptococcal species,
including at least one member of the pyogenic group, utilize pro-
teins belonging to the Rgg family of transcriptional regulators to
mediate QS activity facilitated by small-peptide pheromones (24–
26). In 2011, we described a QS system conserved in all sequenced
genomes of GAS (Fig. 1, left panel) (26). This system is mediated
by two Rgg proteins, Rgg2 and Rgg3, which function as an activa-
tor and a repressor, respectively (Fig. 1). The rgg2 and rgg3 genes
are each transcribed divergently from a gene encoding a short-
hydrophobic-peptide (SHP) pheromone, shp2 and shp3, respec-
tively. The shp genes, along with genes directly downstream of
them, are regulatory targets of Rgg2 and Rgg3, resulting in a pos-
itive feedback loop characteristic of many QS pathways. Under
noninducing conditions, the repressor Rgg3 binds the promoters
of both shp genes, blocking transcription induced by Rgg2 via
steric interference.

The metalloprotease Eep is required for cleavage of the pro-
SHP peptides to their mature, active form comprised of the
C-terminal 8 amino acids (SHP-C8), although the full mechanism
of SHP maturation and export is currently unknown (26). When
mature SHPs accumulate to sufficient concentrations in the extra-
cellular environment, they are imported into the GAS cytoplasm
in an Opp-dependent fashion (26), where they interact directly
with both Rgg2 and Rgg3 (Fig. 1). Binding of SHPs to Rgg3 alle-
viates repression via disruption of DNA binding. The release of
DNA from Rgg3 is thought to concede access of the shp promoters
to activating Rgg2-SHP complexes, a requirement for robust tran-
scription. In mutant strains lacking Rgg3, the system is constitu-
tively on; in contrast, in mutant strains where Rgg2 has been ge-
netically removed, the system remains off in the presence of SHPs
even when Rgg3 is deleted. Thus, both the activator and repressor
are required for accurate target gene regulation in GAS (26, 27).

Although GAS appears to be the only bacterial species that
carries both the rgg2-shp2 and rgg3-shp3 pairs, several other spe-
cies carry highly similar orthologs of either one pair or the other
(Fig. 1, right panel). Orthologs of rgg2-shp2 are present in strains
of GBS and S. dysgalactiae subsp. equisimilis, while rgg3-shp3 or-
thologs can be found in strains of Streptococcus porcinus, Strepto-
coccus pneumoniae, and Streptococcus thermophilus (Table 1). Be-
cause of the high degree of similarity between the various Rgg
orthologs, the high conservation of the C-terminal 8 amino acids
comprising the putative active peptide, and the fact that multiple
SHP2/3 carrying species are known to reside in the same location
within the host, such as S. pneumoniae, S. dysgalactiae subsp. eq-

FIG 1 Proposed model for SHP-dependent interspecies signaling. In GAS
(left), pro-SHP peptides, encoded by shp2 and shp3, are processed by Eep (26)
and secreted by a yet-to-be-determined transporter. Secondary processing
(proposed) produces a mature SHP pheromone that is imported by Opp (26).
SHPs interact with Rgg3, disrupting transcriptional repression of shp promot-
ers, and interact with Rgg2 to induce transcription of shp promoters. SHP
production and response in group B and G streptococcus is proposed on the
right half of the figure. Pro-SHP peptides encoded by rgg-adjacent genes are
proposed to follow a secretory, processing, and importation pathway similar to
that of GAS. RovS and SDEG_0529 are orthologs of Rgg2 and, at least in the
case of RovS, display transcriptional activation properties described herein.

TABLE 1 Rgg2/3 homologues and associated SHPs in select streptococcal species

Species rgg gene

Homology (%)a

Binding siteb SHP sequenceRgg2 Rgg3

S. pyogenes NZ131 spy49_0415 (rgg2) 55/75 23/23 MKKVNKAL-LFTLIMDILIIVGG
S. pyogenes NZ131 spy49_0449c (rgg3) 55/75 23/23 MKKISKFLPILILAMDIIIIVGG
S. agalactiae A909 SAK_1520 (rovS) 79/87 53/74 20/23 MKKINKAL-LFTLIMDILIIVGG
S. dysgalactiae subsp. equisimilis GGS_124 SDEG_0529 85/92 53/74 23/23 MKKINKAL-LLTLIMDILIIVGG
S. dysgalactiae subsp. equisimilis GGS-LT1 Unannotated 86/93 53/74 23/23 MKKINKAL-LLTLIMDILIIVGG
S. thermophilus sp. CNRZ1066 str1044 55/74 88/92 22/23 MEKVSKILPILILVMDIIIIVGG
S. pneumoniae D39 SPD_0939 55/74 90/95 22/23 MKKISKFLPILFLVMDIIIIVGG
S. porcinus strain Jelinkova 176 STRPO_0498 55/72 73/85 19/23 MKEVLKSAPILLVIVDIIIIAGG
a Percent identity/similarity of gene product at the amino acid level to Rgg2 or Rgg3 of GAS.
b Number of nucleotides conserved compared to the 23-nt Rgg binding site [TTTCCCACTTTC(A/C) AACAAAAA] identified in GAS (27).
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uisimilis, and GAS in the nasopharynx or GBS, S. dysgalactiae
subsp. equisimilis, S. porcinus, and GAS in the female reproductive
tract, we hypothesized that these Rgg/SHP pairs facilitate bidirec-
tional communication between multiple species of streptococci.

To test this possibility, we examined two non-GAS species har-
boring Rgg2/SHP2 orthologs, namely, GBS strain A909 and S. dys-
galactiae subsp. equisimilis strain GGS-LT1, for the ability to in-
duce SHP-mediated QS in GAS. Both strains were indeed capable
of inducing the Rgg2/3 system in GAS, and we proceeded to dem-
onstrate that the Rgg2/SHP2 ortholog pair comprises a functional
QS system in GBS that can respond to GAS-produced SHPs as
well. The data presented herein provide proof of concept that
several species of Streptococcus can both produce and respond to
SHP pheromones originating with self, as well as those made by
other species observed to carry an orthologous Rgg/SHP pair, thus
enabling cross-species regulation of gene expression.

