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ABSTRACT Pyruvate oxidase (SpxB)-dependent H2O2 production is under the con-
trol of carbon catabolite protein A (CcpA) in the oral species Streptococcus sanguinis
and Streptococcus gordonii. Interestingly, both species react differently to the pres-
ence of the preferred carbohydrate source glucose. S. gordonii CcpA-dependent reg-
ulation of spxB follows classical carbon catabolite repression. Conversely, spxB ex-
pression in S. sanguinis is not influenced by glucose but is repressed by CcpA. Here,
we constructed strains expressing the heterologous versions of CcpA or the spxB
promoter region to learn if the distinct regulation of spxB expression is transferable
from S. gordonii to S. sanguinis and vice versa. While cross-species binding of CcpA
to the spxB promoter is conserved in vitro, we were unable to swap the species-
specific regulation. This suggests that a regulatory mechanism upstream of CcpA
most likely is responsible for the observed difference in spxB expression. Moreover,
the overall ecological significance of differential spxB regulation in the presence of
various glucose concentrations was tested with additional oral streptococcus isolates
and demonstrated that carbohydrate-dependent and carbohydrate-independent mecha-
nisms exist to control expression of spxB in the oral biofilm. Overall, our data dem-
onstrate the unexpected finding that metabolic pathways between two closely re-
lated oral streptococcal species can be regulated differently despite an exceptionally
high DNA sequence identity.

IMPORTANCE Polymicrobial diseases are the result of interactions among the resi-
dential microbes, which can lead to a dysbiotic community. Streptococcus sanguinis
and Streptococcus gordonii are considered commensal species that are present in the
healthy dental biofilm. Both species are able to produce significant amounts of H2O2

via the enzymatic action of the pyruvate oxidase SpxB. H2O2 is able to inhibit spe-
cies associated with oral diseases. SpxB and its gene-regulatory elements present in
both species are highly conserved. Nonetheless, a differential response to the pres-
ence of glucose was observed. Here, we investigate the mechanisms that lead to
this differential response. Detailed knowledge of the regulatory mechanisms will
aid in a better understanding of oral disease development and how to prevent
dysbiosis.
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Next-generation sequencing technologies have recently guided a revision of the
etiology of both caries and periodontal diseases based on a better-defined species

composition and deeper understanding of oral microbial ecology (1–6). Both oral
diseases have a polymicrobial etiology. Polymicrobial diseases are driven by the syn-
ergistic and antagonistic interactions among the residential microbial flora. Under the
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appropriate environmental conditions, these interactions can favor a shift in the
microbial profile and an increased abundance of disease-associated species, referred to
as dysbiosis (7, 8). Analysis of metagenomic data also suggests that specific metabolic
pathways and genes are associated with caries and periodontal disease and that a
functional (metabolic) output of the oral microbial community is more important in
disease etiology than a specific taxonomic composition (2, 9). Consequently, under-
standing specific ecological and molecular processes regulating the functional output
of the polymicrobial community during health and disease is of utmost importance.

Streptococci are among the most abundant species found in the early oral biofilm
(10, 11), and two prominent members of this polymicrobial community are Streptococ-
cus sanguinis and Streptococcus gordonii. Both are frequently isolated from healthy and
diseased sites. For example, S. sanguinis seems to be strongly associated with peri-
odontal health (12), while its abundance is increased significantly in dentin cavities (13). How-
ever, this is in sharp contrast to earlier reports showing that S. sanguinis is associated
with sound enamel (14) and caries-free children (15) and adults (16), indicating that the
role of S. sanguinis in disease development is not well understood. Similarly, the role of
S. gordonii in dental biofilm is obscure. Like S. sanguinis, S. gordonii is an early colonizer
of dental surfaces, providing attachment sites for successive recruitment of other oral
microbial species (17, 18). Under normal conditions, the recruitment would lead to the
development of a healthy dental biofilm synergistic with the host. On the other hand,
several studies have shown that S. gordonii is able to interact with and support certain
periodontal pathogens. Heterotypic community development with Porphyromonas
gingivalis might be orchestrated by metabolic cross feeding and interspecies signaling
events (19–22). Furthermore, association of S. gordonii with Aggregatibacter actinomy-
cetemcomitans establishes a beneficial environment for A. actinomycetemcomitans to
survive host innate immunity (23). A central role in this relationship is S. gordonii’s
ability to produce hydrogen peroxide (H2O2), which induces katA and apiA gene
expression in coculture of both species. KatA is a cytoplasmic catalase that might aid
in detoxification of H2O2 produced during a neutrophil attack. ApiA is able to inhibit
complement-dependent killing by binding human serum protein factor H (23).

Production of H2O2 is not restricted to S. gordonii. H2O2 is the metabolic by-product
of acetyl-phosphate generation by the oxidoreductase pyruvate oxidase SpxB. Surpris-
ingly, the spxB gene has a remarkable degree of conservation among oral streptococci
(24, 25). The importance of H2O2 production by S. sanguinis and S. gordonii has been
demonstrated in vitro mainly in the interspecies interaction with H2O2-susceptible
Streptococcus mutans (26, 27) and Actinomyces (28), both frequently isolated from caries
active sites (29, 30). Besides the inhibitory H2O2 action, SpxB activity is associated with
two other metabolically and ecologically relevant activities: (i) ATP production from
acetyl-phosphate for metabolic energy generation and (ii) release of extracellular DNA
(eDNA), promoting biofilm formation, cell-cell aggregation, and cell-tooth adhesion
(24). Furthermore, spxB is expressed in oral plaque samples (25), suggesting an impor-
tant ecological role of SpxB in the dental biofilm, possibly contributing to a functional
(metabolic) output of the oral microbial community due to its abundant distribution
among oral streptococci.

The relatively wide distribution and conservation of the spxB gene among oral
streptococci raises interest about the molecular mechanisms involved in expression
regulation. It was previously established that several environmental factors, including
oxygen and carbohydrate availability, influence spxB expression in S. sanguinis and S.
gordonii (31, 32). In addition, the central carbon catabolite regulator CcpA (for catab-
olite control protein A) plays a major role in the regulation of spxB expression (33, 34).
While the predicted binding of CcpA to the S. gordonii spxB promoter was confirmed
in vitro (31) and mutational studies support CcpA-dependent regulation of spxB in S.
sanguinis (35), one key difference remained unresolved. In S. gordonii, CcpA-dependent
regulation of spxB followed the classical carbon catabolite repression model (31) with
glucose repressing spxB expression. In contrast, spxB expression in S. sanguinis was not
influenced by any carbohydrate source (35).

Redanz et al. Journal of Bacteriology

April 2018 Volume 200 Issue 8 e00619-17 jb.asm.org 2

http://jb.asm.org


In this study, we aimed to understand the molecular basis of this differential
regulation of spxB gene expression. Using in vitro binding studies with electromobility
shift assays (EMSA), we show that CcpA binds to the spxB promoter in S. sanguinis. With
the help of strains expressing the heterologous version of CcpA or the spxB promoter
region, we examined if the distinct regulation of spxB expression is transferable
between species. In addition, we examined SpxB-dependent H2O2 production in re-
sponse to glucose with several oral streptococcal isolates, demonstrating that differ-
ential spxB expression regulation is present in the dental biofilm. Overall, our study
provides important insight into species-specific regulation of spxB expression and
suggests that the functional (metabolic) output of the oral microbial community
determines oral health and disease, but species-specific regulation of this functional
output requires careful investigation.

