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ABSTRACT Despite a growing interest in using probiotic microorganisms to pre-
vent disease, the mechanisms by which probiotics exert their action require further
investigation. Porphyromonas gingivalis is an important pathogen implicated in the
development of periodontitis. We isolated several strains of Lactobacillus delbrueckii
from dairy products and examined their ability to inhibit P. gingivalis growth in vitro.
We observed strain-specific inhibition of P. gingivalis growth in vitro. Whole-genome
sequencing of inhibitory and noninhibitory strains of L. delbrueckii revealed signifi-
cant genetic differences supporting the strain specificity of the interaction. Extracts
of the L. delbrueckii STYM1 inhibitory strain contain inhibitory activity that is abol-
ished by treatment with heat, proteinase K, catalase, and sodium sulfite. We purified
the inhibitory protein(s) from L. delbrueckii STYM1 extracts using ammonium sulfate
precipitation, anion-exchange chromatography, and gel filtration chromatogra-
phy. Pyruvate oxidase was highly enriched in the purified samples. Lastly, we
showed that purified, catalytically active, recombinant pyruvate oxidase is sufficient
to inhibit P. gingivalis growth in vitro without the addition of cofactors. Further, us-
ing a saturated transposon library, we isolated transposon mutants of P. gingivalis in
the feoB2 (PG_1294) gene that are resistant to killing by inhibitory L. delbrueckii, con-
sistent with a mechanism of hydrogen peroxide production by pyruvate oxidase.
Our results support the current understanding of the importance of strain selec-
tion, not simply species selection, in microbial interactions. Specific L. delbrueckii
strains or their products may be effective in the treatment and prevention of P.
gingivalis-associated periodontal disease.

IMPORTANCE P. gingivalis is implicated in the onset and progression of periodontal
disease and associated with some systemic diseases. Probiotic bacteria represent an
attractive preventative therapy for periodontal disease. However, the efficacy of pro-
biotic bacteria can be variable between studies. Our data support the known impor-
tance of selecting particular strains of bacteria for probiotic use, not simply a single
species. Specifically, in the context of probiotic intervention of periodontitis, our
data suggest that high-level expression of pyruvate oxidase with hydrogen peroxide
production in L. delbrueckii could be an important characteristic for the design of a
probiotic supplement or a microbial therapeutic.
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Periodontitis, an inflammatory disease of the tissue that supports the teeth, is caused
by a dysbiosis or imbalance between beneficial and pathogenic oral bacteria (1).

This contributes to inflammation and, if left untreated, eventually results in alveolar
bone and tooth loss. One of the major bacteria associated with periodontitis is
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Porphyromonas gingivalis, which is considered to be a keystone pathogen in periodon-
tal disease (1). Current treatment for periodontitis involves intensive and expensive
therapies such as scaling and root planing, as well as antibiotic treatment which are not
preventative treatments. Currently available options for prevention are focused primar-
ily on standard dental hygiene.

The FAO/WHO define probiotics as “live microorganisms which when administered
in adequate amounts confer a health benefit on the host” (2). Some of the most
well-studied probiotics include Lactobacillus, Bifidobacterium, and Lactococcus species
that colonize the gut and have beneficial effects on celiac disease, obesity, irritable
bowel syndrome, Campylobacter jejuni infection, and infant sepsis (3–10). Commonly
found in yogurts and other fermented foods, many Lactobacillus strains are Generally
Recognized As Safe (GRAS) by the U.S. Food and Drug Administration (FDA) for the use
in specific food productions. Use of probiotic Lactobacillus and Lactococcus species is
just beginning to be explored in the oral cavity (11–14). Several recent studies have
examined the efficacy of probiotics in the treatment of dental caries. Many of these
studies employed administration of different Lactobacillus species by different vehicles
(i.e., milk, cheese, yogurt, tablets, etc.) for various time spans. These studies demon-
strated a significant decrease in carriage of Streptococcus mutans (the predominant
bacterium involved in dental caries), reduced caries risk, and reduced periodontal
disease symptoms following treatment with the probiotic, thereby underscoring the
feasibility of probiotic use in the oral cavity (12, 15).

Lactobacillus species have also been used in the treatment of periodontal disease.
The effectiveness of probiotic Lactobacillus treatment has varied in clinical trials, which
may be due to strain variability within the genera and specific species. Nonetheless,
there are several studies demonstrating that Lactobacillus reuteri and Lactobacillus
brevis decrease gingival bleeding, an important marker of disease (14, 16). In another
study, Lactobacillus salivarius supplementation decreased the relative abundance of
periodontal pathogens (17). Lactobacillus gasseri and Lactobacillus rhamnosus GG treat-
ment reduce alveolar bone loss in mouse models of periodontitis (18, 19). These results
are perhaps unsurprising given several studies demonstrating that individuals who
consume more fermented dairy products like yogurt and kefir (which contain Lacto-
bacillus species) have a lowered incidence of periodontal disease and/or decreased
severity of disease (20, 21). One of the main Lactobacillus species found in fermented
dairy products is Lactobacillus delbrueckii. Very few studies examine the role of this
particular Lactobacillus species in periodontal disease.

