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ABSTRACT

Streptococcus gordonii is a commensal inhabitant of the human oral cavity. To maintain its presence as a major component of
oral biofilms, S. gordonii secretes inhibitory molecules such as hydrogen peroxide and bacteriocins to inhibit competitors. S.
gordonii produces two nonmodified bacteriocins (i.e., Sth, and Sth,) that are regulated by the Com two-component regulatory
system, which also regulates genetic competence. Previously we found that the thiol-disulfide oxidoreductase SdbA was required
for bacteriocin activity; however, the role of SdbA in Com signaling was not clear. Here we demonstrate that AsdbA mutants
lacked bacteriocin activity because the bacteriocin gene sthA was strongly repressed and the peptides were not secreted. Addition
of synthetic competence-stimulating peptide to the medium reversed the phenotype, indicating that the Com pathway was func-
tional but was not activated in the AsdbA mutant. Repression of bacteriocin production was mediated by the CiaRH two-compo-
nent system, which was strongly upregulated in the AsdbA mutant, and inactivation of CiaRH restored bacteriocin production.
The CiaRH-induced protease DegP was also upregulated in the AsdbA mutant, although it was not required for inhibition of
bacteriocin production. This establishes CiaRH as a regulator of Sth bacteriocin activity and links the CiaRH and Com systems
in S. gordonii. It also suggests that either SAbA or one of its substrates is an important factor in regulating activation of the
CiaRH system.

IMPORTANCE

Streptococcus gordonii is a noncariogenic colonizer of the human oral cavity. To be competitive in the oral biofilm, S. gordonii
secretes antimicrobial peptides called bacteriocins, which inhibit closely related species. Our previous data showed that muta-
tion of the disulfide oxidoreductase SdbA abolished bacteriocin production. In this study, we show that mutation of SdbA gener-
ates a signal that upregulates the CiaRH two-component system, which in turn downregulates a second two-component system,
Com, which regulates bacteriocin expression. Our data show that these systems are also linked in S. gordonii, and the data reveal

that the cell’s ability to form disulfide bonds is sensed by the CiaRH system.

vironments. The bacteria that colonize this niche contend
with a high density of competing bacteria of an estimated 2,000
different taxa and dramatic environmental changes that are de-
pendent on host behavior (1, 2). Streptococcus gordonii is a pioneer
colonizer of this environment, where it initiates biofilm formation
by binding directly to the acquired salivary pellicle on the tooth
surface (2, 3). Once established, S. gordonii persists within the host
as part of the oral microbiota. The presence of S. gordonii is asso-
ciated with oral health (4, 5), and it has been shown to inhibit
biofilm formation by cariogenic species (6, 7).

S. gordonii uses several strategies to gain advantage over its
competitors and to colonize the oral cavity successfully. These
strategies include the production of inhibitory molecules to pre-
vent growth and biofilm formation by related species. For exam-
ple, S. gordonii produces hydrogen peroxide as a metabolic by-
product, which inhibits the growth of neighboring species that are
more sensitive to oxidative stress (8, 9). It also targets closely re-
lated species more directly, by secreting small antimicrobial pep-
tides called bacteriocins (10). To defend itself from similar coun-
terattacks, it secretes a protease that degrades the signaling peptide
required for bacteriocin production and biofilm formation in a
competitor, Streptococcus mutans (11).

O ral biofilms are highly competitive, constantly fluctuating en-
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S. gordonii DL-1 Challis produces two nonlantibiotic bacterio-
cins, namely, Sth; and Sth,, encoded by sthA and sthB, respec-
tively. Sth; is active against other S. gordonii strains, including
C219 and Wicky (12), while Sth, and Sth, work in conjunction to
target other streptococci, such as Streptococcus mitis and Strepto-
coccus oralis (10). Sth; and Sth, are the only known bacteriocins
produced by S. gordonii, and they are both regulated by the Com
two-component regulatory system, which also controls natural
genetic competence (10, 13).
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TABLE 1 Bacterial strains used in this study

Strain Relevant characteristics

Reference or source

S. gordonii strains

SecCR1 DL-1 Challis, secretes anti-CR1 scFv; Tet" Spc® 30

AsdbA mutant SecCRI1 sdbA::ermAM Tet" Spc” Erm" 26

SdbA Compl AsdbA; sdbA complemented on chromosome; Tet" Spc” Kan® 26

AsdbAAdegP mutant AsdbA degP::aphA3 Tet" Spc* Kan® Erm" This study

SdbA C86P/C89A mutant SecCR1 with SdbA cysteine point mutation; Tet" Spc” Kan" This study

AciaRH mutant SecCR1 ciaRH::aphA3 Tet" Spc" Kan" This study

AsdbAAciaRH mutant AsdbA ciaRH::aphA3 Tet" Spc* Kan® Erm” This study

AsdbA CiaRH Compl AsdbA AciaRH; ciaRH complemented on chromosome; Tet" Spc” Erm" Cm” This study
E. coli XL-1 Blue Host for DNA manipulations and expression of recombinant proteins Stratagene

With the exception of the Sth bacteriocins, which are unique to
S. gordonii, the Com signaling system of S. gordonii is similar to the
pathway in Streptococcus pneumoniae (13—15). Competence in S.
gordonii occurs during the early exponential growth phase and is
activated by competence-stimulating peptide (CSP), a small se-
creted autoinducer derived from a larger peptide encoded by
comC (13, 15). Processing and secretion of CSP are mediated by an
ABC transporter, ComAB, which recognizes peptides with a spe-
cific double-glycine motif (GG motif) in the N-terminal leader
sequence. When the extracellular concentration of CSP surpasses
a threshold level, a membrane-bound histidine kinase, ComD,
phosphorylates its cognate response regulator, ComkE, thereby ac-
tivating the Com pathway and ultimately modulating the expres-
sion of over 150 genes (13).