RESULTS
Effect of glucose on carbon catabolite repression of spxB expression and H2O2

production. To determine H2O2 production, an agar plate indicator assay based on the
production of Prussian blue, which precipitates in the presence of H2O2, was used (36).
S. sanguinis and S. gordonii are H2O2 producers under aerobic conditions with a
significant difference in the amount of H2O2 secreted into the environment (Fig. 1A).
Deletion of CcpA in both S. sanguinis and S. gordonii abolished the carbon catabolite-
dependent repression of spxB (31, 35). To directly compare the effect of low (0.3%) and
high (2%) glucose concentrations on S. gordonii and S. sanguinis H2O2 production,
luciferase reporter assays were performed (Fig. 1B). Expression of spxB is strongly

FIG 1 Differential spxB expression and H2O2 production by S. sanguinis SK36 and S. gordonii DL1. (A) H2O2 production of S. sanguinis SK36 and
S. gordonii DL1 on H2O2 indicator plates after overnight incubation. H2O2 production leads to the precipitation of Prussian blue during aerobic
growth. Shown is a representative picture of two independent experiments. (B) Specific luciferase activity of S. sanguinis and S. gordonii cells
grown aerobically with 0.3% or 2% glucose; presented are averages and standard deviations (n � 5). (C) Illustration of how the production of H2O2

was assessed. Presented as an example is S. gordonii grown in the presence of 0.3% or 2% glucose. The distance between the edge of the colony
and the end of the precipitation zone was determined as a measure of relative H2O2 production. (D) Relative H2O2 production of S. sanguinis SK36
and S. gordonii DL1 cells grown aerobically on H2O2 indicator agar plates with 0.3% and 2% glucose (glc). Presented are averages and standard
deviations from at least five independent experiments. Significant differences are indicated by asterisks (paired, two-tailed t test; *, P � 0.05; **,
P � 0.01).
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influenced by oxygen tension (27); therefore, cells were grown aerobically in liquid
brain heart infusion (BHI) under vigorous shaking to maximize oxygen exposure as
reported before (27, 35). S. gordonii did show a 4-fold reduction in luciferase activity
when grown in the presence of 2% glucose. Conversely, S. sanguinis did not respond
with a decrease in spxB expression when grown in the presence of 2% glucose.
Compared to S. gordonii, S. sanguinis appeared to repress spxB expression more tightly,
independent of the carbohydrate concentration (Fig. 1B). Previously, we showed that
galactose strongly repressed spxB expression in S. gordonii (31). To learn if the observed
repressed spxB expression in S. sanguinis is independent of the carbohydrate source, we
also measured the production of H2O2 in the presence of galactose and sucrose. No
differences were observed between high and low carbohydrate concentrations, sug-
gesting that the repression of spxB expression in S. sanguinis is carbohydrate indepen-
dent for the tested carbohydrate sources (data not presented).

To confirm that the observed carbon catabolite repression in S. gordonii and the
tight repression of spxB in S. sanguinis are accompanied by similar H2O2 production
phenotypes, cells were grown on H2O2 indicator plates. Relative H2O2 production was
quantified by measuring the distance between the edge of the colony and the edge of
the blue halo (Fig. 1C, shown for S. gordonii) formed after 16 h of incubation. Production
of H2O2 followed spxB gene expression patterns (Fig. 1D) observed for both species.
Overall, these results support a differential regulation of spxB expression in S. sanguinis
and S. gordonii by CcpA. S. gordonii follows the classic carbon catabolite repression
model, while S. sanguinis seems to repress spxB by a carbohydrate-independent
mechanism.

CcpA binds to the S. sanguinis spxB promoter. The differential regulation of spxB

expression in S. sanguinis and S. gordonii was surprising, since the alignment of the
promoter regions of both species only showed minimal nucleotide changes (Fig. 2A).
The in silico analysis for the presence of cre (carbon-responsive element) sites for CcpA
binding (33) predicted two binding sites in the S. gordonii spxB promoter, designated
cre 1 and cre 2 (as shown in Fig. 2A). We verified the in silico-predicted presence of two
cre sites for S. gordonii by mutational analysis earlier (31). However, there was only one
predicted site for S. sanguinis spxBp, designated cre 1. Interestingly, there was one
nucleotide exchange in the region aligning with S. gordonii cre 2, suggesting the
existence of a cre 2 site (Fig. 2A, highlighted in italics in the S. sanguinis sequence). To
confirm binding of CcpA to the spxB promoter of S. sanguinis, CcpA was engineered to
carry a C-terminal His6 tag for protein overexpression in E. coli and Ni affinity purifica-
tion. The protein was successfully purified and used for EMSA. A biotin-labeled 200-bp
PCR-generated spxBp fragment, amplified from SK36 chromosomal DNA carrying the
intact cre, was used as the template for binding. Initially 20, 40, and 80 pmol purified
CcpA was used for the binding studies, showing a band shift of the respective probe
(data not shown). Based on this result, a set of experiments was performed with 20
pmol CcpA. While binding to the spxBp probe caused a complete shift, no shift was
observed with the unrelated niaXp not encoding a cre site (Fig. 2B). In addition, deletion
of the region encoding the predicted cre 1 site did interfere with binding, only showing
a faint band at the expected size of the protein-DNA complex. Interestingly, deletion of
cre 2 affected CcpA binding as well, but it was not as pronounced as that with deletion
of cre 1. As expected, deletion of cre 1 and cre 2 abolished CcpA binding, while
engineering both cre sites into niaXp resulted in a shift, albeit not a complete one
(Fig. 2C). Overall the results confirm the importance of both cre sites for CcpA binding.
We did, however, recognize that the engineered promoter regions caused extra bands
to appear which might be due to the usage of probes amplified from gBlock gene
fragments as the PCR template.

The binding specificity of CcpA to the S. sanguinis spxB promoter was further
confirmed with a competition assay using unlabeled DNA. A CcpA concentration of 20
pmol was used with 1 fmol biotin-labeled spxB promoter sequence. Addition of a
100-fold excess of unlabeled competitor DNA led to the appearance of unbound probe
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with complete disappearance of the shifted band at a 500-fold excess of unlabeled
competitor DNA (see Fig. S1 in the supplemental material). In addition, we confirmed
the previous EMSA results of CcpA binding to the S. gordonii spxB promoter (31; data
not shown). This result supports a direct regulatory role of CcpA in spxB expression in
S. sanguinis and S. gordonii.

DNA footprinting analysis of CcpA binding to the S. sanguinis spxB promoter
identifies two cre sites. Direct comparison of the cre sites between S. sanguinis and S.
gordonii showed 100% conservation of the nucleotide sequence for cre 1 and only one
mismatch for cre 2, yet only one cre site was predicted for S. sanguinis spxBp (37). The
EMSA results suggest that spxBp from S. sanguinis has two functional CcpA binding
sites. DNase I footprinting followed by automated capillary electrophoresis (DFACE) was
used to investigate the prediction of only a single cre site in S. sanguinis spxBp. The
concentration of CcpA and DNA was identical to that used for EMSA in Fig. 2B. The
histograms shown in Fig. 3A and B present relative fluorescence units, which are
negative for the predicted cre 1 and cre 2 sites, indicating protected regions for both
binding sites. No protection was observed with the niaX promoter (Fig. 3B), strongly
suggesting that two functional cre sites are present in the spxB promoter of S. sanguinis.

Differences in the amino acid sequence of CcpA of S. sanguinis and S. gordonii
are localized primarily in the C-terminal domain. Despite the differential regulation
of spxB expression by CcpA, the alignment of the promoter sequences showed a
surprisingly high conservation, which prompted further investigation of the amino acid
composition of CcpA itself. Overall, CcpA consists of 334 amino acids in both species,
with 27 amino acids being different (Fig. 4). CcpA architecture includes an N-terminal

FIG 2 spxB promoter sequence alignment and EMSA analysis of CcpA binding. (A) The sequences of both spxB promoters
from S. sanguinis and S. gordonii were aligned, including the ATG start codon (underlined). The boldfaced, underlined
sequences depict the predicted cre sites as determined by the RegPrecise transcription factor database. (B) EMSA analysis
of S. sanguinis CcpA with binding substrate spxBp. Twenty picomoles of CcpA was incubated with 1 fmol of spxBp substrate.
As a negative control, the unrelated niaX promoter was used which has no predicted cre site. A representative picture is
shown (n � 3). (C) EMSA with engineered promoter sequences. Twenty picomoles of CcpA was incubated with 1 fmol of
substrate. A representative picture of two independent experiments is shown.
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helix-turn-helix (HTH) motif conferring cre site recognition via DNA binding and a larger
C-terminal domain formed by the PBP-N and PBP-C subdomains, which are named after
their resemblance to periplasmic binding proteins (38, 39). The C-terminal domain is
responsible for dimerization and effector interaction with other proteins, like the
histidine phosphocarrier protein (HPr), a component of the phosphoenolpyruvate-
dependent sugar phosphotransferase system (PTS) (39). The sequence alignment of S.
sanguinis and S. gordonii CcpA shows that the majority of amino acid differences are
found in the C-terminal part of CcpA, with 26 out of 27 differences, leaving the HTH
domain unchanged (Fig. 4).

FIG 3 DNase I footprint followed by DFACE analysis to determine CcpA binding. DNase I digestion patterns are shown as histograms of relative fluorescence
units (RFU). Negative changes indicate regions of protection, and positive changes indicate hypersensitivity. (A) spxBp. (B) niaXp.