One potential issue with the use of Lactobacillus species in the oral cavity is that
their effect and colonization may be transient. However, L. salivarius, L. fermentum, and
L. gasseri are found consistently in the oral cavity (22, 23). Furthermore, one recent
study showed that L. delbrueckii from yogurt was detectable in the salivary microbiota
up to 24 h after consumption of the yogurt (24).

In this study, we isolated strains of L. delbrueckii, a common probiotic found in
yogurts, and identified strains that inhibited and did not inhibit the growth of P.
gingivalis. We subsequently determined that the mechanism by which the inhibiting
strain of L. delbrueckii exerted its effect was through the enzymatic activity of pyruvate
oxidase. Understanding the mechanisms by which probiotic bacteria can inhibit growth
of pathogenic strains may be important in the development of preventative strategies
for periodontitis.

RESULTS
Inhibition of P. gingivalis by L. delbrueckii is strain specific. We isolated two

strains of L. delbrueckii from commercial yogurt products and two strains from raw cow
milk. The commercial isolates were STYM1 and GVKM1, while the raw milk isolates were
named SYB7 and SYB13. Their identity was confirmed by 16S rRNA sequencing (data
not shown). We examined each of these strains, as well as the ATCC 11842 type strain,
for its ability to inhibit P. gingivalis growth in an agar overlay assay and a spot assay.
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Both STYM1 and GVKM1 inhibit P. gingivalis growth in both assays, while SYB7 and
SYB13 isolates and the 11842 strain have little impact on P. gingivalis growth (Fig. 1).

We focused on the characterization of the STYM1 strain since it showed the most
inhibition of P. gingivalis. Since lactobacilli are known to secrete antimicrobial mole-
cules, we tested whether the supernatant from STYM1 grown in brain heart infusion
(BHI) broth inhibited P. gingivalis. Cell-free supernatants were harvested from either
overnight or 48 h STYM1 cultures and tested for activity in a broth-based assay
monitoring endpoint P. gingivalis growth. Only the 48-h supernatant inhibited growth
of P. gingivalis (see Fig. S1A in the supplemental material). Since Lactobacillus species
have a fermentative metabolism, we wanted to ensure that the inhibitory activity in
48-h supernatant was not due to lowered pH from increased acid end products. The pH
was stable between 24 and 48 h of incubation in all strains, suggesting that pH was not
involved in the inhibition (see Fig. S1B in the supplemental material). Further, treatment
of the 48-h STYM1 supernatant with heat, proteinase K, or passage through a 10-kDa-
MWCO (molecular weight cutoff) filter significantly reduced the inhibitory effect of the
supernatant on P. gingivalis growth, suggesting that an inhibitory protein was in the
STYM1 supernatant (Fig. S1C).

When examining the growth dynamics of STYM1 in BHI broth culture, we observed
significant autolysis of the STYM1 culture during the period of 24 to 48 h of incubation
indicated by a drop in the optical density at 600 nm (OD600) and an �10-fold reduction
in CFU/ml (Fig. S2A and B). Previous research has demonstrated that Lactobacillus
species can undergo autolysis in the late stationary phase, especially in response to
carbon starvation (25, 26). BHI medium only contains 0.2% (wt/vol) glucose, so we
tested whether glucose limitation induced autolysis under these conditions. Indeed, we
found that the autolysis of STYM1 in BHI was due to carbon limitation (Fig. S2A).
Considering that only the 48-h culture supernatant had inhibitory activity, we reasoned
that the inhibitory molecule could be an intracellular component released into the
supernatant via autolysis.

Cellular extracts of STYM1 contain an inhibitory protein. To confirm that
the inhibitory molecule is located intracellularly, we tested soluble cellular extract for
inhibitory activity in an agar overlay assay. Only the STYM1 cellular extract had
inhibitory activity, while the extracts from the noninhibitory strains had no effect on P.
gingivalis growth (Fig. 2A). To determine the nature of the inhibitory activity in the
STYM1 extract, we treated the extract with either heat, proteinase K, or passage
through a 10-kDa-MWCO filter. Treatment with heat and proteinase K completely
abolished inhibitory activity in STYM1 extract, and the 10-kDa-MWCO filter retained the
majority of the inhibitory activity, suggesting that one or several proteins are respon-
sible for the inhibition of P. gingivalis (Fig. 2B, C, and D).