The genes controlled by the Com system can be divided into
two groups, i.e., early genes that are activated directly by ComE,
such as comCDE and comAB, and late genes that are regulated by
two alterative sigma factors, ComR1 and ComR2, which are ho-
mologs of S. pneumoniae ComX (15). Unlike in S. pneumoniae, the
S. gordonii comR genes lack an identifiable ComE binding site and
are activated by an unknown mechanism (15). Nevertheless, the
ComR sigma factors direct expression of the late genes, including
the DNA uptake machinery for genetic competence and the bac-
teriocin genes sthA and sthB (10, 13) (see Fig. 6).

The systems regulating bacteriocin production in other strep-
tococci have been studied in greater detail than those in S. gordo-
nii, and the findings have revealed greater complexity, often in-
volving multiple regulatory systems. Streptococcus pneumoniae
produces two bacteriocins encoded by the blp locus, which are
controlled by a dedicated quorum-sensing and secretion system;
however, the activity of the Blp system is also modulated by at least
two additional regulatory systems, namely, ComDE (16) and
CiaRH (17). Although the mechanisms involved are not fully un-
derstood, the serine protease HtrA (DegP) also appears to play an
important role in regulating S. pneumoniae bacteriocin produc-
tion (17, 18). Similarly, S. mutans produces at least 10 different
bacteriocins, which vary by strain, include both lantibiotics and
nonlantibiotics (19), and are subject to regulation by complex
overlapping systems, including ComDE (20, 21), CiaRH (22),
VicRK (23), HdrRM (24), and BrsRM (25). The effects of regula-
tory systems other than ComDE on bacteriocin production in S.
gordonii are not known.

Previously, we found that S. gordonii mutants lacking the thiol-
disulfide oxidoreductase SdbA did not exhibit bacteriocin activity
(26). SAbA catalyzes disulfide bond formation in secreted pro-
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teins, and these bonds are important for protein folding and ac-
tivity. It is not unusual for bacteriocins to contain disulfide bonds,
and all class ITa bacteriocins (pediocin-like), including those pro-
duced by Streptococcus uberis and Streptococcus thermophilus, con-
tain a disulfide bond that is essential for activity (27, 28), as do
many lantibiotic bacteriocins, such as bovicin produced by Strep-
tococcus bovis H]50 (29). S. gordonii bacteriocins, however, do not
contain cysteines to form a disulfide bond, and the role of SdbA in
their production was unclear.

In this study, we aimed to determine how SdbA affects bacte-
riocin production. Using SdbA active site mutants, we confirmed
that bacteriocin production does require the enzyme’s disulfide
oxidoreductase activity; AsdbA mutants did not secrete bacterio-
cins into the medium, and expression of the bacteriocin-encoding
gene sthA was dramatically reduced, compared to the parent, as
was that of the gene encoding the CSP autoinducer, comC. The
effects of SAbA on the Com pathway and bacteriocin production
were indirect and required the CiaRH two-component system,
which was upregulated in AsdbA mutants.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Experiments were carried out
using S. gordonii SecCR1 as the parent strain. S. gordonii SecCR1 is a
derivative of S. gordonii DL-1 Challis that secretes a single-chain variable-
fragment antibody (scFv) against complement receptor 1 (CR1), which is
a protein that requires disulfide bonds for stability (30). This strain was
used in our previous studies of disulfide bond formation in S. gordonii
(26), and the S. gordonii SecCR1 AsdbA mutant has the same phenotype as
the AsdbA mutant of S. gordonii DL-1 Challis (see Fig. S1 in the supple-
mental material). Additional strains and mutants are described in Table 1.
Streptococcus spp. were grown in brain heart infusion (BHI) medium sup-
plemented with 5% fetal bovine serum (BHIS), at 37°C in 5% CO, with-
out shaking. Escherichia coli XL-1 Blue was grown in Luria-Bertani (LB)
medium, at 37°C with shaking. Antibiotics were used at the following
concentrations: for S. gordonii, erythromycin at 10 pg/ml, tetracycline at
10 pg/ml, spectinomycin at 250 pg/ml, kanamycin at 250 wg/ml, and
chloramphenicol at 5 wg/ml; for E. coli, ampicillin at 100 wg/ml, tetracy-
cline at 10 pg/ml, and chloramphenicol at 20 pg/ml.

Genetic manipulations. AciaRH mutants were constructed by creat-
ing a clean deletion of ciaRH and replacing the genes with a kanamycin
resistance cassette (aphA3) amplified from the plasmid pDL276 (31). PCR
was carried out using Phusion high-fidelity DNA polymerase (New Eng-
land BioLabs, Whitby, ON, Canada) to amplify 425 bp of the upstream
gene sgo_1071 and 525 bp of the downstream gene sgo_1074, using the
SL1178/SL1222 and SL1220/SL1221 primer pairs, respectively (see Table
S1 in the supplemental material). The PCR products were digested with
restriction enzymes, as indicated in Table S1 in the supplemental material,
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and ligated with T4 DNA ligase (New England BioLabs). The ligation
product was amplified using the outside primers SL1178 and SL1221, and
the resulting construct was used to transform S. gordonii SecCR1 or S.
gordonii DL1 Challis, as described previously (30). Transformants were
selected on BHI medium containing the appropriate antibiotics, and in-
sertion of aphA3 and deletion of ciaRH were confirmed by PCR. The
AdegP mutants were prepared using the same strategy, with the primers
indicated in Table SI in the supplemental material.