RESULTS
Comparison of Rgg2/3 homologs and associated shp genes in
streptococcal species. Recently, streptococcal genome analysis re-
vealed a genetic linkage between genes encoding putative Rgg-
type proteins and neighboring genes encoding putative small pep-
tides (28). Further investigation has now demonstrated that these
peptides function as cell-to-cell signaling pheromones via direct
interaction with their cognate Rgg protein in multiple streptococ-
cal species (24–26). Our lab has characterized one such system in
GAS which utilizes two Rgg proteins, Rgg2 and Rgg3, in conjunc-
tion with two SHP pheromones, SHP2 and SHP3, to regulate bio-
film biogenesis (26). Both of these Rgg/SHP pairs were previously
assigned to group I of a phylogenetic tree based on Rgg protein
similarity. This group contains Rgg proteins from several strains
of other streptococcal species as well, including GBS, S. dysgalac-
tiae subsp. equisimilis, and S. pneumoniae (28). Not included in
the original analysis was S. porcinus strain Jelinkova, which also
carries an Rgg/SHP pair with high homology to those of other
group I members. The only group I Rgg protein other than Rgg2
and Rgg3 studied to date is SAK_1520 (named RovS), which was
first described as a regulator of virulence genes in GBS (29). It was
not until later that a systematic genomic report of rgg and shp
genes identified a small open reading frame immediately adjacent
to rovS encoding for a possible SHP peptide (28), and thus RovS
has not yet been examined in the context of QS.

The protein sequence similarities between Rgg proteins of this
group are all greater than 74% when compared to Rgg2 or Rgg3,
with each protein sharing markedly more similarity with one Rgg
protein than the other (Table 1). The SHP sequence similarity
between strains also appears to correlate with the Rgg sequence
similarity; Rgg proteins with greater similarity to Rgg3 have asso-
ciated SHP pheromones more similar in sequence to SHP3 than to
SHP2, and vice versa. This correlation can be most readily appre-
ciated by comparing the C-terminal eight amino acids of the SHPs
(SHP-C8), which vary by only a single amino acid between SHP2
and SHP3. The S. porcinus SHP associated with STRPO_0498 is an
exception in that it carries the isoleucine characteristic of SHP3
but also contains an alanine in place of the valine which is con-
served among the other members of this group. It should also be
noted that another feature of the Rgg/SHP regions shared among
all of the above strains is the 23-nucleotide (nt) conserved site
identified as being required for DNA binding by Rgg2 and Rgg3 in
GAS (27), suggesting that this site may function as the DNA rec-

ognition sequence for orthologous Rgg proteins as well. Interest-
ingly, whereas all sequenced strains of GAS contain both Rgg2/
SHP2 and Rgg3/SHP3, every other species containing a group I
Rgg/SHP pair has only a single ortholog of one of these pairs,
never both. For example, strains of GBS and S. dysgalactiae subsp.
equisimilis carry orthologs of Rgg2/SHP2, whereas pneumococcal
strains carry an Rgg3/SHP3 ortholog.

Separately, we note that Streptococcus macedonicus ACA-
DC198 and Streptococcus infantarius subsp. infantarius CJ18, as
well as Staphylococcus pseudointermedius E99, also carry orthologs
of Rgg3/SHP3 (SMA_0156, Sinf_0147, and Spoe_1561, respec-
tively); however, the predicted SHP3-like peptides of these strains
are unique compared to SHP3 in ways that would be expected to
decrease their effectiveness as a signal in other group I strains. For
example, the mature SHPs predicted in S. macedonicus ACA-
DC198 and S. infantarius subsp. infantarius CJ18 lack the terminal
aspartic residue characteristic of the group I SHP-C8 peptides and
known to be important for activity in GAS (26).

The GAS Rgg2/3 QS system can respond to secreted signals
produced by other streptococcal species. Given that several
strains of other streptococcal species carry shp genes that encode
C-terminal ends that are the same as or highly similar to those of
SHP2 and SHP3, we hypothesized that such strains may be able to
cross-activate the Rgg2/3 system of GAS via production of or-
thologous SHPs. Thus, we sought to examine if spent culture su-
pernatants of species carrying Rgg/SHP orthologs could induce a
Pshp2 luciferase reporter known to be responsive to SHP-C8 pep-
tides in GAS (26). To this end, we generated a GAS strain deficient
in SHP pheromone production by mutating the translational start
codons of shp2 and shp3 to GGG (shp2GGG and shp3GGG). We then
introduced the Pshp2 reporter into this strain, generating strain
BNL177, which allowed us to examine the QS-inducing activity of
donor spent supernatants without interference by endogenously
produced pheromone. Given that in GAS, Rgg2 functions as an
activator and Rgg3 functions as a repressor, we decided to focus on
species that contain an Rgg2/SHP2 ortholog pair, namely, GBS
strain A909 and S. dysgalactiae subsp. equisimilis strain GGS-LT1.
Such strains would be predicted to be “on” given the presence of a
putative activator and lack of repressor. GGS-LT1 has not been
fully sequenced and annotated, but PCR analysis and sequencing
of the orthologous rgg-shp region of this strain revealed 99% iden-
tity of the rgg and shp genes to those of the sequenced S. dysgalac-
tiae subsp. equisimilis strain GGS_124, as well as conservation of
the putative Rgg binding site (data not shown).