FIG 1 L. delbrueckii inhibition of P. gingivalis is strain specific. (A) Agar overlay assay with different strains
of L. delbrueckii. L. delbrueckii strains were spotted and allowed to grow for 2 days anaerobically. The
plates were moved to an aerobic environment, where the strains were killed by exposure to chloroform
vapors and then overlaid with a soft agar inoculated with P. gingivalis, incubated, and imaged. (B) Spot
assay with different strains of L. delbrueckii. L. delbrueckii strains were spotted and allowed to grow for
2 days anaerobically. The plates were moved to an aerobic environment, where P. gingivalis was spotted
adjacent to the L. delbrueckii spots, allowed to dry, and incubated for 2 days anaerobically. Plates were
imaged after the final 2 days of growth.
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Fractionation of STYM1 extract. To identify the inhibitory protein in the STYM1
extracts, we fractionated the extracts using ammonium sulfate precipitation, anion-
exchange chromatography, and gel filtration. Fractions with inhibitory activity were
pooled and used as input for the next fractionation step. After gel filtration, inhibitory
activity peaked in fraction 9 (Fig. 3A and B). Proteins in this fraction were visualized by
Coomassie staining after SDS-PAGE, which revealed only four bands, with one dominant
band at �70 kDa (Fig. 3C). The dominant band at 70 kDa in fraction 9 was excised from the
gel and analyzed by mass spectrometry (see Table S1 in the supplemental material). The
top five most abundant proteins in the sample were glutamine-fructose-6-phosphate
aminotransferase, pyruvate oxidase, pyruvate kinase, phosphoenolpyruvate-protein phos-
photransferase, and molecular chaperone DnaK.

Genomic analysis of inhibitor versus noninhibitor strains. We took a genomics
approach to determine the differences between inhibitor versus noninhibitor strains of
L. delbrueckii and to assess whether any proteins identified by mass spectrometry were
unique to inhibitor strains. Whole-genome sequencing of STYM1 and two noninhibitor
strains (SYB7 and ATCC 11842) revealed many differences and genomic rearrange-
ments. The STYM1 genome is �400 kb larger than the 11842 genome and SYB7
genome and not surprisingly has 412 and 405 additional genes, respectively, that are
unique; many of these encode transposases of metabolic function or hypothetical. The
STYM1 genome is almost identical to the published L. delbrueckii strain ND02, having
only 62 single nucleotide polymorphisms or small indels, so we use the ND02 gene
locus nomenclature of LDBND (27).

We used our genome analysis to determine whether any of the proteins identified
by mass spectrometry were unique to the inhibitor strain relative to noninhibitor
strains. This analysis revealed that three oxidase genes identified by mass spectrome-
try—pyruvate oxidase (Pox), lactate oxidase (Lox), and multicopper oxidase (Mco)—are
truncated in noninhibitory strains and likely produce nonfunctional peptides (Fig. 4). At
the pox locus, the genomic arrangement is similar in inhibitor and noninhibitor strains,
but there is a 283-bp deletion within the pox gene in the noninhibitor strains that
results in the introduction of a premature stop codon (Fig. 4A). In the lox region, the 5=

FIG 2 STYM1 cellular extracts have inhibitory protein. Extract was spotted onto plates, allowed to dry
under aerobic conditions, and overlaid with a soft top agar inoculated with P. gingivalis. Plates were
imaged 2 days after anaerobic growth. (A) Agar overlay assay with equal protein amounts of soluble cell
extracts from STYM1, SYB13, SYB7, and 11842. (B to D) Agar overlay assays with STYM1 cellular extract
either treated with proteinase K (Prot K) or heat-killed proteinase K (Heat-killed Prot K) (B), passage
through a 10-kDa-MWCO filter (Flow and Conc.) (C), or heat treatment (95°C for 20 min) (D).
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region of lox, as well as the entire upstream lactate permease gene, is deleted in the
noninhibitor strains (Fig. 4B). In the multicopper oxidase region, the STYM1 and SYB7
strains have an intact mco gene, but the 11842 strain has a 7-bp insertion that results
in the introduction of a premature stop codon (Fig. 4C).

STYM1 extract produces hydrogen peroxide. Since Pox, Lox, and some multicop-
per oxidases generate hydrogen peroxide, we tested whether addition of catalase to
STYM1 cellular extracts could eliminate inhibitory activity. Indeed, catalase treatment of
STYM1 extracts completely abolished inhibitory activity, demonstrating that hydrogen
peroxide production, likely by one or more of the oxidases identified by mass spec-
trometry, is the mechanism of action (Fig. 4D).

We wanted to determine whether the inhibitory strains produce more hydrogen
peroxide than noninhibitory strains due to the genomic differences. In addition, since
it is common for oral streptococci to produce hydrogen peroxide, we tested the
hydrogen peroxide production of S. sanguinis SK36 in our assay (28, 29). STYM1 and
GVKM1 produced more hydrogen peroxide more quickly upon exposure to oxygen
than the noninhibitory strains and S. sanguinis, as indicated by the greater diameter and
intensity of the Prussian blue dye formation at both 2 and 20 h after exposure to
oxygen (Fig. 5).