Complementation of ciaRH in the AsdbA AciaRH mutant was
achieved by introducing functional ciaRH genes back into the chromo-
some, under their native promoter, as follows. The ciaRH genes and the
upstream 130-bp intergenic region were amplified using the SL1180/
SL1221 primer pair. The resulting PCR fragment was digested with Kpnl
and ligated to a chloramphenicol acetyltransferase (cat) resistance cassette
cut from pCopCAT/pUCI8 using Kpnl and HindIII. pCopCAT/pUCI18
was constructed by subcloning the 1.6-kb PstI-BamHI DNA fragment
containing the cat gene under the control of a S. mutans cop promoter
from pHSL2/pUC (32) into the same sites on pUC18. Next, a 425-bp
fragment of the gene located upstream of ciaRH, sgo_1071, was amplified
by PCR using the SL1178/SL1179 primer pair and digested with HindIII.
The three fragments were ligated together with T4 DNA ligase and ampli-
fied by PCR using the primers SL1178 and SL1221. The resulting con-
struct was used to transform AsdbA AciaRH cells by homologous recom-
bination, replacing aphA3 with the cat-ciaRH construct. Transformants
were selected on BHI medium with chloramphenicol, and replica plating
was used to identify kanamycin-sensitive, chloramphenicol-resistant col-
onies. Complementation was confirmed by PCR.

To test for polar effects, expression of the upstream and downstream
genes, sgo_1071 and sgo_1074, respectively, was tested by reverse tran-
scription (RT)-PCR. The results indicated that the genetic manipulations
did not create a polar effect in the strains (see Fig. S2 in the supplemental
material).

Site-directed mutagenesis. Point mutation of the SdbA cysteines at
the active site (C86PDC89) was used to generate a catalytically inactive
SdbA mutant. The cysteine at codon 86 was mutated first. The upstream
portion of sdbA amplified with the SL756/SL975 primer pair and the
downstream portion of sdbA amplified with the SL974/SL803 primer pair
were cloned into pBluescript. Primers SL974 and SL975 contained
the cysteine (TGT)-to-proline (CCA) substitution. The resulting
pBluescriptsdbA g4p was digested with BamHI and ligated to aphA3 and a
downstream portion of sdbA. The ligated DNA was amplified using prim-
ers SL762 and SL759 and transformed into the AsdbA mutant to generate
the SAbA C86P mutant. This strategy was used because it created a unique
Mscl site (TGGTGT to TGGCCA) that could be used as a second ap-
proach, in addition to DNA sequencing, to confirm the mutation quickly.

The second cysteine of the active site was mutated by overlapping PCR
(33). Overlapping PCR with the SL756/SL1039 and SL1038/SL759 primer
pairs was used to construct a cysteine (TGT)-to-alanine (GCT) substitu-
tion at the cysteine codon at position 89. The fragments were combined
and amplified with SL756 and SL803. The resulting construct was then
ligated to aphA3 and a downstream portion of sdbA. The ligated DNA was
amplified using the primers SL756 and SL759. This PCR product was used
to transform an SdbA C86P mutant to produce a C86P/C89A double
mutant. Point mutations were confirmed by DNA sequencing (McGill
University and Génome Québec Innovation Centre).

Bacteriocin activity assay. The activity of Sth bacteriocins was tested
as described by Heng et al. (10), using S. mitis I18 or S. oralis 34 as the
target strain. Briefly, overnight starter cultures of S. gordonii were diluted
1:40 into prewarmed BHIS medium and were grown to an optical density
at 600 nm (ODg,,) of ~0.200. The culture supernatant fluids were filter
sterilized using 0.22-pm filters and were mixed 1:1 with fresh BHIS me-
dium. The conditioned medium was warmed at 37°C for 15 min prior to
inoculation with a 1:100 dilution of the target strain. Cultures were grown
for 6 h (S. mitis) or 10 h (S. oralis), and the ODg, was read using a
spectrophotometer (Shimadzu UV-1700; Shimadzu, Kyoto, Japan).
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For assays that included synthetic CSP (DVRSNKIRLWWENIFF
NKK) (Biomatik, Cambridge, ON, Canada), cultures were grown in BHIS
medium to an ODg, of 0.150, followed by the addition of 10 ng/ml CSP
(from a 1-mg/ml stock solution in MilliQ water). The cultures were then
incubated for an additional 30 min at 37°C, to allow induction and protein
expression. Antibiotics were omitted from all cultures. Assays were per-
formed in triplicate and repeated at least three times.

Detection of DegP. Cells from BHIS cultures with OD, values 0of 0.2
were boiled in SDS-PAGE sample buffer (250 mM Tris-HCI [pH 6.8], 2%
sodium dodecyl sulfate, 10% glycerol, 10% 2-mercaptoethanol, 0.01%
bromphenol blue), and the protein extracts were electrophoresed on
12.5% SDS-PAGE gels. The proteins were transferred to nitrocellulose
membranes (Bio-Rad Laboratories) using standard techniques (34),
blocked with 5% skim milk, and reacted with either rabbit anti-HtrA (S.
pneumoniae) antiserum (1:500 dilution; a gift from Jeffrey Weiser, Uni-
versity of Pennsylvania) (35) or mouse anti-PrsA antiserum (36). The
membranes were then reacted with goat anti-rabbit IgG—alkaline phos-
phatase (1:30,000 dilution; Sigma-Aldrich) or goat anti-mouse IgG—alka-
line phosphatase (1:30,000 dilution; Sigma-Aldrich).

Purification of Sth from culture supernatants. Antibodies were
raised in New Zealand White rabbits (37) and BALB/c mice (36) against
Sth, conjugated to keyhole limpet hemocyanin (Biomatik), using meth-
ods similar to those described previously. Sth,-specific antibodies were
affinity purified from rabbit sera using Sth, peptides cross-linked to
CNBr-activated Sepharose 4B beads (GE Healthcare Life Sciences, Missis-
sauga, ON, Canada), according to the manufacturer’s instructions. The
purified antibodies were then irreversibly cross-linked to protein A-Sep-
harose beads (Sigma-Aldrich) with dimethyl pimelimidate, using stan-
dard techniques (38).