To examine if GBS strain A909 or S. dysgalactiae subsp. equisi-
milis strain GGS-LT1 produced a secreted factor capable of stim-
ulating the Rgg2/3 system of GAS, cell-free spent culture superna-
tants were tested for their ability to induce the reporter strain
BNL177. As negative and positive controls, respectively, superna-
tants from wild-type (WT) GAS and an isogenic �rgg3 mutant
were also included, since the QS system is known to be off in WT
GAS but constitutively on in the �rgg3 mutant (26). As expected,
no reporter induction was detected when BNL177 was grown in
fresh medium or in spent supernatant from WT GAS, whereas
spent supernatant from the GAS �rgg3 mutant induced reporter
expression (Fig. 2A). More importantly, spent supernatants from
both GBS and S. dysgalactiae subsp. equisimilis induced robust
reporter expression to levels even greater than that of the positive
control (Fig. 2A). These results were the first evidence that a se-
creted factor produced by GBS A909 and S. dysgalactiae subsp.
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equisimilis GGS-LT1 was indeed capable of inducing shp gene ex-
pression in GAS.

RovS and SHP1520 are required for the GAS-inducing activ-
ity of GBS. We next sought to confirm the identity of the secreted
factor(s) inducing the BNL177 reporter strain, which we hypoth-
esized to be the SHP2 orthologs. Given that A909 has been fully
sequenced and is amenable to genetic manipulation, we decided to
focus on this strain for further investigation of interspecies signal-
ing. To determine if the SHP2 ortholog of A909, which we have
named SHP1520 due to its proximity to the RovS-encoding gene
SAK_1520, was responsible for reporter induction in BNL177, we
generated several isogenic A909 mutant strains in which we mu-
tated genetic components predicted to be important for SHP1520
production. We hypothesized that not only would the shp1520
gene itself be required for peptide production, but RovS would
likely also be important given that Rgg2 is required for robust shp2
expression in GAS. We generated an internal deletion in rovS
(�rovS; BLC100), a mutation of the shp1520 translation start
codon to GGG (shp1520GGG; BLC101), and a double mutant in
which rovS and shp1520 were both mutated (�rovS shp1520GGG;
BLC102). We then tested spent culture supernatants from these
isogenic mutant strains of A909 for inducing activity, again using
the GAS reporter strain BNL177. Whereas WT A909 supernatants
induced reporter expression, none of the supernatants from mu-
tant strains had any effect on Pshp2 reporter expression (Fig. 2B).
These results confirmed that rovS and shp1520 are required for
production of the secreted factor responsible for BNL177 reporter
induction, supporting our hypothesis that SHP1520 itself is the
activating signal and that RovS is involved in SHP1520 produc-
tion.

The DNA binding site of Rgg2 and Rgg3 that is required for
Rgg-mediated regulation of shp gene expression in GAS is con-
served in A909. We therefore hypothesized that this regulatory
element may also be essential for shp1520 expression in A909. If
the 23-nt conserved site functions analogously in GBS, mutation
of the putative binding site would be expected to abolish SHP1520

production and subsequent induction ac-
tivity. Indeed, when we mutated two nu-
cleotides within the conserved 23-nt site
(Pshp1520mut; BLC103), there was no lon-
ger any inducing activity in the spent
supernatants despite intact rovS and
shp1520 genes (Fig. 2B). This not only
confirms the requirement for SHP1520 in
cross-species induction of the Rgg2/3 sys-
tem but also supports our hypothesis that
RovS is involved in activation of shp1520
expression and does so via interaction
with the same regulatory element used by
Rgg2 and Rgg3 in GAS.

RovS and SHP1520 comprise a QS
circuit in GBS. Many QS systems possess
an autofeedback loop in which the signal-
ing molecule positively regulates its own
expression at the transcriptional level (1).
In all Rgg/SHP QS systems studied to
date, the Rgg protein regulates expression
of the adjacent shp gene (24, 26, 30–32).
To examine if RovS and SHP1520 com-
prise a functional QS system in GBS, we

generated transcriptional reporters in which the putative pro-
moter region of shp1520 alone or the shp1520 promoter region in
combination with the entire rovS gene were fused to bacterial
luxAB genes, generating the reporter plasmids pSar110 and
pSar111, respectively (Fig. 3A). These reporters allowed us to di-
rectly assess shp1520 gene expression levels by measuring lu-
ciferase production from GBS reporter strain cultures. We trans-
formed these reporters into WT A909 and into the isogenic
mutants in which rovS, shp1520, or both genes were mutated and
compared luciferase production to examine if RovS and/or
SHP1520 contributed to the regulation of shp1520 gene expres-
sion.

In WT A909, luminescence from pSar110 was induced as the
cells entered logarithmic phase and remained high throughout
growth (Fig. 3B). When rovS was included in the plasmid
(pSar111), luminescence came on earlier and was sustained at a
higher level, presumably because RovS was expressed to higher
levels. In contrast to WT cultures, there was no detectable lumi-
nescence from pSar110 in any of the mutant strains, consistent
with the lack of inducing activity in spent supernatants from these
strains. Additionally, inclusion of rovS on the reporter plasmid
could rescue luminescence induction in the �rovS mutant
(BLC100) but had no effect in the shp1520GGG (BLC101) or dou-
ble knockout �rovS shp1520GGG (BLC102) strains (Fig. 3B).

To ascertain if the absence of SHP1520 was responsible for the
inability of native or overexpressed RovS to activate Pshp1520 re-
porter expression in BLC101, we examined luminescence when a
synthetic SHP1520 peptide was added to the reporter cultures. We
tested both full-length SHP1520 and a truncated version com-
prised of the C-terminal eight amino acids, since the C8 portion of
SHP2 and SHP3 comprises the active signaling molecule in GAS.
Because the C8 portions of SHP2 and SHP1520 are identical (DI-
LIIVGG), we will refer to this synthetic C8 peptide as sSHP2-C8.