Screening of P. gingivalis transposon library by exposure to STYM1 extracts.
Next, we determined whether hydrogen peroxide was the major component of STYM1
inhibitory activity and whether we could isolate P. gingivalis-resistant mutants. To do
this, we took advantage of a transposon library constructed in the W83 strain of P.
gingivalis (30). We exposed the P. gingivalis transposon library to STYM1 extract and
then plated for survivors. We selected 36 surviving colonies from two separate exper-
iments and sequenced their transposon-genome junctions to determine the location of

FIG 3 Fractionation of STYM1 cellular extracts. (A) Trace of the absorbance at 280 nm of the eluate of gel
filtration of pooled inhibitory fractions from anion-exchange chromatography. Fractions were collected
following the void starting at 10 ml in 500-�l volumes. (B) Agar overlay of gel filtration fractions 7
through 12 from panel A. Fractions were spotted onto plates, allowed to dry under aerobic conditions,
and overlaid with a soft top agar inoculated with P. gingivalis. Plates were imaged 2 days after anaerobic
growth. (C) Coomassie stain of gel filtration fractions 7 through 13 after separation by SDS-PAGE. The
70-kDa band from fraction 9 was excised for mass spectrometry analysis.

L. delbrueckii Inhibition of P. gingivalis Applied and Environmental Microbiology

September 2019 Volume 85 Issue 18 e01271-19 aem.asm.org 5

https://aem.asm.org


transposon insertion. Remarkably, 34 of 36 clones had transposon insertions in the
feoB2 gene (PG_1294) of W83, while the other two clones had transposon insertions in
the predicted feoC homologue, FeoB-associated cysteine-rich membrane protein
(Fig. 6A). FeoB2 (PG_1294) has been previously characterized as an iron transporter in
P. gingivalis (31, 32). Deletion mutants of feoB2 (PG_1294) have lowered intracellular
iron levels, are unable to grow in vivo in a mouse abscess model, and have increased
resistance to hydrogen peroxide and atmospheric oxygen (31, 33). FeoB1 (PG_1043) has
been established as a manganese transporter that is important for oxidative stress
tolerance (31). Previous reports refer to PG_1043 as feoB2 and PG_1294 as feoB1,
whereas National Center for Biotechnology Information (NCBI) annotation refers to
PG_1043 as feoB1 and PG_1294 as feoB2. We chose to refer to PG_1294 as feoB2 and
PG_1043 as feoB1, consistent with the NCBI annotation. When tested in isolation, the

FIG 4 L. delbrueckii genome heterogeneity of pox, lox, and mco regions. (A) Gene maps of the pox regions in STYM1, SYB7,
and 11842. Indicated are the hypothetical membrane protein (orange), pyruvate oxidase (LDBND_1487) (pox, blue), and
D-Ala-D-Ala carboxypeptidase (dacA, yellow). (B) Gene maps of the lox regions in STYM1, SYB7, and 11842. Indicated are the
oligopeptidase F (pepF, red), lactate oxidase (lox, blue), lactate permease (lctP, green), zinc ribbon protein (dark purple), and
an Mn/Zn permease (light purple). (C) Gene maps of the mco regions in STYM1, SYB7, and 11842. Indicated are the peptide
release factor C (prfC, aqua), hypothetical proteins (orange), multicopper oxidase (mco, green), and ClpE protease (clpE,
red). (D) Agar overlay of STYM1 extract either untreated or treated with 10 �g of catalase. Extract was spotted onto plates,
allowed to dry under aerobic conditions, and overlaid with a soft top agar inoculated with P. gingivalis. Plates were imaged
2 days after anaerobic growth.
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feoB2 transposon mutant displays significantly greater resistance to killing by STYM1
extract and complementation with the native feoB2 gene restores sensitivity (Fig. 6B).
These data confirm that resistance is due to disruption of the feoB2 gene and not the
presence of a secondary site mutation elsewhere in the genome or downstream polar
effects.

One of the main mechanisms by which hydrogen peroxide exerts antimicrobial
effects is through the formation of reactive oxygen species via the Fenton reaction with
intracellular iron (34). Because we only recovered transposon mutants in feoB2 that
were resistant to killing by STYM1 extracts, we reasoned that hydrogen peroxide
production must be the dominant function of the inhibitory protein in the STYM1
extracts.