To purify secreted bacteriocins, overnight starter cultures were diluted
1:40 into prewarmed BHIS medium and grown to an ODg,, of 0.200,
unless otherwise noted. Cells were removed by centrifugation (5,000 X g
for 10 min at 4°C), and the supernatant was passed through a 10-ml
column packed with 1 ml of anti-Sth,-protein A-Sepharose. The column
was washed with 10 ml of 10 mM Tris (pH 7.5), followed by 10 ml of 10
mM Tris (pH 7.5) containing 500 mM NaCl. Sth, was eluted in 200- .l
fractions with 100 mM glycine (pH 2.5) and was immediately neutralized
with 20 pl of 1 M Tris (pH 8.0). Microtiter plates (Maxisorp; Fischer
Scientific, Ottawa, ON, Canada) were coated with 100-pl aliquots of the
fractions and incubated overnight at 4°C. The plates were then blocked
with 200 .l of 1% (wt/vol) gelatin in phosphate-buffered saline with 0.1%
Tween 20 (PBST) at room temperature for 1 h. After blocking, mouse
anti-Sth, antiserum (1:1,000) was added to the wells and incubated over-
night at 4°C. Sth, was detected using goat anti-mouse IgG—Dbiotin (1:
20,0005 Sigma-Aldrich), followed by ExtrAvidin-alkaline phosphatase (1:
60,000; Sigma-Aldrich). The plates were developed with p-nitrophenyl
phosphate (1 mg/ml; Bioshop Canada Inc., Burlington, ON, Canada) in
diethanolamine buffer, and the absorbance at 405 nm was read using a
microplate reader.

Reverse transcription-PCR and quantitative real-time PCR. Over-
night cultures of the parent strain and the AsdbA, AciaRH, and AsdbA
AciaRH mutants grown in BHIS medium were diluted 1:40 and grown to
an ODy, 0f 0.200 in fresh BHIS medium, with or without exogenous CSP
(100 ng/ml). Total RNA was isolated using the hot acid phenol method, as
described previously (39). The RNA (1 pg) was treated with 1 unit of
amplification-grade DNase I (Life Technologies, Burlington, ON, Can-
ada) for 15 min at room temperature, and removal of DNA was confirmed
by PCR with 16S rRNA primers (SL525 and SL697). cDNA synthesis was
carried out using random primers and SuperScript I reverse transcriptase
(Life Technologies), according to the manufacturer’s directions.

Quantitative real-time PCR (qPCR) to amplify comC, comE, sthA,
ciaR, and degP was carried out using the primers listed in Table S1 in the
supplemental material and iTaq Universal SYBR Green Supermix (Bio-
Rad Laboratories, Mississauga, ON, Canada), according to the manufac-
turer’s directions. The reactions were performed using a 7900 HT Fast
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FIG 1 SdbA is required for bacteriocin activity. The inhibitory activity of S. gordonii bacteriocins secreted into the medium was tested against two target strains.
(A and B) Growth of S. oralis 34 (A) and S. mitis 18 (B) in the presence of filter-sterilized culture supernatants from the S. gordonii parent strain, the AsdbA
mutant, the SdbA active site cysteine mutant (C86P/C89A), and the sdbA-complemented mutant (SdbA Compl), grown to an ODg, of ~0.200. (C) Growth of
S. mitis in the presence of culture supernatants obtained from the S. gordonii parent strain or the AsdbA mutant at different time points. Results are means *
standard deviations (SDs) from three experiments. *, P < 0.001, compared with the parent strain.

real-time PCR system (Applied Biosystems) at 95°C for 30 s, followed by
40 cycles of 95°C for 15 s and 60°C for 60 s. The cycle threshold (C;) was
calculated using SDS 2.2.2 software (Applied Biosystems). Relative ex-
pression levels were calculated using the comparative C;. method (40),
using 16S rRNA as an internal control. Each reaction was performed in
duplicate, using cDNA from at least three biological replicates.

Statistical analysis. Results were analyzed by one-way analysis of vari-
ance, with Tukey’s posttests, using GraphPad Prism version 6 (GraphPad
Software, Inc., La Jolla, CA).

RESULTS

The thiol-disulfide oxidoreductase SdbA is required for bacteri-
ocin production. Previously, we found that AsdbA mutants were
defective in bacteriocin activity (26). To investigate how SdbA
affects bacteriocin production, we started by constructing a cata-
Iytically inactive SdbA active site mutant, to determine whether
bacteriocin production requires the oxidoreductase activity of
SdbA. The active site of thiol-disulfide oxidoreductases contains a
CXXC motif, where X is any amino acid, and the two cysteines are
required for activity (41). To eliminate SdbA oxidase activity, the
N- and C-terminal cysteines were changed to proline and alanine,
respectively, and the loss of enzyme activity was confirmed using
an RNase A folding assay (see Fig. S3 in the supplemental mate-
rial).

Bacteriocin production by the active site mutant was tested in
an activity assay using the target strains S. mitis and S. oralis (10,
12). Consistent with our previous results, supernatants obtained
from early-exponential-phase cultures of the S. gordonii parent
strain contained active bacteriocins that inhibited the growth of
the target strains (Fig. 1A and B). In contrast, supernatants from
the AsdbA mutant and the SdbA active site mutant failed to inhibit
growth. When a functional sdbA gene was reintroduced into the
chromosome of the AsdbA mutant, bacteriocin activity was re-
stored, confirming that the enzyme activity of SdbA is required for
normal bacteriocin activity.