FIG 4 Schematic diagram of CcpA of S. sanguinis and S. gordonii. Presented are the relative positions of the domain structures for the
N-terminal helix-turn-helix (HTH) DNA binding motif and the C-terminal effector binding domain consisting of PBP-N and PBP-C, as well
as all amino acid differences between both proteins.
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Cross-species recognition of cre sites by both CcpA proteins in vitro. The HTH
domain confers recognition and binding to the cre site and showed no changes in
amino acid sequence when both species were compared; therefore, we hypothesized
that S. gordonii CcpA is able to recognize the S. sanguinis spxB promoter and vice versa.
Both CcpA proteins were used at a concentration of 20 pmol with 1 fmol of the
respective promoter fragment. As presented in Fig. 5, S. sanguinis and S. gordonii CcpA
were able to recognize and bind to the respective spxB promoter sequences of the
other species. This result suggests that the overall binding features of CcpA are well
conserved between S. sanguinis and S. gordonii.

Species-specific H2O2 production and spxB regulation is invariant. After con-
firming in vitro that CcpA is able to recognize heterologous cre sites, we next utilized
strains of S. gordonii and S. sanguinis carrying ΔccpA mutations. We complemented the
mutations with the respective CcpA of the other species to learn if the regulatory effect
of CcpA-dependent control of H2O2 production is transferable from one species to the
other. As shown in Fig. 6 for S. gordonii and in Fig. 7 for S. sanguinis, the parental ΔccpA
strain did lift repression of H2O2 production and rendered H2O2 production nonrespon-
sive to glucose, as expected. Interestingly, complementation with the respective CcpA
of the other species fully restored the production of H2O2 to the species-specific
background. This suggests that the cellular context for the overall regulation of H2O2

production is more important than CcpA itself and thus the regulatory effect of
CcpA-dependent control of H2O2 production is not transferable. Furthermore, we
studied the effect of the cross-species spxB promoter region on H2O2 production,
replacing the respective spxB promoter of S. sanguinis with S. gordonii and vice versa.
As shown in Fig. 6 and 7, the promoter region did not influence the species-specific
production of H2O2. To confirm the observed effect on H2O2 production and exclude
any differences in cell density, we also measured luciferase activity of spxB reporter
strains carrying spxBp-luc fusions to their own or heterologous promoter regions with
aerated planktonic cultures. As expected, luciferase activity was indistinguishable and
followed similar trends for the specific species carrying either the endogenous or
heterologous spxB promoter (Fig. 8).

Structural modeling of S. gordonii and S. sanguinis CcpA. The structures of CcpA
from S. sanguinis and S. gordonii were predicted using the I-TASSER algorithm (40), and
the solved structure of CcpA from Bacillus subtilis (PDB entry 1ZVV) (41) was used as a
template (Fig. S2A to C). Predicted �-sheet regions are depicted in green and �-helical
regions are depicted in blue. The respective Ramachandran plots for structure valida-

FIG 5 Cross-species EMSA analysis of CcpA binding to spxBp. Twenty picomoles of CcpA of S. sanguinis
or S. gordonii was incubated with 1 fmol of spxBp of S. sanguinis or S. gordonii substrate in various
combinations. SK36 niaXp served as a negative control. A representative picture is shown (n � 3).
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tion are shown in Fig. S3A and B; the plots confirmed the predicted structures with
percentages in the most favored regions of 83.3% (SK36) and 86.6% (DL1). Overall the
predicted structures resembled each other closely. One major difference was observed
in the PBP-C subdomain. Highlighted in yellow is an �-helical region (from amino acid
266 to amino acid 270) in S. gordonii, which seems to be a loop in S. sanguinis (Fig.
S2A and B, arrow). Overall the structural conservation supports the previous results that
suggest that the regulatory difference between S. sanguinis and S. gordonii is upstream
of CcpA.

Expression of predicted CcpA-regulated genes in S. sanguinis and S. gordonii
responds differently to increased glucose concentrations. In addition to spxB, six
genes were selected that have identified cre sites in their promoter regions, suggesting
CcpA-dependent regulation. Similar to the carbohydrate-independent expression of
spxB in S. sanguinis, the other tested genes also failed to respond with carbon catabolite
repression when the concentration of glucose was increased from 0.3% to 2%. Surpris-
ingly, the sucrose-specific PTS system II ABC component encoded by scrA even slightly
increased in expression at 2% glucose. Interestingly, the effect of increased glucose
availability on carbon catabolite repression in S. gordonii seemed to be most pro-
nounced for spxB, followed by ccpA itself and scrA, while the other tested genes also
showed no difference comparable to what we observed for S. sanguinis (Fig. 9).

To investigate this more in detail, experiments were repeated with the ccpA deletion
mutants of SK36 and DL1. The resulting data indicate a different pattern of CcpA-
dependent regulation in SK36 and DL1 (Fig. 10): manL, part of the mannose-specific
phosphotransferase system, shows highly elevated transcript abundance in SK36 after
ccpA had been deleted, indicating strong repression by CcpA. In contrast, in DL1 the
transcript abundance in the ccpA mutant decreased compared to that of the parental
wild-type (wt) strain. This indicates that CcpA has a (direct or indirect) function as a
transcription activator under the selected conditions. The genes ldh, eno, and pykF were

FIG 6 Differential H2O2 production of S. gordonii DL1 wild-type and mutant strains, shown as relative H2O2 release. Cells were grown aerobically on H2O2

indicator agar plates with 0.3% and 2% glucose (glc). Presented are averages and standard deviations from at least four independent experiments. Significant
differences are indicated by asterisks (two-tailed t test; **, P � 0.01; ***, P � 0.001).
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downregulated in the ccpA mutants (although not significantly in SK36). Again, CcpA
seems to have a more activating function for these genes. scrA is clearly under the
repression of CcpA in both strains. After deletion of ccpA, its transcript abundance
increased, significantly in the case of SK36. An opposing regulatory effect of ccpA could
be ruled out for the scrA gene in SK36 and DL1.

Survey of clinical H2O2-producing strains from dental plaque samples confirms
differential regulation of H2O2 production. To learn if the observed differential
regulation of spxB expression in the presence of carbohydrates is unique to the
investigated species, other available oral streptococci from the laboratory collection as
well as several clinical isolates from a previous study (25) were tested for H2O2

production in the presence of 0.3% and 2% glucose (Fig. 9). The observed response
pattern of the additionally tested strains leads to the classification of three groups: I,
high-level H2O2 production, carbon catabolite repression (CCR) insensitive; II, low-level
H2O2 production, CCR insensitive; and III, CCR-sensitive H2O2 production. Interestingly,
the production pattern was not strictly species specific, as several strain-specific re-
sponses were observed (Fig. 11). Overall, these results confirm that the production of
H2O2 is subject to differential regulation in the in vivo dental biofilm and not just
confined to commonly used and domesticated laboratory strains.

The spxB promoter regions of clinical strains do not explain their differential
regulation of H2O2 production. To identify the reason for the observed differential
regulation of H2O2 release in the clinical isolates investigated here, we sequenced the
spxB promoter regions and found a very heterogenic structure even within represen-
tatives of the same species. Comparing around 200 nucleotides upstream of the ATG
start codon, we identified different lengths of the spacer between the Shine-Dalgarno
sequence (5=-AGGAG-3=) (42) and the spxB start codon, varying between 7 and 10
nucleotides (Fig. S4). Interestingly, these variations are not linked to any of the
above-described groups classifying the regulation-type spxB expression and of H2O2

FIG 7 Differential H2O2 production of S. sanguinis wild-type and mutant strains, shown as relative H2O2 release. Cells were grown aerobically on H2O2 indicator
agar plates with 0.3% and 2% glucose (glc). Presented are averages and standard deviations from at least four independent experiments. Significant differences
are indicated by asterisks (two-tailed t test; *, P � 0.05; ***, P � 0.001).
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production. Further, based on the consensus sequence for cre in streptococcaceae
(5=-WWGWAARCGYTTWCWW-3=) (Fig. 3C) (43), we found several of these possible CcpA
binding sites. The number of predicted cre sequences varied between two and three.
Again, no connection to one of the above-described groups could be found.

FIG 8 Activity assay of spxB in SK36 and DL1. The firefly luciferase gene was fused to the spxB promoters
of S. sanguinis SK36 or S. gordonii DL1 and introduced into the two species, resulting in SK36 spxBp(SK36)-
luc/DL1 spxBp(DL1)-luc with luciferase under the control of the spxB promoter of the same species and
SK36 spxBp(DL1)-luc/DL1 spxBp(SK36)-luc with luciferase under the control of the spxB promoter of the other
species. Cells were grown overnight in BHI and washed in PBS, and the A600 was adjusted to 0.5. Four
milliliters of BHI with or without the addition of glucose was inoculated with 350 �l of PBS-washed cells
and aerobically incubated (200 rpm, 37°C). After 5 h of incubation, luciferase activity was measured and
normalized to the optical density. Each experiment was performed in three technical and five biological
replicates. Shown are averages and standard deviations. Significant differences are indicated by asterisks
(two-tailed paired t test; *, P � 0.05; ns, not significant).