Supplementation of STYM1 extracts with Pox substrates and cofactors en-
hances H2O2 production. In Lactobacillus species, Pox catalyzes the conversion of
pyruvate, phosphate, and oxygen to acetyl phosphate, carbon dioxide, and hydrogen
peroxide. Pox employs thiamine pyrophosphate (TPP), flavin adenine dinucleotide
(FAD), and Mn�2 to carry out this reaction (35, 36). Since Pox was one of the most
enriched proteins in the inhibitory fractions after gel filtration, we determined whether
we could increase hydrogen peroxide production in the STYM1 extracts by simply
adding substrates for Pox. Prussian blue agar has been developed to detect oxidase

FIG 5 Inhibitory strains produce more hydrogen peroxide more rapidly upon exposure to oxygen. Shown are
images of each L. delbrueckii strain and S. sanguinis SK36 on Prussian blue agar plates after exposure to oxygen at
2 and 20 h after exposure. Dilutions of hydrogen peroxide are also shown. Shown are the mean measurements of
the Prussian blue diameter from three independent experiments. Error bars represent standard errors of the mean.
Statistical significance was determined by a one-way ANOVA corrected for multiple comparisons (*, P � 0.001). The
asterisk indicates comparison and statistical significance between the asterisked bar and each of the SYB7, SYB13,
11842, and SK36 bars at the same time point.

FIG 6 Transposon insertions in P. gingivalis feoB2 operon confer resistance to killing by STYM1 extracts. (A) Unique transposon insertion locations
for transposon mutants isolated after exposure to STYM1 cellular extracts are indicated by blue arrows. Only unique insertion sites are marked
since some of the isolated mutants had the same insertion sites. (B) Confirmation of feoB2 transposon mutant resistance phenotype. The number
of CFU after 3 h of exposure to STYM1 extract is shown for the wild-type W83 parental strain, the transposon mutant in feoB2 (Tn-FeoB2), the
Tn-FeoB2 strain complemented with the wild-type feoB2 gene (Tn-FeoB2 Comp), and the Tn-FeoB2 strain complemented with the empty pT-Cow
vector (Tn-FeoB2 Empty). Data represent the averages of three independent experiments, and error bars represent the standard errors. Statistical
significance was determined by one-way ANOVA (***, P � 0.001).
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activity in bacterial extracts (37). We adapted this system to be used with tryptic soy
agar (TSA) plates so that we could detect hydrogen peroxide production in STYM1
extracts. Halos of Prussian blue form around wells in the agar plate filled with hydrogen
peroxide. The reaction is specific, and the diameter of the halo is dependent on the
concentration of hydrogen peroxide (Fig. 7A).

The STYM1 extract alone produces a moderate amount of hydrogen peroxide on
Prussian blue plates in the range of 500 �M to 1 mM, while the 11842 strain extract
produces no detectable hydrogen peroxide (Fig. 7B). However, upon supplementation
with 50 mM pyruvate and phosphate, the hydrogen peroxide production significantly
increased, as measured by the Prussian blue halo diameter. Hydrogen peroxide pro-
duction was even further enhanced by the addition of the cofactors of the Pox enzyme:
10 mM Mn�2, 15 �M FAD, and 300 �M TPP. Supplementation of the STYM1 lysate with
Lox substrate and cofactors 150 mM DL-lactate, 300 �M TPP, and 15 �M FAD resulted in
a significant increase in hydrogen peroxide production relative to the extract alone.
However, that increase was significantly less than the level observed with supplemen-
tation of Pox substrates and cofactors (Fig. 7C). These data suggest that Pox is likely the
main producer of hydrogen peroxide in STYM1 extracts.

Multicopper oxidases are a large family of proteins consisting of tyrosinases, mo-
nooxygenases, dioxygenases, and laccases, among others (38). Most of these enzymes
do not produce hydrogen peroxide. However, laccases have been characterized in
some fungi, and several have been identified in bacterial species; bacterial laccases are
able to produce hydrogen peroxide in some cases (39–41). Generally, the substrates of
laccases are polyphenols and aromatic amines. To test whether laccase activity exists in
STYM1 extracts, we examined the extract’s ability to oxidize the common laccase
substrate syringalazine (42). STYM1 extract was unable to oxidize the syringalazine
substrate, suggesting that the multicopper oxidase is not a laccase or at least cannot
use syringalazine as a substrate.

Treatment of STYM1 extracts with oxidase inhibitors. To further confirm the
involvement of Pox in hydrogen peroxide production in STYM1 extracts, we took
advantage of several inhibitors being described for Pox, Lox, and multicopper oxidases.
Sodium sulfite is an inhibitor of flavin-dependent oxidases since the sulfite deactivates