Because bacteriocin production is a transient, growth phase-
dependent phenomenon (12, 42), it was possible that the window
of growth in which bacteriocin production occurred was altered in
the AsdbA mutant and bacteriocins were being produced but at a
different time point than in the parent strain. Bacteriocin expres-
sion peaks 15 min after exposure to CSP (13), and bacteriocin
activity can be detected in culture supernatants during early expo-
nential growth (2 h) but not in the mid-exponential to late expo-

324 jb.asm.org

Journal of Bacteriology

nential phase (6 h) (12). To determine whether the AsdbA mutant
produced bacteriocins at a later growth stage than the parent
strain, we assayed bacteriocin activity against S. mitis using S. gor-
donii supernatants harvested at different time points. Under the
conditions used in this study, there was no difference in growth
rates between the parent strain and the AsdbA mutant (data not
shown). Bacteriocin activity in the parent strain was no longer
detected as the optical density of the culture increased from an
ODygq 0f0.350 to an ODyg, 0f 0.450, and the growth of S. mitis was
no longer inhibited (Fig. 1C). In contrast, the AsdbA mutant
showed no indication of bacteriocin activity at any of the time
points tested, even as the culture reached the mid-exponential
phase of growth.

An alternative explanation for the lack of bacteriocin activity in
the AsdbA mutant was that the peptides were being produced but
were not being processed to their active form. S. gordonii bacte-
riocins are produced as small peptides that are processed from
larger proteins during secretion. Like the CSP autoinducer, Sth
bacteriocins contain a GG motif that directs their secretion via
ComAB, which couples transport across the membrane with cys-
teine protease activity that cleaves at the GG motif of the signal
sequence (43, 44). ComAB is the only transporter of this type
encoded by S. gordonii (45). Thus, it was possible that the AsdbA
mutant has a defect in bacteriocin processing and/or secretion
that would result in loss of biological activity. To determine
whether the AsdbA mutant secreted an inactive form of Sth, we
tested for the presence of bacteriocins in culture supernatants by
immunoaffinity chromatography. Sth bacteriocins were isolated
from supernatants obtained from the parent strain and the sdbA-
complemented mutant but were not detected in supernatants
from the AsdbA mutant (Fig. 2A). The signal from the AsdbA
mutant was the same as that from the negative control with me-
dium alone. Sth was not detected above the background absor-
bance even when the volume of supernatant was increased 4-fold,
and thus the bacteriocin was produced either at very low levels or
not at all (Fig. 2B).

Finally, we used quantitative real-time PCR (qPCR) to test the
expression of the bacteriocin gene sthA in the AsdbA mutant. The
expression of sthA was markedly lower in the AsdbA mutant than
in the parent strain, with an average level >1,500-fold lower than
that of the parent strain, which indicated that the mutant lacked
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FIG 2 The AsdbA mutant does not secrete Sth1 bacteriocins. Secreted bacte-
riocins were isolated from culture supernatants using Sth,-specific rabbit IgG-
protein A-Sepharose beads and were detected with a mouse anti-Sth, antibody
in an enzyme-linked immunosorbent assay (ELISA). (A) Detection of Sth,
captured from 25 ml of culture supernatant prepared from the parent strain,
the AsdbA mutant, the sdbA-complemented mutant (SdbA Compl), or unin-
oculated BHI medium with 5% serum (BHIS) (negative control). (B) Detec-
tion of Sth, captured from 25 or 100 ml of culture supernatant from the parent
strain, the AsdbA mutant, or the AsdbA mutant induced with exogenous CSP
for 30 min. Results are means = SDs from three experiments. ***, P < 0.001,
compared with the parent strain; ¥, P < 0.05, compared with the parent strain.

bacteriocin activity because the gene was not transcribed (Fig.
3A). Complementation of sdbA restored sthA expression.

The Com pathway is not activated in the AsdbA mutant. Bac-
teriocin expression in S. gordonii is regulated by the Com two-
component system (10). The process is initiated by an autoin-
ducer encoded by comC, which is processed during secretion to
produce the mature competence-stimulating peptide (CSP).
When CSP levels reach a threshold concentration, the ComDE
two-component system becomes activated, ultimately inducing
expression of the bacteriocin genes sthA and sthB (10, 13). The
lack of sthA expression in the AsdbA mutant suggested that the
ComDE pathway had not been activated, which is consistent with
our previous observation that the AsdbA mutant is also defective
in genetic competence (26) (see Fig. S1 in the supplemental ma-
terial), a phenotype that is regulated by the same system (13).

To assess the activity of the Com system in the AsdbA mutant,
we tested the expression of comC, which encodes the CSP that
activates the system. CSP is required for expression of the alterna-
tive sigma factors ComR1 and ComR2, which are needed for bac-
teriocin expression. Consistent with the lack of bacteriocin activ-
ity and competence, comC expression in the AsdbA mutant was
downregulated an average of 247-fold, relative to the parent strain
(Fig. 3B). Complementation of sdbA restored comC expression.