FIG 9 Relative gene expression of putative CcpA-dependent genes. Gene expression is shown as fold
change of cells cultured with 2% glucose normalized to growth at 0.3% glucose. Standard deviations
are indicated by error bars. spxB, pyruvate oxidase (SSA_0391; SGO_0292); eno, enolase gene
(SSA_0886; SGO_1426); ldh, L-lactate dehydrogenase gene (SSA_1221; SGO_1232); ccpA, catabolite
control protein A gene (SSA_1576; SGO_0773); scrA, gene for phosphotransferase system IIC
components, glucose/maltose/N-acetylglucosamine specific (SSA_0456, SGO_1857); pykF, pyruvate
kinase gene (SSA_0848; SGO_1339); manL, gene for phosphotransferase system, mannose-specific EIIAB
(SSA_1918; SGO_1679). Genes were selected based on the RegPrecise transcription factor database (37).
Cells were grown overnight in BHI and washed in PBS, and the A600 was adjusted to 0.5. Four milliliters
of BHI with or without the addition of glucose was inoculated with 350 �l of PBS-washed cells and
aerobically incubated (200 rpm, 37°C). After 5 h of incubation, the RNA was isolated and quantitative PCR
was performed. All experiments were performed in two technical and three biological replicates.
Significant differences are indicated by asterisks (two-tailed paired t test; **, P � 0.01).
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DISCUSSION

The pyruvate oxidase (SpxB) metabolic pathway leading to the production and
subsequent release of H2O2 into the environment is highly conserved among the oral
streptococcal community, including the numerically abundant S. sanguinis and S.
gordonii (25). Expression of the respective spxB gene could be detected in freshly
isolated human plaque samples, suggesting at least a metabolic role when the bacteria
reside in the dental biofilm (25, 44). The current understanding of disease etiology of
polymicrobial dysbiosis such as caries points to the importance of metabolic pathways
in disease development, and the functional (metabolic) output of the oral microbial
community is more important in disease etiology than a specific taxonomic composi-
tion (2). Subsequently, there should also be a metabolic output defining a healthy

FIG 10 Relative gene expression of various ccpA-dependent genes in S. sanguinis SK36 (A) and S. gordonii DL1 (B)
wt and isogenic ccpA deletion mutants. Gene expression is shown as fold change of cells cultured with or without
the addition of 2% glucose normalized to the growth of the respective wt without the addition of glucose.
Standard deviations are indicated by error bars. eno, enolase gene (SSA_0886; SGO_1426); ldh, L-lactate dehydro-
genase gene (SSA_1221; SGO_1232); ccpA, catabolite control protein A gene (SSA_1576; SGO_0773); scrA, gene for
phosphotransferase system IIC components, glucose/maltose/N-acetylglucosamine specific (SSA_0456, SGO_1857);
pykF, pyruvate kinase gene (SSA_0848; SGO_1339); manL, gene for phosphotransferase system, mannose-specific
EIIAB (SSA_1918; SGO_1679). Genes were selected based on the RegPrecise transcription factor database (37). Cells
were grown overnight in BHI and washed in PBS. The OD was adjusted to an A600 of 0.5. Four milliliters of BHI with
or without the addition of glucose was inoculated with 350 �l of PBS-washed cells and aerobically incubated (200
rpm, 37°C). After 5 h of incubation, the RNA was isolated and quantitative PCR was performed. The shown data
represent two technical and three biological replicates. Significant differences are indicated by asterisks (two-tailed
t test [unpaired]; ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001).
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dental microbial community. The metabolic output of SpxB has an intrinsic function for
the individual cell by providing energy via acetyl-phosphate production. In addition,
the excretion of H2O2 provides an ecological advantage for the H2O2-tolerant commu-
nity by increasing the concentration of this reactive oxygen species in the immediate
vicinity of the producer. This has the potential to negatively affect or outcompete
H2O2-susceptible species and favors the integration of H2O2-compatible species into
the biofilm. Therefore, SpxB seems to play an important ecological role in dental biofilm
formation (24).

The wide distribution of spxB as an oral streptococcal community-expressed gene
with metabolic and ecological impact makes it important to understand that spxB
expression might be differentially controlled by regulatory proteins or cis-regulatory
promoter regions. As presented here, seemingly conserved regulatory elements pres-
ent in S. sanguinis and S. gordonii regulate spxB expression differently. The unexpected
regulatory role of CcpA in S. sanguinis spxB expression might even extend to several
other genes, since expression of eno, ldh, ccpA, pykF, and manL, all having predicted cre
binding sites, is also not influenced by different glucose concentrations (Fig. 9).
Furthermore, some of these genes are downregulated after deletion of ccpA (Fig. 10),
indicating a positive regulatory effect by CcpA. One gene is even regulated in an
opposing way (manL) in both species. CcpA is the central carbon catabolite regulator
in Gram-positive bacteria and regulates the major response of the bacterial cell to the
availability and quality of carbohydrates (34). CcpA interacts with HPr (histidine phos-
phocarrier protein), which is phosphorylated at specific serine 46 (Hpr-Ser46-p) in
response to high concentrations of glycolytic intermediates that are present during
growth with the favored carbohydrate glucose (39, 45, 46). The interaction of both
proteins results in the binding of CcpA to the promoter regions of genes subjected to
carbon catabolite control (33). An important functional element for the regulatory role
of CcpA is its cre binding site located in the promoter region of respective genes (33,
47). Binding of CcpA to the highly degenerate, pseudopalindromic cre sequence usually
results in repression of CCR-sensitive operons (48). In addition to CCR, carbon catabolite

FIG 11 Differential H2O2 production of S. oralis J22, S. gordonii DL1, S. sanguinis SK36 (laboratory strains), and several clinical isolates.
Shown is the relative H2O2 release. Cells were grown aerobically on H2O2 indicator agar plates with 0.3% and 2% glucose (glc). Presented
are averages and standard deviations from at least three independent experiments. Significant differences are indicated by asterisks
(two-tailed t test; *, P � 0.05; **, P � 0.01; ***, P � 0.001). The species of clinical isolates were determined by sequencing of the 16S rRNA
gene and recA. Species were grouped by their amount of H2O2 release and their response to the presence of glucose (H2O2 release under
catabolite control). Group I shows large amounts of H2O2 and no or weak response to the presence of glucose. Members of group II release
less H2O2 and show no or weak response to the presence of glucose. H2O2 release follows classical catabolite repression in strains of group
III. S. paras., S. parasanguinis.
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activation (CCA) also has been described (49). This activating effect of CcpA is an
additional regulatory mechanism that provides competitive advantages during carbon
catabolism (50).

Our initial investigation using the RegPrecise database (37), a collection of manually
curated regulons in prokaryotic genomes, showed the presence of two binding sites in
the S. gordonii spxBp but only one in the S. sanguinis spxBp. The consensus sequence for
cre in streptococcaceae was determined based on 968 individual cre sites and consists
of 16 nucleotides. Positions 5 (A), 6 (A), 8 (C), 9 (G), 11 (T), and 12 (T) are strongly
conserved (Fig. 3C). The overall conserved region at nucleotide positions 8 and 9 might
explain why no second cre site was predicted in S. sanguinis despite an overall
conservation of the promoter sequence between S. gordonii and S. sanguinis. T (posi-
tion 8) and A (position 9) replace both positions in S. sanguinis. DNA footprint analysis
and mutational studies confirmed binding of CcpA to both cre 1 and cre 2 in the S.
sanguinis spxB promoter using the described experimental in vitro conditions. Binding
to cre 2 might be weaker due to less conservation of the binding site. In addition,
binding of CcpA might be fine-tuned under in vivo conditions, since other effectors, like
HPr, determine binding affinities. Furthermore, the presence of high- and low-affinity
cre sites in the genome might direct CcpA at higher concentrations to less conserved
binding sites, as demonstrated for Bacillus subtilis (51). Therefore, the presence of a
weaker, less conserved cre site might have biological relevance under certain growth
conditions.