FIG 7 Supplementation of STYM1 extract with pyruvate oxidase substrates and cofactors enhances H2O2

production. (A) Prussian blue agar plate with 50 �l of known concentrations of H2O2 in 6-mm-diameter
wells after incubation at room temperature. (B) Prussian blue agar plate with STYM1 cellular extract alone
or supplemented with Pox substrate, Pox substrate plus cofactors, or Lox substrate plus cofactors. Also
included as negative controls are the 11842 strain cellular extract and no-extract controls with the
indicated substrates or cofactors. Images are representative of three independent experiments. (C)
Measurements of the Prussian blue diameter minus the inner well (6-mm diameter) for the STYM1 extract
samples in panel B from three independent experiments. Error bars represent standard errors of the
mean. Statistical significance determined by one-way ANOVA corrected for multiple comparisons (*, P �
0.05; **, P � 0.01; ***, P � 0.001).
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the flavin moiety by forming a covalent adduct to the molecule (43, 44). Both Pox and
Lox are flavin-dependent oxidases, so both should be inhibited by sodium sulfite.
Because Pox coordinates a metal ion, it can be inhibited by treatment with EDTA.
Oxalate acts as a specific inhibitor of Lox, presumably by blocking the active site (45).
Lastly, several multicopper oxidases are known to be inhibited by treatment with
sodium azide, which disrupts the copper coordination in the protein (46).

We tested each of these inhibitors for its ability to abolish the inhibitory activity seen
in STYM1 extracts. Sodium azide treatment had no effect on the inhibitory activity even
when tested over a wide range of concentrations, suggesting that multicopper oxidase
is not the inhibitory protein (Fig. 8A). Sodium oxalate treatment also had no effect on
the STYM1 extract, indicating that lactate oxidase may not be the primary hydrogen
peroxide-producing protein (Fig. 8B). However, treatment with sodium sulfite com-
pletely abrogated the inhibitory activity of STYM1 extract, suggesting that Pox and/or
Lox are responsible for hydrogen peroxide production (Fig. 8C). Furthermore, EDTA
treatment fully blocked the ability of STYM1 extract to inhibit P. gingivalis and supple-
mentation of Mn�2 in excess of the EDTA concentration restored inhibitory activity in
the extract (Fig. 8D). Taken together, these data suggest Pox is the primary hydrogen
peroxide-producing enzyme in STYM1 extracts.

LDBND_1487 Pox is more highly expressed than LDBND_2051 Pox. STYM1
encodes two predicted pox genes (LDBND_1487 and LDBND_2051), but only one
(LDBND_1487) is unique to the STYM1 strain but not noninhibiting strains. Amino acid
sequence alignment revealed that the protein sequences between the two genes are
highly similar, with only four amino acid substitutions and one insertion of six amino
acids (Fig. 9A). Promoter analysis with PePPER revealed the presence of the canonical
�35 and �10 sequence upstream of LDBND_1487 but identified several mismatches
with the canonical sequence upstream of LDBND_2051 (47) (Fig. 9B). Therefore, we
decided to determine whether the two genes differ in their expression. Indeed, we

FIG 8 Treatment of STYM1 extracts with oxidase inhibitors. Extract was spotted onto plates, allowed to
dry under aerobic conditions, and overlaid with a soft top agar inoculated with P. gingivalis. Plates were
imaged 2 days after anaerobic growth. STYM1 extract was treated with the indicated concentration of
either sodium azide (A), sodium oxalate (B), sodium sulfite (C), or EDTA (D) and tested in an agar overlay
assay. In panel D, supplementation with MnCl2 was also included. Black dots indicate where the extract
was added to the surface of the plate.
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found that LDBND_1487 was expressed at a significantly higher level than that of
LDBND_2051 under the conditions tested (Fig. 9C).

Purified Pox is catalytically active and is sufficient to inhibit P. gingivalis
growth in vitro. Taken together, these data strongly suggest that LDBND_1487 Pox is
the major, if not the sole, producer of hydrogen peroxide in STYM1 extracts. We
attempted to generate a LDBND_1487 deletion strain multiple times with multiple
different systems, but we were unable to isolate such a mutant. Although this may be
a result of LDBND_1487 being an essential gene, we were unable to generate deletions
in other genes or introduce plasmids into STYM1, suggesting that genetic manipulation
of this strain failed due to technical reasons. Large variability in the genetic tractability
of Lactobacillus species has been well documented (48). To circumvent this, we gen-
erated a His-tagged version of 1487-Pox and 2051-Pox and purified the enzymes on a
Ni-NTA column (Fig. 10A). The eluted 1487-Pox and 2051-Pox fractions had a yellowish
hue, which is characteristic of flavin-containing enzymes. The enzymes formed a
population of dimers indicated by the band at �140 kDa, which is consistent with the
oligomerization of other Pox enzymes (36, 49). We used an oxidative coupling reaction
to assay for pyruvate oxidase activity of 1487-Pox and 2051-Pox, which results in the
formation of a quinoneimine dye upon hydrogen peroxide production via Pox that is
measurable by an increase in the absorbance at 550 nm. One unit of Pox activity is
defined by the production of 1 �mol of H2O2 per min. Both 1487-Pox and 2051-Pox
were catalytically active and did not have significantly different activity levels (Fig. 10B).