Two key elements required for activity of the Com pathway are
the ComDE two-component system, which senses extracellular
CSP, and the ComAB transporter, which secretes both CSP and
bacteriocins. Inactivation of any of these components has been
shown to abolish bacteriocin production (10) and could explain
the AsdbA mutant phenotype. To determine whether the ComDE
system was functional in the AsdbA mutant, we tested the ability of
exogenous synthetic CSP to activate the pathway artificially.
When exogenous CSP was added to the culture medium, the ex-
pression of comC and sthA by the AsdbA mutant was restored to
levels similar to those in the parent strain, with 1.9- and 2.2-fold
increases, respectively, over the parent strain grown in BHIS me-
dium (Fig. 3C). Induction was stronger for the parent strain stim-
ulated with CSP, with a 3.3-fold increase in comC expression and
a 5.2-fold increase in sthA expression, compared with growth with
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FIG 3 The AsdbA mutant requires exogenous CSP to activate the Com two-
component system. (A and B) Expression of sthA (A) and comC (B) in the
parent strain, the AsdbA mutant, and the sdbA-complemented mutant (SdbA
Compl) grown in BHI medium with 5% serum (BHIS). (C) Expression of
comC and sthA following induction with exogenous CSP. Synthetic CSP was
added to cultures at an OD, of 0.150, and the cultures were grown for an
additional 30 min prior to RNA isolation. Bars, expression levels relative to the
parent strain grown in BHIS medium without exogenous CSP. (D) Bacteriocin
activity assay with S. mitis as the target strain. CSP was added to S. gordonii
cultures to induce bacteriocin production 30 min before the culture superna-
tants were filter sterilized and inoculated with the target strain. BHIS medium
with synthetic CSP was used as a negative control, and results confirm that CSP
does not affect the growth of S. mitis. Results are means = SDs from three
experiments. ****, P < 0.0001, compared with the parent strain; **, P < 0.01,
compared with the parent strain; *, P < 0.05, compared with the parent strain.

no exogenous CSP. The ability of the AsdbA mutant to respond to
exogenous CSP suggested that the ComDE system was functional.

Heng et al. demonstrated previously that the ComAB trans-
porter is essential for bacteriocin secretion in S. gordonii and mu-
tation of either ComA or ComB eliminated bacteriocin activity,
even when expression of the bacteriocin genes was induced with
exogenous CSP (10). Thus, we hypothesized that the ComAB
transporter might be inactive in the AsdbA mutant. If the ComAB
transporter was inactive, then we would expect to see strong in-
duction of the bacteriocin genes without a corresponding increase
in inhibitory activity against Sth-sensitive strains. To determine
whether sthA expression induced by exogenous CSP led to bacte-
riocin secretion in the AsdbA mutant, we tested for the presence of
bacteriocins in culture supernatants by using immunoaffinity
chromatography. Secreted bacteriocins were successfully purified
from culture supernatants obtained from the AsdbA mutant fol-
lowing induction with CSP, indicating that the transporter was
functional or that the AsdbA mutant was secreting the bacteriocins
using an unknown mechanism (Fig. 2B). The bacteriocins were
biologically active, and supernatant from the AsdbA mutant effi-
ciently inhibited growth of the target strain S. mitis (Fig. 3D).
Thus, the AsdbA mutant was capable of bacteriocin production,
and the lack of bacteriocin activity appeared to stem from the
initial activation of the Com signaling pathway that regulates bac-
teriocin expression.

Expression of the CiaRH two-component system is upregu-
lated in the AsdbA mutant. Given that the components of the
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FIG 4 The CiaRH system is activated in the AsdbA mutant. (A) Expression of the cig-induced gene ciaR in the parent strain, the AsdbA mutant, and the
sdbA-complemented mutant (SdbA Compl). (B) Expression of the cia-induced gene degP in the parent strain, the AsdbA mutant, the sdbA-complemented
mutant, and the AsdbA AciaRH mutant. (C) Western blot showing DegP detected in cell extracts from the parent strain, the AsdbA mutant, the sdbA-
complemented mutant, and the AsdbA AciaRH mutant. The same samples were electrophoresed on duplicate gels and reacted with either anti-HtrA (DegP)
antiserum or anti-PrsA antiserum (as a loading control). (D) Expression of ciaR and degP in cultures induced with exogenous CSP. Results are means = SDs from

three experiments. *, P < 0.05, compared with the parent strain.

Com signaling system appeared to be functional, we reasoned that
the lack of bacteriocin activity in the AsdbA mutant might involve
an indirect mechanism. In S. pneumoniae, the CiaRH two-com-
ponent system represses both bacteriocin production and the
Com signaling system (17, 46), which was strikingly similar to the
phenotype we observed in the AsdbA mutant (26). Although the
signals detected by the sensor protein CiaH are not known, certain
conditions can increase the activity of the system (47-50), and we
hypothesized that inactivation of sdbA might create a signal that
increases CiaRH activity, leading to loss of bacteriocin produc-
tion.

To determine whether CiaRH was activated in the AsdbA
mutant, we used qPCR to assess the expression of known cia-
induced genes. We tested ciaR and degP because they have been
identified as part of the cia regulons in S. prneumoniae and S.
mutans (47, 50), and the S. gordonii degP gene contained a CiaR
binding motif that matched the sequence and location reported
for S. pneumoniae (51).

The qPCR results showed that ciaR expression in the AsdbA
mutant was increased 4-fold over that in the parent strain (P <
0.05) (Fig. 4A). Similarly, degP expression in the AsdbA mutant
was upregulated 4.5-fold, compared to the parent strain (P <
0.05) (Fig. 4B). This increase was CiaRH dependent, and degP
expression was reduced 6.8-fold in the AsdbA AciaRH strain. The
expression data were confirmed by Western blotting, which
showed notably higher levels of DegP protein in the AsdbA mutant
than in the parent strain (Fig. 4C). Complementation of sdbA
returned the levels of ciaR and degP expression to those of the
parent strain.
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Interestingly, cultures induced with exogenous CSP showed
even higher levels of ciaR and degP expression, i.e., levels in-
creased 7.5- and 10.6-fold, respectively, in the AsdbA mutant
(Fig. 4D). The parent strain also showed increased ciaR and
degP expression in the presence of exogenous CSP, but the
increase was not statistically significant, compared with growth
with no CSP (P = 0.062 and P = 0.056, respectively) (Fig. 4D).
This is consistent with a previous investigation of CSP-induced
genes in S. gordonii, which identified a 2.25-fold increase in
degP expression but did not identify ciaR among the CSP-up-
regulated genes (13). Thus, there might be some cross-regula-
tion between the ComDE and CiaRH systems, or the stress of
competence induction might affect CiaRH activity. Taken to-
gether, the results indicate that mutation of sdbA generates a
signal that results in increased CiaRH activity, which is further
upregulated with CSP induction.