The observed spxB expression difference between S. sanguinis and S. gordonii in the
presence of increased glucose concentrations is not explainable by the cre sites in the
promoter sequence alone, which is supported by our promoter swap experiments that
did not alter cell-specific regulation. Similarly, exchanging the CcpA protein itself did
not transfer the regulation specific for one species to the other. We therefore compared
the structure predictions of CcpA between S. sanguinis and S. gordonii, which were
modeled on the solved structure of CcpA from B. subtilis. The DNA binding motif is
100% conserved between both species, and both proteins were able to bind the spxB
promoter of the other species. This is also reflected in the similar HTH architecture in
the model predictions. However, the structural modeling showed an �-helical region in
S. gordonii, which seems to be replaced by a loop in S. sanguinis. Since this loop is not
located in the interaction domain with HPr, it is intriguing to speculate that other
effector proteins or components interact at this position and that the overall species-
specific regulation is upstream of CcpA. This is further supported by the observation
that the distinct regulatory patterns are not transferable between SK36 and DL1 by
promoter or CcpA exchange. One possible effector could be an alternative HPr differ-
ently affecting CcpA-dependent catabolite repression, similar to CrH in Bacillus subtilis
(41). However, amino acid-based BLAST searches in the SK36 and DL1 genomes did not
identify an alternative HPr present in either species. Nevertheless, a possible effector
influencing CcpA activity, which is different from an alternative HPr, cannot be ruled out
and seems to be a reasonable explanation for the regulative discrepancy found here
between the investigates species.

It is also possible that S. sanguinis shifted to a more pronounced CcpA interaction
with other effector molecules. For example, a glucose-independent, CcpA-dependent
regulation has been shown for several genes in different species, including B. subtilis,
Staphylococcus aureus, and Clostridium difficile (52–54). It has also been reported that
CcpA can respond to NAD, and it is therefore possible that CcpA controls spxB
expression based on the oxidoreduction potential of the cell (55).

Alternatively, posttranslational regulation mechanisms by small RNAs might play a
role in the observed differential regulation here. Small noncoding RNAs regulate
diverse cellular processes and are not necessarily present or active in all members of the
same species (56–58). However, due to the fact that the differences in SK36 and DL1
also were present in the luciferase reporter assay, posttranslational regulation might
play a minor role in explaining the divergent H2O2 phenotypes of SK36 and DL1.

Biologically, this adaptation might be explained by the need to tightly control H2O2
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production under aerobic growth conditions, since S. sanguinis is more susceptible to
its own H2O2 production than S. gordonii (59). Furthermore, a differential response to
other molecules, like glucose 6-phosphate and fructose 1,6-bisphosphate, is possible,
although this requires the presence of HPr-Ser46-p (60).

In addition to the differences within the cre sequences, which possibly influence the
CcpA-dependent repression of spxB transcription, SK36 has a reduced distance be-
tween the ribosomal binding site (RBS; or Shine-Dalgarno [SD] sequence) and the ATG
start codon of spxB compared to the sequence of DL1. In SK36 the distance is 7
nucleotides, whereas in DL1 the distance is 10 nucleotides, which is the distance in the
majority of the surveyed streptococcal sequences (http://www.ncbi.nlm.nih.gov). In
detail, of 77 available spxB promoter sequences, 68 possess a 10-nucleotide distance
between the RBS (5=-AGGAG-3=) (42) and the spxB start codon: S. pneumoniae, 47
sequences available; S. gordonii, 5; S. oralis, 4; S. mitis, 3; S. pseudopneumoniae, 1; S.
cristatus, 1; S. anginosus, 1; Streptococcus spp., 6. The remaining sequences show an
RBS-ATG distance of 7 nucleotides (S. parasanguinis, 2; S. sanguinis, 1; S. salivarius, 1; S.
himalayensis, 1; Streptococcus spp., 2). These different spacer lengths could dramatically
influence the expression efficiency of the respective gene (61). Besides an altered
translation initiation frequency, a suboptimal RBS-ATG distance could cause reduced
mRNA stability or elevated premature transcription termination leading to hampered
expression (62).

However, the distance did not influence spxB expression, since the spxB expression
profile could not be transferred via promoter exchanges (which included the respective
RBS-ATG spacer). No significant differences could be observed between the native and
the heterologous promoter in SK36 and DL1, either in H2O2 release (Fig. 6 and 7) or in
the luciferase reporter activity assay (Fig. 8). This suggests that the differences in spxB
expression are not caused by the different SD-ATG spacer lengths in these two strains.
This conclusion is further underlined by the differentially regulated H2O2 release of the
investigated clinical isolates and their respective promoter sequences. The SD-ATG
spacer lengths are very heterogenic across species and across the three groups
differing in their H2O2 phenotype postulated here. These findings further support the
idea of a CcpA-dependent but carbohydrate-independent regulation of spxB in S.
sanguinis. Further investigations are under way.

Interestingly, we discovered that other SpxB-positive streptococci that form the oral
cavity fall into one of three categories: I, high-level H2O2 production, CCR insensitive; II,
low-level H2O2 production, CCR insensitive; and III, CCR-sensitive decreased H2O2

production. Surprisingly, sequencing of the respective promoter regions uncovered a
very heterogenic organization of cre boxes and different SD-ATG spacer lengths within
these groups and even within species (see Fig. S4 in the supplemental material).

Whether this scheme of categorization is broadly distributed among oral strepto-
cocci needs to be verified. Intriguingly, this observation fully supports the need to
understand the genetic regulation of pathways important in oral bacteria. Overall, this
study shows that conservation of a metabolic pathway, including respective regulatory
mechanisms, does not correspond to similar regulation and expression. Global ap-
proaches to understanding oral microbial ecology and its association with disease
development, including metatranscriptomics, are not able to unravel such differences
easily. However, at this point it is not known if the functional SpxB output is associated
with disease or oral health. A limited number of studies have been performed so far.
Notably, the expression of spxB was modestly increased in S. gordonii, S. sanguinis, and
S. oralis in two out of three patients with generalized aggressive periodontitis (44).
Conclusions drawn from this study are limited due to the low number of subjects
analyzed. Furthermore, SpxB confers a significant physiological advantage for S. gor-
donii, since an SpxB mutant is less infectious in a murine model of abscess formation
(63). Overall the importance of SpxB for oral streptococcal ecology has been shown
in vivo and in vitro. Further experimental evidence is needed to fully appreciate the role
in disease and health as well as the significance of the differential regulation in oral
biofilm ecology described here.
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MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The plasmids and bacterial strains used in this study are

listed in Table 1. Streptococcus strains were grown in liquid or on agar-solidified BBL brain heart infusion
(BHI; Becton Dickinson & Co., Sparks, MD) under aerobic conditions (5% CO2). Escherichia coli strains were
grown in Difco lysogeny broth (LB; Lennox, Becton Dickinson & Co., Sparks, MD) or on agar-solidified LB
at 37°C. Glucose was added to the medium when indicated from a filter-sterilized 20% stock solution. The
following antibiotics were supplemented for selection: kanamycin (100 �g ml�1), erythromycin (10 �g
ml�1), and spectinomycin (200 �g ml�1).

DNA manipulations. Standard nucleic acid recombinant protocols were used (70). Restriction
enzymes were procured from New England BioLabs (Beverly, MA). DNA ligase, pGEM-T, and GoTaq-DNA
polymerase were purchased from Promega (Madison, WI). All plasmids were extracted using the
PureYield plasmid miniprep system kit or the Wizard plus SV minipreps DNA purification system
(Promega). Accuprime Pfx DNA polymerase was obtained from Life Technologies. PCR products were
purified using a Qiagen QIAquick PCR purification kit (Valencia, CA) or Wizard SV gel and PCR
clean-up system (Promega). Oligonucleotides were synthesized by Integrated DNA Technologies
(IDT; Coralville, IA).

Exchange of ccpA. To determine if the different CcpA-dependent repression patterns of spxB in SK36
and DL1 are caused by differences in the ccpA gene sequence itself, the ccpA gene was exchanged
between SK36 and DL1. Therefore, upstream and downstream fragments of ccpA, ccpA itself, and the
aad9 spectinomycin resistance cassette were amplified by PCR utilizing Platinum Pfx DNA polymerase
(Invitrogen). Subsequently, the four fragments were fused together in an overlapping PCR. The resulting
amplicons were transformed into DL1 ΔccpA and SK36 ΔccpA strains, generating the S. gordonii DL1
ΔccpA::ccpA(SK36) and S. sanguinis SK36 ΔccpA::ccpA(DL1) strains with the following chromosomal arrange-
ment: upstream gene-exchanged ccpA-aad9-downstream gene.