We then tested the ability of purified recombinant 1487-Pox to inhibit P. gingivalis
growth in an agar overlay assay. Aliquots of the Pox enzymes alone or supplemented
with either substrate or substrate and FAD and TPP were spotted onto an agar plate
and then overlaid with a soft agar inoculated with P. gingivalis. Purified 1487-Pox alone
was unable to inhibit P. gingivalis growth in the overlay. However, 1487-Pox supple-
mented with only pyruvate and phosphate produced a clear zone of inhibition in the
agar overlay, indicating that 1487-Pox was purified with native FAD and TPP tightly
bound. Furthermore, 1487-Pox supplemented with substrate and FAD and TPP pro-
duced an even larger zone of inhibition. 2051-Pox inhibited P. gingivalis growth as well,
but only with full supplementation (Fig. 10C). The substrates and cofactors alone had

FIG 9 LDBND_1487 pox is more highly expressed than LDBND_2051 pox. (A) Alignment of the C-terminal region of LDBND_1487 Pox and LDBND_2051 Pox.
The preceding N-terminal region is identical. (B) Alignment of the promoter regions of LDBND_1487 and LDBND_2051 with the PePPER-predicted �35 and �10
sites, the ribosome binding site, and the start codon indicated. (C) The expression of levels of the two pyruvate oxidase genes in STYM1 at the time of cellular
extract harvest were measured by qRT-PCR. The graphs represent the mean expression level of LDBND_2051 relative to LDBND_1487 within each sample. The
expression of LDBND_1487 was set to one in each sample. The data represent three independent experiments, and error bars represent standard errors of the
mean. Statistical significance was determined by a two-tailed t test (**, P � 0.01).
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no effect on P. gingivalis growth, indicating that the inhibition is specific to the catalytic
action of 1487-Pox (Fig. 10C). Together, these data demonstrate that Pox is sufficient to
inhibit P. gingivalis growth in vitro.

DISCUSSION

In this report, we identify and describe the mechanism of antagonism between
strains of L. delbrueckii and the oral pathogen P. gingivalis. The inhibitory capacity of L.
delbrueckii is strain specific, underscoring the importance of strain selection and not
simply species selection in developing microbial therapeutics. We demonstrate that the
STYM1 strain of L. delbrueckii releases intracellular proteins via autolysis that can
produce inhibitory amounts of hydrogen peroxide. We present strong evidence
through studies using oxidase inhibitors, supplementation with enzyme substrates/
cofactors, and purification of recombinant protein that the main, if not the sole,
producer of hydrogen peroxide is the pyruvate oxidase (Pox, LDBND_1487).

Lactobacilli use multiple strategies, including the secretion of antimicrobial proteins
called bacteriocins and the production of toxic metabolites such as hydrogen peroxide,
to inhibit the growth of other bacteria (50). Hydrogen peroxide-mediated killing occurs
through the production of superoxide and hydroxyl radicals via Fenton chemistry with
intracellular iron, which ultimately damages the DNA, leading to cell death. Consistent
with this, we recovered transposon mutants in the iron transporter feoB2 of P. gingivalis
that are more resistant to killing by STYM1 extract, which is consistent with previous
reports of hydrogen peroxide resistance feoB2 mutants (33). We did not recover
transposon mutants in any other iron or heme uptake genes. This may have occurred
for several reasons. The FeoB2 transporter is the only known ferrous iron transporter in
P. gingivalis, and since the Fenton reaction requires ferrous iron, deletion of feoB2
would result in less toxicity than mutations in heme uptake genes. P. gingivalis likely
uses iron from acquired heme. There are many heme acquisition mechanisms that have
been detailed for P. gingivalis. One possibility is that iron may be disassociated from
heme in the periplasm, perhaps by IhtA, and then transported into the cytoplasm via
FeoB2 (51). In this case, deletion of feoB2 would impair iron transport much more than
a single deletion in one of the many heme uptake systems. Lastly, it is possible that

FIG 10 Purified LDBND_1487 Pox is catalytically active and is sufficient to inhibit P. gingivalis in vitro. (A) Coomassie
stain of purified 1487-Pox and 2051-Pox after SDS-PAGE. (B) Pyruvate oxidase activity was measured by the
oxidative coupling reaction, which utilizes the horseradish peroxidase-catalyzed formation of a quinoneimine dye
with an absorbance at 550 nm. The assay measures H2O2 production by the Pox enzyme. Pyruvate oxidase activity
was determined by measuring the change in A550 per min and calculating the activity according to the equation
in Materials and Methods. One unit of Pox activity is defined as the production of 1 �mol of H2O2 per min. The
mean specific activity (U/mg) of 1487-Pox and 2051-Pox in at least three different purifications is shown. Error bars
represent the standard errors of the mean, and significance was determined by a two-tailed t test (ns, not
significant). (C) Agar overlay assay of purified 1487-Pox or 2051-Pox alone or purified 1487-Pox or 2051-Pox
supplemented with substrate and/or substrate and cofactors. Buffer controls are also included. Enzyme mixtures
were spotted onto plates, allowed to dry under aerobic conditions, and overlaid with a soft top agar inoculated
with P. gingivalis. Plates were imaged 2 days after anaerobic growth.
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mutants in heme uptake have a more intermediate resistance phenotype than the
feoB2 mutant. Since the selection for resistant mutants was strong (an �105-fold
reduction in cell viability), the recovery of mutants with intermediate phenotypes
would be much rarer.