CiaRH shuts down bacteriocin production in the AsdbA mu-
tant. Upregulation of CiaRH inhibits the Com pathway in S. preu-
moniae by inhibiting CSP production (46). The mechanism in-
volves small noncoding RNAs that are regulated by CiaRH, which
are thought to bind and to prevent translation of comC mRNA,
thereby inhibiting CSP production (46). The importance of CSP
to bacteriocin production in S. gordonii was demonstrated previ-
ously, and AcomC mutants lack bacteriocins (10). Thus, we hy-
pothesized that the enhanced CiaRH activity observed in the
AsdbA mutant could lead to repression of the Com pathway. This
scenario is consistent with our finding that synthetic CSP activates
bacteriocin production in the AsdbA mutant despite upregulating
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FIG 5 CiaRH represses comC and sthA in the AsdbA mutant. (A) Interaction between csRNA7 (52) and comC predicted by IntaRNA (53). The csRNA sequence
was searched against the RefSeq sequence for S. gordonii Challis (GenBank accession no. NC_009785). The ribosomal binding site is underlined, and the box
indicates the start codon. (B and C) Expression of comC and comE (B) and sthA (C) in the parent strain, the AsdbA mutant, the AciaRH mutant, and the AsdbA
AciaRH mutant. (D) Bacteriocin activity of the parent strain, the AsdbA mutant, the AsdbA AdegP mutant, the sdbA-complemented mutant (SdbA Compl), the
AciaRH mutant, the AsdbA AciaRH mutant, and the ciaRH-complemented mutant (AsdbA CiaRH Compl). Supernatants were filtered sterilized and inoculated
with S. mitis as the target strain. Results are means * SDs from three experiments. ****, P < 0.0001, compared with the parent strain; ***, P < 0.001, compared

with the parent strain.

ciaR expression, since it would circumvent the need for CSP pro-
duction to activate the pathway.

Using published sequences for predicted S. gordonii cia-depen-
dent small RNAs (csRNAs) identified by Marx et al. (52), we
searched the genome of S. gordonii for potential targets by using
the program IntaRNA (53). Although the bacteriocin genes sthA
and sthB were not among the predicted targets, comC was identi-
fied as a statistically significant (P = 0.017 to 0.03) target for mul-
tiple csRNAs (csRNA2-1, csRNA2-2, and ¢sRNA7) (Fig. 5A). The
predicted csRNA binding sites were centered on the start codon
and the ribosomal binding site and were almost identical to the
experimentally verified csRNA binding sites on S. pneumoniae
comC (46).

To determine whether CiaRH affected comC and sthA expres-
sion in the AsdbA mutant, we assessed expression in a AsdbA
AciaRH mutant. Consistent with a role in inhibiting the Com
pathway, inactivation of ciaRH in the AsdbA mutant returned ex-
pression of comC and comE to levels that were not significantly
different from those in the parent strain (Fig. 5A). Similarly, sthA
showed derepression in the AsdbA AciaRH mutant (Fig. 5B). Mu-
tation of ciaRH in the parent strain did not significantly affect the
expression of comC or sthA (Fig. 5A and B). Thus, CiaRH influ-
ences comC and sthA levels in the AsdbA mutant.
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Inactivation of CiaRH restores bacteriocin activity to the
AsdbA mutant. Finally, we used an activity assay to determine
whether mutation of ciaRH restored bacteriocin production to the
AsdbA mutant. Consistent with the qPCR data, the AsdbA AciaRH
mutant produced biologically active bacteriocins, sufficient to in-
hibit the growth of S. mitis (Fig. 5C). Mutation of ciaRH in the
parent strain had no effect on activity, whereas complementation
with a single copy of c¢iaRH on the chromosome of the AsdbA
AciaRH mutant eliminated bacteriocin activity. This confirmed
that the CiaRH signaling system mediated the lack of bacteriocin
activity in the AsdbA mutant.

DISCUSSION

In this study, we identified the CiaRH two-component system as
an important regulator of S. gordonii bacteriocin production, and
we found that CiaRH was upregulated in mutants lacking the di-
sulfide bond-forming enzyme SdbA. Activity assays and immuno-
affinity chromatography confirmed that mutation of sdbA abol-
ished bacteriocin production. However, production could be
restored by exogenous CSP, suggesting that the individual com-
ponents required for bacteriocin processing and secretion re-
mained functional and that these proteins might not require di-
sulfide bonds formed by SdbA. Instead, mutation of sdbA
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generated a signal that caused increased CiaRH activity, which in
turn inhibited bacteriocin production (Fig. 6).

The CiaRH system has been found to affect genetic compe-
tence, stress resistance, colonization, and bacteriocin production
inboth S. pneumoniae and S. mutans (17,22, 47, 50, 54); however,
the activity of the CiaRH system in S. gordonii has not been inves-
tigated as thoroughly. In one of the few studies looking at the S.
gordonii CiaRH system, Liu and Burne (54) determined that the
CiaRH system is important for survival at low pH and efficient
induction of the arginine deiminase system, which increases acid
tolerance. Our data add to the roles of the CiaRH system in S.
gordonii, showing that it is involved in regulation of the protease
DegP and bacteriocin production.