In detail, the primer pairs CP1_SG_US_F/CP1_SG_US_R (DL1) and SS_DS_F_N/SS_up_R_OL (SK36)
were utilized to amplify the upstream fragments. The ccpA genes were amplified with the primer pairs
CP2_SG_SKP1_F/SR_ccpA_Ss_R_spec (SK36) and HR_ss_dl1_F/SR_ccpA Sg_R_spec (DL1). The aad9 gene
from pDL278 was amplified with the primer pairs SR_aad9_F_CP12/SR_aad9_R_Sg [for S. gordonii DL1
ΔccpA::ccpA(SK36)] and SR_aad9_F/SR aad9_R_Ss [for S. sanguinis SK36 ΔccpA::ccpA(DL1)]. The downstream
fragments were generated with the primer pairs SR_ccpA_Sg_ds_F/CP1_SG_DS_R (DL1) and SR_ccpA_Ss
ds_F/DS_ss_R (SK36). The primers introduced overlapping sequences between the PCR fragments,
allowing the PCR-based fusion of all three fragments.

For overlapping PCR, 0.5 �l of the unpurified PCR products was added directly to 22.5 �l Platinum
Pfx DNA polymerase reaction mixture by following the manufacturer’s manual. After 10 initial cycles with
80 s of elongation time, the primer pairs CP1_SG_US_F/CP1_SG_DS_R [DL1 ΔccpA::ccpA(SK36)] and
SS_DS_F_N/DS_ss_R [SK36 ΔccpA::ccpA(DL1)] were added, followed by 30 additional amplification cycles
(225 s of elongation). The resulting amplicon was transformed into naturally competent DL1 ΔccpA and

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Reference or source

S. gordonii DL1 Wild type 64
S. sanguinis SK36 Wild type ATCC BAA-1455
S. mitis 12261 Wild type 65
S. oralis J22 Wild type 66
S. parasanguinis Wild type, clinical isolate 25
S. infantis Wild type, clinical isolate 25
S. gordonii DL1 ΔccpA ccpA deletion mutant (ccpA::ermAM) 31
S. sanguinis SK36 ΔccpA ccpA deletion mutant (ccpA::ermAM) 35
S. gordonii DL1 ΔspxB spxB deletion mutant (spxB::ermAM) 67
S. sanguinis SK36 ΔspxB spxB deletion mutant (spxB::ermAM) 67
S. gordonii DL1 ccpA::ccpA(SK36) Expression of heterologous CcpA from SK36, Spcr This study
S. gordonii DL1 spxBp(SK36)-spxB spxB expression under the control of hererologous spxB promoter

of SK36, Spcr

This study

S. gordonii DL1 spxBp(DL1)-luc spxB luciferase reporter (natural spxB promoter), Spcr This study
S. gordonii DL1 spxBp(SK36)-luc spxB luciferase reporter (heterologous spxB-promoter of SK36), Spcr This study
S. sanguinis SK36 ccpA::ccpA(DL1) Expression of heterologous CcpA from DL1, Spcr This study
S. sanguinis SK36 spxBp(DL1)-spxB spxB expression under the control of heterologous spxB-promoter

of DL1, Spcr

This study

S. sanguinis SK36 spxBp(SK36)-luc spxB luciferase reporter (natural spxB-promoter), Spcr This study
S. sanguinis SK36 spxBp(DL1)-luc spxB luciferase reporter (heterologous spxB-promoter of DL1), Spcr This study
E. cloni 10G E. coli cloning strain, Ampr Lucigen, WI
E. coli BL21(DE3) pLysS Protein expression strain, Cpmr Promega, WI
BL21(DE3) pLysS(pET29b(�) � Sg CcpA) Expression of CcpA of DL1, Kanr Cpmr This study
BL21(DE3) pLysS(pET29b(�) � Ss CcpA) Expression of CcpA of SK36, Kanr Cpmr This study
pDL 278 E. coli-Streptococcus shuttle vector, Spcr 68
pET 29b(�) N-terminal 6� His fusion protein expression vector; Kanr Novagen/Milliore Sigma, MA
pFW5-luc Suicide vector; Spcr 69
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SK36 ΔccpA strains by adding competence-stimulating peptide (CSP). Correct introduction of ccpA was
verified by PCR and sequencing.

Promoter exchange of spxB. To test if the differences in the spxB expression of SK36 and DL1 are
caused by differences in promoter sequences, the respective promoters were exchanged between the
two strains. Therefore, a fragment upstream of the spxB promoter, aad9, the promoter sequence, and a
part of spxB were amplified and introduced into an overlapping PCR as described above. Subsequently
the resulting amplicons were transformed into wild-type DL1 and SK36 to generate S. gordonii DL1
spxBP(SK36)-spxB and S. sanguinis SK36 spxBP(DL1)-spxB strains. The resulting chromosomal arrangement is
upstream gene-aad9-exchanged spxB-promoter-spxB. Correct promoter replacement was verified by PCR
and sequencing.

In detail, the upstream fragments were amplified with the primer pairs Ss_spxB_Pex_UF/Ss_spxB-
_Pex_UR (SK36) and Sg_spxB_Pex_UF/Sg_spxB_Pex UR (DL1). aad9 was amplified with the primers
SR_aad9 F_CP12 and SR_aad9_R_Ss using pDL278 as the template. Promoter sequences were amplified
with the primer pairs Sg_spxB_Pex_PF/Sg_spxB_Pex_PR_2 (DL1) and Ss_spxB_Pex_PF/Ss_spxB_Pex_PR
(SK36). The downstream fragments were amplified with the primer pairs Ss_spxB_Pex_DF_2/Ss_spxB-
_Pex_DR (SK36) and Sg_spxB_Pex_DF/Sg_spxB_Pex_DR. The primer pairs Ss_spxB_Pex_UF/Ss_spxB-
_Pex_DR and Sg_spxB_Pex_UF/Sg_spxB_Pex_DR were used for overlapping PCR as described above.

Construction of spxBp-luciferase reporter strains. To verify the already-described differentially
regulated expression of spxB and to confirm the results of spxB expression after spxB-promoter exchange
on the transcription level, four spxBp-luciferase reporter strains were constructed: S. sanguinis SK36
spxBp(SK36)-luc and S. gordonii DL1 spxBp(SK36)-luc strains, with the firefly luciferase gene (luc) under the
control of the spxB promoter of SK36, as well as S. sanguinis SK36 spxBp(DL1)-luc and S. gordonii DL1
spxBp(DL1)-luc strains, with luc under the control of the spxB promoter of DL1. Therefore, suicide plasmids
were constructed containing an �600-bp sequence with the spxB promoter controlling the firefly
luciferase gene luc. Additionally, an �1-kb sequence of the 5= region of spxB was introduced for the
chromosomal integration of the plasmid. The resulting plasmids were transformed into S. sanguinis SK36
and S. gordonii DL1.

The 5= spxB fragment (for integration) was fused in the inverted direction to the 3= end of the spxB
promoter fragment via fusion PCR. Thus, in the final reporter strains, one copy of spxB remained
unaffected under the control of its natural promoter. Additionally, the expression of the spxBp-controlled
luc was not affected by the transcription of upstream genes. The final chromosomal arrangement in all
generated strains was upstream region of spxB-spxB-integrated vector-luc (complement [comp.])-spxB
promoter (comp.)-truncated 5= region of spxB-downstream sequence of spxB. Correct integration was
verified by PCR and sequencing.

In detail, the spxB promoter region was amplified from SK36 and DL1 using the primer pairs
Ss_spxB_luc_PF/SG_spxB_luc_PR and Sg_spxB_luc_PF/SG_spxB_luc_PR, respectively. The �1,000-bp
fragment spanning the 5= region of spxB and the partial downstream gene was amplified using the
primer pairs SG_spxB_luc_IR/Sg_spxB_luc_IF and SG_spxB_luc_IR/Ss_spxB_luc_IF. The 5= spxB sequence
amplified from SK36 and DL1 was fused to the spxB promoter of the same species (luciferase assay of the
natural spxB promoter) or to the spxB promoter of the other species (luciferase assay of the spxB
promoter exchange), respectively. The overlapping PCR was performed as described above with the
primer pair SG_spxB_luc_IR/SG_spxB_luc_PR. The resulting fragment was purified, BglII/SalI digested,
and cloned into BamHI/SalI-digested pFW5-luc. Correct integration was verified by PCR and sequencing.
Transformation into SK36 and DL1 was performed as described above.