In agreement with a requirement for SHP1520 in RovS-
mediated activation of SHP1520 expression, the sSHP1520 pep-
tide rescued induction from the reporter in BLC101 with or with-

FIG 2 GAS responds to signals produced by other species, and the GBS signal is dependent on RovS
and SHP1520. A shp-null GAS strain containing a Pshp2 –lux reporter, BNL177, was grown to log phase
and diluted in spent culture supernatants from various strains. Luminescence expression indicates
induction of the SHP system in GAS. (A) SHP2 expression is activated by spent culture supernatants
from WT GBS (A909) and S. dysgalactiae subsp. equisimilis (GGS-LT1), as well as a �rgg3 GAS strain
(JCC131) that produces high levels of SHP peptide. Fresh medium and WT GAS (NZ131) supernatant
do not induce the reporter. (B) Production of the secreted inducer in GBS supernatant is dependent on
RovS, SHP1520, and the putative RovS binding site. Spent supernatants from GBS strains with muta-
tions in rovS (BLC100), shp1520 (BLC101), both rovS and shp1520 (BLC102), or the putative RovS
binding site (Pshp1520mut; BLC103) are unable to induce luminescence expression in BNL177, unlike the
WT A909 parent strain. Data are shown as a function of relative light units (CPS/OD600) versus OD600.
Each graph is representative of at least 3 biological replicates.
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out RovS overexpressed from the plasmid (Fig. 3C). This was
expected given that this strain harbors an intact rovS gene in the
chromosome. As a control, a full-length synthetic peptide with the
reverse sequence (sSHP1520-rev) was also tested but had no effect
on reporter induction. sSHP2-C8 was also able to induce expres-
sion from the GBS reporter, whereas a reverse peptide (sSHP2-
rev-C8) was not (Fig. 3C), indicating that GAS and GBS can rec-
ognize the same mature form of the peptide.

To confirm that SHP1520 functions to induce its own expres-
sion solely via RovS, we tested the ability of sSHP2-C8 to induce
reporter expression in BLC102 with or without rovS expressed
from the reporter plasmid. In the absence of rovS (pSar110), there
was no reporter induction detected in the presence of either
sSHP2-C8 or the control reverse peptide (Fig. 3D). In contrast,
when rovS was included in the reporter plasmid (pSar111),
sSHP2-C8 was able to induce robust reporter expression, whereas
the reverse peptide had no effect. Thus, in agreement with other
Rgg/SHP QS systems, the SHP1520 pheromone (likely the C8 por-
tion of the molecule based on successful induction with synthetic
C8 peptide) functions to induce its own expression in a RovS-
dependent manner, and RovS can activate expression from the

shp1520 promoter only in conjunction with the SHP1520 phero-
mone.

The GBS QS system can respond to SHPs produced by other
streptococcal species. Based on the confirmed functions of RovS
and SHP1520 in a QS circuit and the finding that GAS responds to
SHP peptides produced by GBS and S. dysgalactiae subsp. equisi-
milis (Fig. 2A), we predicted that GBS would also respond to SHPs
produced by other streptococcal species. To test this, we used the
GBS shp1520GGG reporter strain carrying the Pshp1520 reporter
plasmid [BLC101(pSar110)]. Since this strain cannot produce its
own SHP pheromone but carries an intact copy of rovS, spent
culture supernatants should be able to induce reporter expression
if they contain a secreted SHP peptide recognizable by RovS. Con-
sistent with the ability of SHP2-like peptides to cross-activate
strains carrying an Rgg2 ortholog, spent supernatants from
JCC131 (GAS �rgg3 mutant in which shp expression is robust)
and GGS-LT1 cultures were able to induce high-level reporter
induction compared to results with fresh medium (Fig. 4). Sur-
prisingly, spent supernatant from the negative-control strain
NZ131 was able to slightly induce reporter expression compared
to fresh medium (Fig. 4), albeit far below the levels induced by

FIG 3 RovS and SHP1520 comprise a functional QS system in GBS. Regulation of Pshp1520 is mediated by both RovS and SHP1520. (A) Schematic diagram of
DNA fragments used in transcriptional fusions with luxAB for use in GBS strains. Both reporters contain the putative shp1520 promoter, but pSar110 omits the
rovS gene, whereas pSar111 includes rovS in its entirety. (B) Expression of Pshp1520 (pSar110) is autoinduced in cells containing both RovS and SHP1520 (A909).
In strains lacking rovS (BLC100), shp1520 (BLC101), or both genes (BLC102), Pshp1520 is not induced. Additional copies of rovS on a plasmid (pSar111)
complement the �rovS strain (BLC100) and slightly increase induction levels in the WT strain (A909). (C) Exogenous synthetic full-length SHP1520 peptide, as
well as C8 peptide but not reverse peptides, induces Pshp1520 expression in BLC101(pSar110), thus complementing the shp1520 mutation. (D) sSHP2-C8 but not
the reverse peptide induces Pshp1520 expression in a RovS-dependent manner. Data are shown as a function of relative light units (CPS/OD600) versus OD600. Each
graph is representative of at least 3 biological replicates.
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JCC131 or GGS-LT1. This slight induction may represent low-
level expression of SHPs in WT GAS that was previously unde-
tected (26) because of the single-copy nature of the GAS transcrip-
tional reporters as opposed to the multicopy plasmid GBS
reporter. Alternatively, the concentration of SHP that effectively
activates RovS may be lower than that needed for Rgg2/3 activa-
tion. Further studies will be needed to investigate these possibili-
ties.