The CiaRH system regulates htrA (degP) expression in S. pneu-
moniae and S. mutans (35, 50, 55, 56), and our results suggest that
degP is part of the ciaRH regulon in S. gordonii as well. The CiaRH
system was required for upregulation of degP in the AsdbA mu-
tant, and mutation of ciaRH decreased degP expression, suggest-
ing that the system might also affect basal levels of DegP (Fig. 4B).
Sequence analysis of the degP promoter region revealed a possible
CiaR binding site matching that described by Halfmann et al.,
consisting of a consensus sequence of TTTAAG-5 bp-(T/A)T
TAAG located approximately 10 bp upstream from the —10 po-
sition (57).

While regulation of DegP by the CiaRH system appears to be
consistent across various streptococci, the role for CiaRH in bac-
teriocin production is surprisingly species specific. For example,
CiaH positively regulates bacteriocin production in S. mutans,
and AciaH mutants lack mutacin activity (22). In contrast, similar
to our findings in S. gordonii, the CiaRH system in S. pneumoniae
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represses bacteriocin activity (17, 18). In S. pneumoniae, the
CiaRH system inhibits bacteriocin production through HtrA
(DegP), which has been shown to disrupt the BIpAB transporter
required for bacteriocin processing and secretion. Thus, inactiva-
tion of HtrA can alleviate CiaRH-mediated repression and in-
crease the amounts of secreted bacteriocins (18).

Although degP was upregulated in the S. gordonii AsdbA mu-
tant, the protease was not required for inhibition of bacteriocin
production, and mutation of degP failed to restore bacteriocin
activity to the AsdbA mutant (Fig. 5C). Additional investigation
will be required to determine whether DegP affects bacteriocin
activity or CSP levels in S. gordonii. Despite multiple attempts to
detect and to quantify CSP in the culture medium using anti-CSP
antibodies, we were unable to detect the peptide due to a strong
cross-reaction with the BHIS medium required for activation of
the Com pathway.

A key difference in bacteriocin production in S. prneumoniae
versus S. gordonii is in the systems that regulate production; unlike
in S. pneumoniae, the Com pathway controls the only bacteriocins
produced by S. gordonii (10). The CiaRH system has long been
known to influence the Com pathway in S. pneumoniae (58). Mu-
tations that upregulate CiaR activity in S. pneumoniae result in loss
of competence, while AciaR mutants grow poorly and are suscep-
tible to lysis upon exposure to CSP (55). Unlike in S. pneumoniae,
we did not observe any lysis or growth defects in the S. gordonii
AciaRH or AsdbA AciaRH mutant when CSP was added to the
culture. Our finding that mutation of ciaRH resulted in derepres-
sion of comC in the AsdbA mutant but not overexpression, com-
pared to the parent strain, is consistent with previously reported
results for S. pneumoniae, in which comC expression in a AciaR
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mutant was similar to that in the parent strain (55). This might be
because CiaR is not inhibiting competence by binding to comC to
downregulate transcription but is working via a different mecha-
nism that involves posttranscriptional regulation.

Several studies have analyzed the S. pneumoniae CiaRH regu-
lon through microarray analysis (50, 55, 59), and CiaR controls
the expression of 25 genes, including five small noncoding RNAs
called csRNAs (51, 57). Analysis of the csRNAs provided the first
direct link between CiaRH signaling and genetic competence;
comC was identified as a target of multiple csRNAs (46). The
csRNAs are thought to work by binding to the Shine-Dalgarno
sequence of complementary transcripts to prevent translation (46,
60, 61). S. gordonii is predicted to encode several csRNAs (60), and
this could be a potential mechanism for CiaRH to influence bac-
teriocin production. However, additional analysis that is beyond
the scope of this study will be required to determine the biological
roles of S. gordonii csRNAs.

The signals that activate CiaRH are unknown (51), and it is
not clear how mutation of sdbA induces CiaRH in S. gordonii.
Because SdbA is required for disulfide bond formation (26),
CiaRH might respond to general stress created by misfolding of
SdbA substrates or by the loss of function of a specific SdbA sub-
strate. Bacteria sense envelope stress by using two-component sys-
tems, and thiol-disulfide oxidoreductases have been linked to
these stress responses in both Gram-negative and Gram-positive
species (61-64). For example, Bacillus subtilis senses envelope
stress by using a system called CssRS, which, like CiaRH in strep-
tococci, regulates expression of the DegP-family proteases HtrA
and HtrB (65, 66). Notably, expression of a misfolded disulfide-
bonded protein, alkaline phosphatase, resulted in strong induc-
tion of the CssRS system and a 4-fold increase in hrB expression
(66). A similar scenario might occur in S. gordonii, where muta-
tion of sdbA causes protein misfolding that either directly or indi-
rectly triggers increased CiaRH activity. We showed recently that
the major autolysin AtlS was misfolded in the S. gordonii AsdbA
mutant (26).

Interestingly, protein misfolding has been shown to en-
hance, rather than repress, ComDE activity in S. pneumoniae
(67). This increase is mediated by HtrA (DegP), which de-
grades CSP. Under conditions with high levels of ribosomal
coding errors, the increased amounts of misfolded protein are
thought to inhibit HtrA competitively and to prevent degrada-
tion of CSP (67, 68). Thus, protein quality control, CiaRH, and
ComDE appear to be related in various streptococci, although
there are clear species-specific differences in how these systems
affect one another.

In conclusion, we have demonstrated that mutation of the gene
for the disulfide oxidoreductase SAdbA activates the CiaRH two-
component system, which in turn shut downs bacteriocin expres-
sion. Our data reveal a link in S. gordonii between CiaRH and the
Com system, both of which play important roles in bacteriocin
production, genetic competence, stress resistance, and biofilm
formation.
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