Luciferase assay. Luciferase assays using spxBp-luciferase reporter strains of S. gordonii DL1 and S.
sanguinis SK36 were carried out as described earlier (35, 71). Briefly, cells from an overnight culture were
harvested, washed with phosphate-buffered saline (PBS), and adjusted to an optical density at 600 nm
(OD600) of 0.5. Subsequently, 4 ml BHI medium (with and without the addition of 2% glucose) was
inoculated to a final OD600 of 0.05. The cultures were incubated at 37°C under aerobic conditions (200
rpm) for 5 h.

The luciferase activity was measured using a GloMax Discover (Promega). Therefore, 200 �l of cell
culture was mixed with 50 �l of 1 mM D-luciferin (suspended in 100 mM citrate buffer, pH 6; Sigma).
Specific luciferase activity is presented as relative light units (RLU) normalized to the absorption of the
bacterial culture at 600 nm. Presented are averages and standard deviations from five independent
experiments performed with three technical replicates each.

Measurement of relative H2O2 production. H2O2 indicator plates were prepared as described
previously (36). Overnight cultures of S. gordonii DL1 and S. sanguinis SK36 strains were washed in PBS
and adjusted to an OD600 of 0.5. Indicator plates supplemented with and without 2% glucose were
inoculated with 12 �l of PBS-washed cells and incubated overnight in the presence of 5% CO2. H2O2

generation was determined by measuring the distance between the edge of the colony and the end of
the precipitation zone (Fig. 1C). All experiments were performed with two technical replicates and at
least three independent experiments.

qRT-PCR. Quantitative real-time PCR (qRT-PCR) was performed for a subset of genes of S. sanguinis
SK36 and S. gordonii DL1. CcpA-regulated genes with at least one cre site in the promoter region were
selected on the basis of the public database RegPrecise (37). Primers generating PCR amplicons of 210
to 280 bp were designed with the help of the free public online tool PrimerFox (http://www.primerfox
.com) and are shown in Table 2.

Total RNA was isolated as follows. S. gordonii DL1 as well as S. sanguinis SK36 cells (wild types and
ccpA deletion mutants) were grown overnight, harvested, and washed with PBS. Fresh BHI medium (with
and without the addition of 2% glucose) was inoculated to a final OD600 of 0.05 with PBS-washed cells.
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The cultures were incubated at 37°C under aerobic conditions (200 rpm) for 5 h. Subsequently, cells were
harvested (11,000 � g for 15 min at 4°C). Cell pellets were stored at �80°C until further use. Total RNA
extraction was done by following the TRIzol method according to the manufacturer’s manual, including
mechanical disruption of cells with the Precellys evolution homogenizer (Bertin Technologies, Rockville,
MD) (4 rounds of 30 s each at 8,300 rpm, with incubation on ice). After being DNase I treated (Invitrogen)
for 2 h, total RNA was cleaned with the Qiagen RNeasy kit by following the manufacturer’s protocol.
Subsequently, cDNA was synthesized from 2 �g of RNA using SuperScript II reverse transcriptase
(Invitrogen), and qRT-PCR was performed on a CFX connect real-time PCR detection system (Bio-Rad)
using SYBR green master mix (Bio-Rad) according to the manufacturer’s instructions. qRT-PCR conditions
were 7 min at 95°C, 15 s at 95°C, 30 s at 56°C, and 30 s at 72°C. The last three steps were repeated 40
times. Each assay was performed with three biologically independent RNA samples in technical dupli-
cates.

TABLE 2 Oligonucleotides used in this studya

Primer name Sequence (5=–3=)
CP1_SG_US_F CAA ACC GTG GTA TTT AGT TAA AAT TAA
CP1_SG_US_R GTC TGT GTT CAT ATT GCT TCC TTT CTT AAA GTT GAA AAT AA
SS_DS_F_N TTG GTC AAA ATC AAG TTG TCA AAC
SS_up_R_OL GTC TGT GTT CAT ATA GTT TCC TTT C
CP2_SG_SKP1_F GAA AGG AAG CAA TAT GAA CAC AGA CGA CAC AGT AAC
SR_ccpA_Ss_R_spec CAT GTA TTC ACG AAC GAA AAT CGA TCT TAT TTC CGA GTT GAT TTA CGC TC
HR_ss_dl1_F GAA AGG AAA CTA TAT GAA CAC AGA CGA TAC AGT AAC
SR_ccpA_Sg_R_spec CAT GTA TCA CGA ACG AAA ATC GAT CTT ATT TTC TAG TTG AGT TCC GTT CG
SR_aad9_F_CP12 GAT CGA TTT TCG TTC GTG AAT ACA TG
SR_aad9_R_Sg CTC TTC CAT GGA CGA GAA AGT TAT GCA AGG
SR aad9_R_Ss GCA TGC ATG GAC GAG AAA GTT ATG CAA GG
SR_ccpA_Sg_ds_F GCA TAA CTT TCT CGT CCA TGG AAG AGT TGG AAG AAC GTG
CP1_SG_DS_R AAG CTT TTT AGA ATA CTC TGA CGG
SR_ccpA_Ss_ds_F GCA TAA CTT TCT CGT CCA TGC ATG CTG ACT AAG ATT ATG C
DS_ss_R CCT TGG TCG AAT GCC CAT G
Ss_spxB_Pex_UF CCT GAT AGG TAC CAA TGA C
Ss_spxB_Pex_UR CAT GTA TTC ACG AAC GAA AAT CGA TCT ACA TAA CAC CAA GCC CTG
Sg_spxB_Pex_UF GGA TAT TGC GAT CGA GTC C
Sg_spxB_Pex UR CAT GTA TTC ACG AAC GAA AAT CGA TCC TAT TAC ATA ACA GAT GCT C
Sg_spxB_Pex_PF GCA TAA CTT TCT CGT CCA TGC ATG CGG ATT CCA ATT GCT GCT GG
Sg_spxB_Pex_PR_2 GCA GTA ATT TTT CCT TGA GTC ATA AGA ATA ACT CTC CTT C
Ss_spxB_Pex_PF GCA TAA CTT TCT CGT CCA TGC ATG CAG ATC CAA TTG CTG TCG
Ss_spxB_Pex_PR GCA GTA ATT TTC CCT TGA GTC ATA ATA ACT CTC CTT C
Ss_spxB_Pex_DF_2 GAG TTA TTC TTA TGA CTC AAG GAA AAA TTA CTG C
Ss_spxB_Pex_DR CGC TCA TAA GAA CCT GAT CC
Sg_spxB_Pex_DF GAG TTA TTA TGA CTC AAG GGA AAA TTA CTG C
Sg_spxB_Pex_DR CGT TCG TAT GAA CCT GAA CC
Ss_spxB_luc_PF CCTACGTCGATTGACGCAGATCCAATTGCTGTCG
SG_spxB_luc_PR ATTA AGA TCT GAG CAT TGC TGC AGA TGC AG
Sg_spxB_luc_PF CCT ACG TCG ATT GAT GGG ATT CCA ATT GCT GCT G
SG_spxB_luc_IR ATTA GTC GAC AGG CAR TGA ATG CCA ATC G
Sg_spxB_luc_IF GCA ATT GGA ATC CCA TCA ATC GAC GTA GGT GAC AC
Ss_spxB_luc_IF GCA ATT GGA TCT GCG TCA ATC GAC GTA GGT GAC AC
Sg CcpA F ATTA CAT ATG AAC ACA GAC GAT ACA G
Sg CcpA R ATTTA CTC GAG TTT TCT AGT TGA GTT CCG
Ss CcpA F ATTA CAT ATG ACA GAC GAC ACA GTA ACG
Ss CcpA R ATTTA CTC GAG CCG AGT TGA TTT ACG CTC G
Sg EMSA spxB RP 5Biosg/TGC AGA TGC AGT AAT TTT TCC CTT GA
Sg EMSA spxB FP CAG CTA CAA GTC TTA GAG GTG CAT
Sg spxB RP TGC AGA TGC AGT AAT TTT TCC CTT GA
ss rp spxB emsa 5Biosg/TGC AGA TGC AGT AAT TTT TCC TTG
ss fp spxB emsa CAG GGC TTG GTG TTA TGT AAT AG
ss rp spxB TGC AGA TGC AGT AAT TTT TCC TTG
Ss NiaX FP CAA GTC CAG CAG AAC ACT A
Ss NiaX RP Bio 5Biosg/GGT TTC ATA GTG ACT CCT TTT
Ss NiaX RP GGT TTC ATA GTG ACT CCT TTT
spxB FAM F FAM-GTA ATA GTT CTA TAT CAT CTT TGA GC
spxB VIC R VIC-CAT AAT AAC TCT CCT TCA ATA AAA TAA ATT
Sot_Si_spxB_seq_UF CAA GCC YTG CAY GGR AAA GGT G
Sot_Si_spxB_seq_UR CAA GAG CAC CTG TTT CTT CG
spxB G checker F TTG TAG GAC TGG GAT TGA CC
spxB_RNA_check_UR ACC GTT AAT CAA GTG AGT CG
Scr_spxB_seq_UFa CTT GCT TTA GTC TAR CCA YTG G
aRecognition sequences for restriction enzymes BglII, SalI, NdeI, and XhoI are underlined.
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Threshold cycle (CT) values were determined and data were analyzed with Bio-Rad CFX Manager
software (version 2.0). Relative quantification was performed with the comparative CT method (2�ΔΔCT).
The 16S rRNA gene was used as the housekeeping reference control.