As previously mentioned, GAS is the only strain known to con-
tain both Rgg2/SHP2 and Rgg3/SHP3 pairs. However, the active
portions of the two SHPs are identical at 7 of 8 positions. We
wondered if a species containing only an Rgg2/SHP2 ortholog pair
would still be able to respond to SHP produced from a species
containing only an Rgg3/SHP3 pair. Additionally, we wondered if
the predicted C8 portion of the SHP pheromone from S. porcinus,
in which the conserved valine is replaced by an alanine, would

have activity in Rgg2-containing strains. To this end, we tested
reporter induction in both GAS BNL177 and GBS BLC101
(pSar110) in response to synthetic versions of sSHP2-C8, sSHP3-
C8, and S. porcinus C8 (sSHPporc-C8). The sSHP2-C8 and
sSHP3-C8 peptides were able to induce high-level induction in
both reporter strains (Fig. 5A and B). Each reporter strain also
responded to the sSHPporc-C8 peptide, though the level of induc-
tion was lower than that seen with either of the other peptides.
Although a fairly minor substitution, the valine-to-alanine change
may result in slightly weaker interaction with the Rgg proteins,
causing the observed lower level of induction. Overall, these data
suggest that all strains belonging to group I on the Rgg protein
phylogenetic tree can likely cross-signal by virtue of the highly
similar C-terminal ends of their SHP peptides.

Native SHP production can cross-regulate gene expression
during coculture. Although the data presented above indicate
that bacterially produced SHP peptides can function to induce
gene expression in heterologous species, all experiments were
done by cross-feeding with cell-free spent culture supernatants or
synthetic peptides. Given that some streptococcal strains have
been postulated to exert inhibitory growth effects on one another
(33), we felt it was important to test whether SHP-mediated inter-
species signaling can occur when multiple SHP-producing species
are growing together. To this end, we undertook coculture exper-
iments in which shp-deficient GAS or GBS reporters were grown
together with donor strains that were either competent or defi-
cient in SHP production. Reporter luminescence and growth of
both species were monitored over time. Given that the species
carrying the reporter is unable to produce its own SHP but can still
respond to SHP via its intact Rgg regulator, luminescence should
be induced only when SHP is provided in trans by an SHP-
producing donor strain.

The SHP-deficient GAS reporter strain (BNL177) was mixed at
an approximately 1:1 ratio with GBS strains that either constitu-
tively produce (A909) or do not produce (BLC101) the SHP1520
peptide. As expected, the BNL177 reporter turned on in the pres-
ence of A909 but not in the presence of BLC101 (Fig. 6A). When
the opposite experiment was performed, in which the SHP-
deficient GBS reporter strain [BLC101 (pSar110)] was mixed with
either JCC131 (�rgg3; SHP is expressed at high levels) or BNL158,
(WT derivative in which SHP expression is repressed), SHP-

dependent induction of the reporter
was observed. JCC131 was able to in-
duce strong reporter expression in
BLC101(pSar110), whereas BNL158 was
not (Fig. 6B). In agreement with earlier
results (Fig. 4), very low level induction
was seen in the GBS reporter when grown
with BNL158 (Fig. 6B) despite the fact
that shp expression is known to be re-
pressed in this strain (26). Importantly,
CFU counts taken during coculture
growth showed no inhibition of growth
of either GAS or GBS (data not shown).

GBS-produced SHP increases bio-
film formation in GAS. It has been pre-
viously demonstrated that induction of
the Rgg2/3 circuit in GAS results in en-
hanced biofilm biogenesis (26). Thus, we
sought to determine if heterologous SHP

FIG 4 GBS responds to other bacterially derived SHPs. An SHP-deficient
strain of GBS (BLC101) carrying a Pshp1520 reporter (pSar110) is highly in-
duced in response to spent culture supernatants from GAS �rgg3 (JCC131)
and S. dysgalactiae subsp. equisimilis (GGS-LT1) strains but not in response to
fresh medium or WT GAS (NZ131) supernatant. Data are shown as a function
of relative light units (CPS/OD600) versus OD600. The graph is representative
of at least 3 biological replicates.

FIG 5 Both GAS and GBS can respond to nonnative synthetic SHP-C8 peptides predicted to be
produced by other species. SHP-null GAS reporter strain BNL177 (A) and GBS reporter strain BLC101
(pSar110) (B) are both induced by sSHP2-C8, sSHP3-C8, and sSHPporc-C8 but not by sSHP2-rev-C8.
sSHPporc-C8 induces both reporters approximately 10-fold less than sSHP2-C8 or sSHP3-C8. Data are
shown as a function of relative light units (CPS/OD600) versus OD600. Each graph is representative of at
least 3 biological replicates.
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produced by GBS would be able to cross-modulate this phenotype
in GAS. To this end, we measured biofilm growth of WT or shp-
deficient GAS (BNL158 and BNL170, respectively) when grown in
conditioned supernatants of GBS strains that produce (A909) or
do not produce (BLC101) SHP1520. In agreement with our hy-
pothesis, WT GAS (BNL158) biofilms grown in SHP-containing
supernatants formed biofilms with increased biomass compared
to those grown in supernatants from a shp-deficient donor strain
(Fig. 7). A GAS strain incapable of producing SHP peptides did
not show increased biofilm biomass when grown in SHP-
containing medium (Fig. 7). This was not unexpected, since these
cells cannot activate the positive feedback loop and thus expres-

sion of shp-induced genes rapidly de-
creases after initial activation. These re-
sults demonstrate that SHP-mediated
cross-induction of gene expression can
result in modulation of associated pheno-
types in at least one direction and suggest
a role for interspecies signaling in biofilm
formation.

DISCUSSION

Metagenomic analyses of the human mi-
crobiome have made it possible to relate
the composition of microorganisms re-
siding in the human body to the health
and disease of the host. Early studies sup-
port the idea that structure of the micro-
biome has a critical impact on health (6),
and it is anticipated that these findings
will assist in understanding how and why
some bacteria transition from benign oc-
cupant to virulent pathogen. Considering
the diversity and large numbers of bacte-
ria present at many sites in the human

host, it seems highly unlikely that bacteria disregard the existence
of unrelated microbes with which they coexist, compete, or pos-
sibly cooperate. Very little understanding currently exists as to
how different species of the microbiome influence one another.
The demonstration presented herein that not only is interspecies
communication feasible but a genetically conserved pathway is
present among species comprising members of the human flora
raises questions regarding how such interactions contribute to
health and disease. An understanding of these questions may al-
low preservation of health by preventing potential pathogens
from transitioning from an asymptomatic to a pathogenic state.