Overexpression and purification of CcpA. Using oligonucleotides Sg CcpA F/R, Ss CcpA F/R PCR
amplification was carried out using DL1 or SK36 chromosomal DNA as the template. The amplified ccpA
fragments were digested with NdeI/XhoI restriction enzymes and ligated into pET-29b(�). The ligated
vector was transformed into E. cloni 10G competent cells (Lucigen, Middleton, WI). For overexpression,
isolated and confirmed plasmids were transformed into E. coli BL21(DE3) pLysS. Overexpression was
achieved with the addition of 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG), incubation for 5 h at
37°C, and agitation at 200 rpm. The overexpressed S. gordonii CcpA His-tagged protein was purified
under nondenaturing conditions using Ni-nitrilotriacetic acid (Ni-NTA)–agarose matrix (Invitrogen) per
the manufacturer’s instructions. The S. sanguinis CcpA His-tagged protein was purified using a denaturation-
renaturation method. Briefly, overexpressed cells were resuspended in lysis buffer (50 mM Tris-HCl, 1 mM
EDTA) and sonicated (30-s pulse and 1-min intervals) 10 times and centrifuged at 12,000 rpm for 10 min at
4°C. The obtained pellet was washed with three volumes of wash buffer (10 mM Tris-HCl, 300 mM NaCl,
1 mM EDTA, 1% Triton X-100, and 1 M urea) and thoroughly washed with water five times. Further, the
pellet was dissolved in renaturation buffer (50 mM Tris-HCl, 5 mM MgCl2, 2.5 mM �-mercaptoethanol,
0.1% Tween 20, and 8 M urea) and incubated at room temperature for 1 h. The supernatant was dialyzed
against decreasing concentrations of urea containing renaturation buffer (6 M to 1 M). The protein
concentration was determined using the Pierce bicinchoninic acid protein assay kit with bovine serum
albumin (BSA) as the standard. Purified protein was aliquoted, lyophilized, and stored at �80°C for
further use.

EMSA. 5=-biotin-labeled oligonucleotides (Sg spxB EMSA R/Ss spxB EMSA R) were synthesized by IDT.
Biotin-labeled and unlabeled spxB probes were PCR amplified using S. gordonii DL1 and S. sanguinis SK36
chromosomal DNA. For engineered promoter probes either deleting cre sites or introducing cre sites into
an unrelated promoter, gBlock gene fragments were synthesized by IDT and used as the template for
PCR with the respective 5=-biotin-labeled oligonucleotides. Purified CcpA was incubated at various
concentrations (20 to 160 pmol) with the biotin-labeled DNA probes (1 fmol) in binding buffer [10 mM
Tris-HCl, pH 7.4, 50% glycerol, 1 mM MgCl2, NP-40, and 1 �g/�l poly(dI · dC)] for 1 h at 37°C. After
incubation, the reaction mixture was loaded onto 6% acrylamide gels in 0.5� Tris-borate-EDTA (TBE)
buffer and separated at 100 V for 1 h. Subsequently, the DNA-protein complex was transferred to a
positively charged Hybond-N� nylon membrane (Amersham) and UV cross-linked in a UV cross-linker for
1 min (Stratagene). The DNA-protein complex was detected using a LightShift chemiluminescent EMSA
kit (Thermo Scientific). For the competition assay, various concentrations (ranging from 1 fmol to 500
fmol) of unlabeled spxBp probe were added to the reaction mixture, and EMSA was carried out as
described above.

Generation of spxB and niaX promoter constructs for EMSA. Promoter fragments of spxB and niaX
containing deleted or introduced cre sites were synthesized as gBlocks gene fragments, and sequences
were verified by Integrated DNA Technologies (Coralville, IA).

Structural modeling of CcpA. The I-TASSER protein structure and function prediction algorithm (40)
was used to model CcpA from S. gordonii and S. sanguinis with the solved crystal structure of PDB entry
1ZVV (CcpA from Bacillus subtilis) as the template. The resulting structural predictions were visualized
using UCSF chimera molecular visualization software.

DFACE. DFACE was performed as previously described (72). Briefly, the spxB promoter region was
amplified from SK36 chromosomal DNA with the fluorescent dye-labeled oligonucleotides spxB FAM F
(5= 6-carboxyfluorescein [FAM]-GTA ATA GTT CTA TAT CAT CTT TGA GC-3=) and spxB VIC R (5= VIC-CAT
AAT AAC TCT CCT TCA ATA AAA TAA ATT-3=). Various concentrations of CcpA (0, 5, 10, and 15 �g) were
incubated with binding buffer [10 mM Tris-HCl, pH 7.4, 50% glycerol, 1 mM MgCl2, NP-40, and 2 �g/�l
poly(dI · dC)] for 15 min at room temperature. In parallel, control reactions were carried out without
protein and with BSA. After incubation, 100 ng of fluorescence-labeled probes was added and incubated
at 37°C for 1 h. To the reaction mixture, 0.002 kU of DNase I (Worthington Biochemicals, Lakewood, NJ)
was added and incubated at room temperature for 5 min. The digestion reactions were terminated
immediately by incubating at 75°C for 10 min. The probes were purified using the MinElute reaction
cleanup kit (Qiagen, Valencia, CA) and eluted with nuclease-free water. The fragments were analyzed
with the 3730 DNA analyzer (Plant-Microbe Genomics Facility, The Ohio State University). Each probe (0.5
�l) was mixed with 9 �l of Hi-Di formamide and 0.1 �l of Gene Scan-LIZ size standard (Applied
Biosystems), injected at 3 kV for 30 s. Obtained electropherograms were analyzed with GeneMapper 4.0
software.

Species identification. Species belonging to the clinical isolates analyzed in this study were
determined by sequencing and BLAST comparisons of the 16S RNA gene (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). The 16S RNA gene was amplified using universal primers 16s_27f (73) and 16s_1392r (74). In
several cases the results were inconclusive due to the close relationship of S. mitis and S. pneumoniae.
To distinguish between these species, a part of the recA gene was sequenced and analyzed for
species-specific nucleotide polymorphisms as described elsewhere (75).

Sequencing of the spxB promoter regions of clinical isolates. The promoter regions have been
sequenced using the primer pairs Sot_Si_spxB_seq_UF/Sot_Si_spxB_seq_UR for S. oralis, S. infantis, and
S. mitis, spxB_G_checker_F/spxB_RNA_check_UR for S. parasanguinis, and Scr_spxB_seq_Ufa/Sot_Si_spx-
B_seq_UR for S. dentisani.

Statistics. A t test or paired t test was performed to compare two samples under a given condition.
The difference was considered statistically significant for a P value of �0.05.
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Accession number(s). GenBank accession numbers for sequences determined by spxB promoter
region sequencing are as follows: MG766287 (Streptococcus oralis subsp. tigurinus J22, spxB), MG766288
(Streptococcus parasanguinis LZ3, spxB promoter), MG766289 (Streptococcus infantis LZ2, spxB),
MG766290 (Streptococcus parasanguinis 1-9B, spxB promoter), MG766291 (Streptococcus dentisanii 2-1B,
spxB promoter), MG766292 (Streptococcus mitis 3-1, spxB promoter), MG766293 (Streptococcus parasan-
guinis 1-3B, spxB promoter), MG766294 (Streptococcus parasanguinis 1-5, spxB promoter), MG766295
(Streptococcus parasanguinis 1-7, spxB promoter), MG766296 (Streptococcus parasanguinis 1-10B, spxB
promoter), MG766297 (Streptococcus mitis 2-7, spxB promoter), and MG766298 (Streptococcus mitis 2-8,
spxB promoter).
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