Streptococci are prominent members of the human microbi-
ota at several sites in the body, including the throat, nares, mouth,
vaginal tract, skin, and anorectum. Oral streptococci have offered
the best model for studying intercellular signaling, and several
cases of cross-species signaling have been documented. In one
case, two mutualistic species of bacteria (Streptococcus oralis and
Actinomyces naeslundii), which are among the founding species of
dental plaque, were shown to rely on the small signaling molecule
known as AI-2 or DPD (di-hydroxy pentanedione) in the process
of developing biofilms (34). DPD is a by-product of the reactive
methyl pathway (35) and is an interspecies signal that reflects the
metabolic status of a bacterial cell (36). Composition, structure,
and mass of the dual-species biofilm were dependent on a narrow
concentration of DPD produced by members of the biofilm, in
particular that produced by S. oralis (34). In a different study, a
peptide-mediated QS system common in strains of Streptococcus
mutans and known to control bacteriocin production was found
to be inhibited by other mitis-group streptococci, possibly
through the degradative action of secreted proteases (37). Though
these reports provided the first demonstrations that streptococci
participate in interspecies communication, these examples only
reported unidirectional signaling in cocultures, where one species
elicited or blocked responses in another, but did not present evi-
dence that there was a capacity for dialog.

GAS and GBS are often found at the same sites within the

FIG 6 Native SHP production can modulate cross-species gene expression when grown in coculture.
(A) GAS reporter strain BNL177 was mixed with GBS strains that either produced (A909) or did not
produce (BLC101) SHP1520. Coculture with A909 but not BLC101 induced expression of the Pshp2

reporter. BNL177 cultured alone was included as a control. (B) The GBS reporter strain
BLC101(pSar110) was mixed with GAS strains in which the Rgg2/3 system is known to be highly
induced (JCC131) or not induced (BNL158). Coculture with JCC131 but not BNL158 induced robust
expression of the Pshp1520 reporter. BLC101(pSar110) cultured alone was included as a control. Cocul-
ture did not detectably inhibit growth of either GAS or GBS compared to growth in pure culture (data
not shown). Data are shown as a function of relative light units (CPS/OD600) versus OD600, with the
OD600 values being representative of total culture density. Each graph is representative of at least 3
biological replicates.

FIG 7 Heterologously produced SHP stimulates GAS biofilm production.
Biofilm biomass of WT (BNL158) and shp-deficient (BNL170) GAS strains
grown on aclar membranes was measured by enumeration of viable CFUs
following 24-h incubation in the presence of spent culture supernatants from
GBS strain A909 (WT) or BLC101 (shp1520GGG). Levels of biofilm production
for each GAS strain were normalized to that of the same strain grown in spent
supernatants from BLC101, and error bars indicate standard errors of the
means (n � 3).
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human host, and genomic studies have shown that lateral gene
transfer (LGT) likely occurs between them, providing further ev-
idence these species coexist and possibly interact (38–41). Inter-
action among other streptococci, including S. dysgalactiae subsp.
equisimilis and S. porcinus, both of which can be found in host sites
in which GAS and GBS are known to reside (42–45), also seems
likely. In this study, we provide evidence that SHP signaling pher-
omones can facilitate bidirectional interaction between different
streptococcal species, including GAS, GBS, and S. dysgalactiae
subsp. equisimilis. The effect of this signaling can be observed as
stimulation of promoters expressing pheromone genes in heter-
ologous species, setting up a feed-forward or positive feedback
loop. We have demonstrated that RovS and SHP1520 comprise a
QS circuit in GBS reminiscent of the Rgg2/3 system of GAS save
for the lack of a repressor akin to Rgg3. Further experiments will
be needed to identify the maturation, export, and import path-
ways involved in SHP-mediated QS in GBS, but we hypothesize
that homologues of the processing enzyme Eep and the oligopep-
tide permease Opp responsible for SHP import in GAS (26) could
function analogously in the RovS/SHP1520 circuit of GBS and/or
other Rgg/SHP ortholog-containing species (Fig. 1).

Finally, our data also indicate that interspecies signaling can
regulate biofilm formation in GAS (Fig. 7). Further research will
indicate whether this phenomenon also affects GBS biofilm for-
mation or other virulence-related phenotypes and whether these
SHP signals could affect the switch from colonization to pathoge-
nicity by controlling attachment and biofilm formation in vivo.
Overall, these data support the idea that SHP-based communica-
tion provides a means to influence multispecies consortiums in
vivo.

One obvious difference between the SHP/Rgg quorum-sensing
systems in GAS and those in other group I Rgg-containing species,
including GBS, is the composition of regulatory proteins and the
observed state of SHP expression when grown in a chemically
defined medium. In GAS, the presence of a negative regulator
(Rgg3) keeps the system off unless SHP pheromone is supplied to
the culture, either in the form of active spent culture supernatants
or synthetic peptide. GBS, on the other hand, does not contain an
Rgg3 homolog, and expression of shp1520 is observed to be unin-
hibited under these growth conditions. While it cannot be as-
sumed that high expression occurs in the body, if SHP production
by GBS is capable of reaching a concentration at which GAS is able
to respond, this may indicate that GBS provides a means to trigger
the SHP positive feedback loop within GAS, thus promoting a
consensus between these species.

The definitive behavioral changes induced by the Rgg2/3 QS
system are not fully understood in either GAS or GBS. In GAS,
induction of the system has been shown to lead to increased bio-
film formation (26), and in GBS, RovS has been implicated in the
control of virulence factor production (29). In addition to shp
genes being induced by these circuits, we have found that the
genes downstream of each shp gene in GAS are highly induced as
well. This includes approximately 10 kb of coding sequence of
unknown function downstream of shp3 and 1.5 kb downstream of
shp2 (26; unpublished results). Further studies in elucidating the
genetic responses to SHPs will be a priority in determining how
each organism benefits from this signaling pathway and for testing
the potential roles that pheromones play in carriage, persistence,
and virulence of these species and in other Rgg/SHP-carrying
pathogens. Consideration should also be given to the possibility

that interspecies signaling may serve as a means to deceive, divert,
or dissuade competing bacteria from carrying out decisions rely-
ing on QS, and coculturing may be required to reveal such antag-
onistic relationships.

Members of the Rgg protein family are conserved across the
order Lactobacillales, and studies continue to investigate and de-
fine their role in QS. Relationships among bacteria in complex
microbial ecosystems, like that in the human body, may become
easier to define if lines of communication between species are
recognized, and Rgg/peptide orthologs constitute a logical starting
point for such investigations. Many other Rgg variants are recog-
nized among bacterial genomes, and in some cases, small SHP-like
peptides are predicted (24). For instance, another Rgg/phero-
mone system, ComR/ComS, is required for genetic transforma-
tion in S. mutans (25) and S. thermophilus (31) and was found to
regulate competence-related genes in GAS (30). ComR and ComS
are conserved among all species of the pyogenic, bovis, mutans,
and salivarius groups (but not in mitis or anginosus species), and
it has been demonstrated that synthetic ComS pheromones of
heterologous streptococci were capable of ComR-dependent acti-
vation in S. thermophilus (46). The genetic potential for microbial
communication begins to offer an extraordinary image that
peptide-based interspecies communication is a complex network
of pheromone varieties originating with numerous members of
the community.

Moving toward an understanding of communication in the
human microbiome as a whole will begin with expanding our
knowledge of multispecies interactions. Since the ability of organ-
isms to communicate via QS has been implicated in many
virulence-related behaviors, understanding how organisms com-
municate and how cross-species communication affects virulence
and persistence of pathogenic bacteria will allow us to develop
new potential treatments that interfere with QS pathways, con-
ceivably lessening the morbidity and mortality associated with
bacterial infections.

MATERIALS AND METHODS
Bacterial strains and media. All strains used in this study are listed in
Table 2, and construction of mutant strains is described in detail below.
GAS, GBS, and S. dysgalactiae subsp. equisimilis were routinely grown in
Todd-Hewitt medium (BD Biosciences) supplemented with 2% (wt/vol)
yeast extract (Amresco) (THY). For all reporter expression studies, bac-
teria were grown in chemically defined medium (CDM) (26) containing
1% (wt/vol) glucose at 37°C. When necessary, antibiotics were included at
the following concentrations: chloramphenicol (Cm), 3 �g ml�1; eryth-
romycin (Erm), 0.5 �g ml�1; spectinomycin (Spec), 100 �g ml�1. Clon-
ing was performed using Escherichia coli strains DH10� (Invitrogen) and
BH10C (47) grown in Luria-Bertani (LB) broth or on LB agar with anti-
biotics at the following concentrations: Erm, 500 �g ml�1; Spec,
100 �g ml�1.

Construction of plasmids for mutagenesis in GAS and GBS. All plas-
mids and primers used in this study are described in Tables S1 and S2 in
the supplemental material, respectively, in the supplemental material. For
generation of a plasmid for shp2 start codon mutagenesis in GAS, a
1,115-bp fragment containing shp2 and flanking upstream and down-
stream regions was amplified by PCR using the primers BL80 and BL81
and cloned into the XmaI site of pFED760, generating pBL119. pBL119
was then used as the template for an inverse PCR reaction with the primer
pair BL82/BL83 to generate a plasmid in which the shp2 translational
initiation codon was mutated from ATG to GGG (pBL120). Separately,
inverse PCR was performed using pLA101 as the template and primer pair
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JC139/JC140 to generate a plasmid in which the shp3 translational initia-
tion codon was mutated to GGG (pJC180).

For generation of plasmids to mutate the shp1520 start codon or con-
served region of the shp1520 promoter in GBS, a 2,252-bp fragment con-
taining rovS, shp1520, and flanking upstream and downstream regions
was amplified by PCR using the primers rovSregion-F1-notI/rovSregion-
R1-notI and cloned into the NotI site of pFED760, generating pSar100.
pSar100 was then used as the template for inverse PCR reactions with the
primer pair gbsshp1520-mut-F1/gbsshp1520-mut-R1 or Pshp1520mut-
F1/Pshp1520mut-R1 to generate plasmids in which the shp1520 start
codon was mutated to GGG (pSar101) or two nucleotides in the con-
served region of the shp1520 promoter were mutated (pSar107), respec-
tively.

For generation of a plasmid to delete rovS, upstream and downstream
DNA fragments flanking the rovS gene were amplified by PCR using the
primer pairs rovSregion-F1-notI/rovS-dscomp-R1 and rovS-uscomp-F1/
rovSregion-R1-notI. These products were purified and then fused in a
second PCR reaction using the outside primers. This fusion product was
cloned into the NotI site of pFED760 to generate pLCC1. To generate a
plasmid for simultaneous deletion of rovS and mutation of the shp1520
start site, the rovS deletion plasmid pLCC1 was used as the template in an
inverse PCR reaction with the primer pair gbsshp1520-mut-F1/
gbsshp1520-mut-R1 to mutate the shp1520 start codon to GGG (pLCC2).

Generation of mutant GAS and GBS strains. All GAS strains used in
this study were derived from the serotype M49 strain NZ131 (48). All GBS
strains used in this study were derived from the clinical isolate A909 (49).
All deletion vectors were electroporated into NZ131 or A909, and a two-
step temperature-dependent selection process was used to isolate mutants
of interest (50). Briefly, cells containing each deletion construct were
grown at the permissive temperature (30°C) and then shifted to 37°C and
plated on the appropriate antibiotic to select for bacteria in which the
plasmid had integrated at one of the flanking regions. Cells were then
grown at the permissive temperature to allow the plasmid to recombine
out of the chromosome, and loss of Erm resistance was used to identify a
successful second crossover event and loss of the mutation vector. Geno-
types were confirmed by PCR and sequencing. This process was repeated
to construct double mutants.

Construction of luciferase transcriptional reporters. Construction
of the shp2 reporter plasmid, pBL111, was described previously (26). Site-
specific integration of pBL111 at a tRNASer gene in BNL177 was con-
firmed by PCR. For a GBS reporter containing the shp1520 promoter
region, 166 bp directly upstream of the shp1520 open reading frame were
amplified using the primers Pshp1520-S1-bam/Pshp1520-lux-A1. Sepa-
rately, the Vibrio fischeri luxAB genes were amplified from plasmid pCN59
(51) using the primers BL26/BL28. The shp1520 promoter product was
fused in-frame to luxAB by overlap extension PCR using the primers
Pshp1520-S1-bam/BL27. For generation of a shp1520 reporter that also
included the entire upstream rovS gene, 1,097 bp directly upstream of the
shp1520 open reading frame were amplified using the primers RovS-A1-
bam/Pshp1520-lux-A1 and then fused to luxAB by overlap extension PCR

using the primers RovS-A1-bam/BL27. The reporter fusion products were
ligated into the BamHI and EcoRI sites of pLZ12Sp to generate pSar110
and pSar111. Reporter plasmids were electroporated into GBS and se-
lected for using Spec resistance.

Luciferase transcriptional reporter assays For luciferase assays, cells
from overnight cultures grown at 30°C were diluted 100-fold into CDM
and incubated at 37°C. At each time point, 50 �l of each culture was
removed to an opaque 96-well plate, samples were exposed to decyl alde-
hyde (Sigma) fumes for 30 s, and luminescence (counts per second [CPS])
was quantified using a Turner Biosystems Veritas microplate luminom-
eter. The optical density of the culture at 600 nm (OD600) was also mea-
sured at each time point using a Spectronic 20D spectrophotometer (Mil-
ton Roy). Relative light units were calculated by normalizing CPS to OD.
For conditioned-medium experiments, donor strains were grown in
CDM to an OD of 0.3 to 0.5, cells were spun down, and supernatants were
passed through a 0.22-�m filter. Log-phase reporter cells [BNL177 or
BLC101(pSar110)] were diluted 1:11 into conditioned supernatants, and
light activity and OD were monitored as described above. In experiments
containing synthetic peptides, reporter strains were grown in CDM to an
OD of 0.3 to 0.5 and then diluted in fresh CDM containing 50 nM peptide
of interest.

Coculture assays. For coculture assays, reporter strains [BNL177 or
BLC101(pSar110)] or donor strains [A909 and BLC101, or BNL158 and
JCC131] were grown overnight at 30°C. GBS cells were diluted 100-fold
into CDM, and GAS cells were diluted 75-fold to give approximately the
same OD600 values. Equal volumes of donor and reporter cells were mixed
together and incubated at 37°C, and 50 �l of each mixed culture was
removed at various time points. Luminescence was measured as described
above, and dilutions were then plated on THY plates with and without
antibiotic to determine GAS and GBS CFUs.

Synthetic peptides. Synthetic peptides were purchased from Neo-
Peptide (Cambridge, MA). Purities of crude preparations used in lu-
ciferase assays ranged from 34% to 61%. Synthetic peptides were recon-
stituted as 2 mM stocks in dimethyl sulfoxide (DMSO) and stored at
�80°C.

Biofilm assays. Overnight cultures of GBS strains A909 and BLC101
were grown in THY at 30°C. Cultures were diluted 1:100 into CDM and
grown at 37°C to an OD of 0.3 to 0.4 before cells were spun down, and
supernatants were passed through a 0.22-�m filter. Overnight cultures of
GAS strains BNL158 and BNL170 were diluted 1:50 into the conditioned
supernatants from each strain, and 1 ml of these cultures was added to
each well of a 24-well plate. A single autoclaved 1-cm-diameter circular
aclar membrane (Honeywell Inc., Morristown, NJ) was added to each
well, and the 24-well plate was incubated at 30°C for 24 h. Aclar mem-
branes were then removed to a 6-well plate with 3 ml sterile water and
rinsed for 2 to 3 min to remove nonadherent cells. Membranes were then
removed to a 1.5-ml microcentrifuge tube with 1 ml phosphate-buffered
saline (PBS) and sonicated for 3 min to removed attached cells. Tubes
were spun down, and the bacterial pellet was resuspended in THY. Ten-

TABLE 2 Bacterial strains used in this study

Strain Description Source or reference(s)

NZ131 Wild-type M49 S. pyogenes isolate 48, 53
JCC131 NZ131 �rgg3::cat; Cmr 26
BNL158 NZ131 with integrated p7INT; Ermr 54
BNL170 NZ131 shp2GGG shp3GGG; unmarked This study
BNL177 NZ131 shp2GGG shp3GGG with integrated pBL111; Ermr This study
A909 Wild-type S. agalactiae type Ia/C clinical isolate 49, 55
BLC100 A909 �rovS; unmarked This study
BLC101 A909 shp1520GGG; unmarked This study
BLC102 A909 �rovS shp1520GGG; unmarked This study
BLC103 A909 with mutated putative RovS binding site; unmarked This study
GGS-LT1 S. dysgalactiae subsp. equisimilis strain isolated in Lin Tao laboratory and identified by 16S rRNA sequencing This study
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fold serial dilutions were plated on THY plates and incubated overnight at
37°C before CFUs were counted.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00382-13/-/DCSupplemental.

Table S1, PDF file, 0.1 MB.
Table S2, PDF file, 0.1 MB.

ADDENDUM
Following review of the manuscript, an article by Fleuchot et al. was published
showing the activity of Rgg/SHP pairs from three species of streptococcus (52).
The findings are consistent with our observations.
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