P. gingivalis does not encode a catalase but does encode an alkyl hydroperoxidase
for detoxifying hydrogen peroxide and also has a hydrogen peroxide-sensitive OxyR
regulator (52, 53). It is possible that P. gingivalis can withstand low levels of hydrogen
peroxide, but alkyl hydroperoxidases are generally only effective at low concentrations
due to their rate limitation by NADH consumption (34). In fact, S. sanguinis inhibits P.
gingivalis survival in a dual-species biofilm via hydrogen peroxide production from
pyruvate oxidase, and this can only be mitigated by the presence of other bacterial
species capable of detoxifying hydrogen peroxide (54). In our system, STYM1 clearly
produces inhibitory levels of hydrogen peroxide, even more than S. sanguinis SK36,
such that P. gingivalis’s defenses are inadequate.

Hydrogen peroxide can be generated in Lactobacillus species by several different
enzymes including pyruvate oxidase, lactate oxidase, NADH oxidase, and NADH flavin-
dependent reductases (35, 55, 56). Several Lactobacillus strains produce enough hy-
drogen peroxide to inhibit the growth of pathogens such as Listeria monocytogenes,
Staphylococcus aureus, and Pseudomonas species (57–59).

The STYM1 strain encodes two pyruvate oxidase genes: LDBND_1487 and
LDBND_2051. Genome analysis of STYM1 relative to noninhibitory strains revealed that
LDBND_1487 is truncated in noninhibitory strains, but LDBND_2051 is intact. It is not
uncommon for Lactobacillus species to carry multiple pyruvate oxidase genes in their
genomes. For example, Lactobacillus plantarum encodes five pyruvate oxidase genes,
only two of which are responsible for hydrogen peroxide production and Pox activity
despite the other pox genes retaining amino acid residues important for catalysis and
substrate and cofactor binding (60). This observation could be due to the expression
levels of the different pox genes. In the STYM1 strain, LDBND_2051 Pox is catalytically
active at a similar level to LDBND_1487 Pox. Purified LDBND_2051 Pox only inhibited P.
gingivalis growth with full supplementation, suggesting that FAD and TPP may be
bound less tightly than in LDBND_1487, although it is unclear whether this would be
the case in vivo. Furthermore, LDBND_1487 pox is expressed more highly than
LDBND_2051 pox, likely explaining how LDBND_1487 pox could be the main compo-
nent of Pox activity in our samples. The expression data for LDBND_1487 and
LDBND_2051 in the STYM1 strain are also confirmed by promoter analysis of the two
genes. LDBND_1487 has �35 and �10 sites that are identical to the consensus
sequence in E. coli and in Lactobacillus species (61–63). Alternatively, the LDBND_2051
pox promoter has several mismatches in the �35 and �10 sites in bases that have been
shown to be critical for promoter binding by sigma factors (61, 64).

Interestingly, the regulation of LDBND_1487 pox in the STYM1 strain appears to be
different than in several other organisms. In other organisms, pox is highly expressed
in the stationary phase and under glucose limitation but is repressed under anaerobic
conditions (35). This regulatory pattern of pox is consistent with our results in that we
detected Pox by mass spectrometry in extracts from stationary-phase STYM1 L. del-
brueckii grown in BHI, which is considered to be a low-glucose condition (0.2%) for
Lactobacillus species. However, we did grow these cells under anaerobic conditions,
which is a condition where pox is expected to be repressed. It is possible that the
positive regulation of pox by growth phase and glucose limitation overrides the
repression under anaerobic conditions. In fact, it is known that L. plantarum Pox can
utilize alternative electron acceptors besides oxygen, which would possibly make Pox
useful during anaerobic growth to increase energy production (36). This would make
repression under anaerobic conditions dispensable.

It has also been shown that of two pox genes that are highly expressed in L.
plantarum, one is strongly repressed in stationary phase, while the other’s expression is
maintained (60). In addition, the repression of Pox under anaerobic conditions results
in an approximately 50% decrease in expression levels in E. coli, but at a level that is still
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detectable, suggesting that while there is repression of Pox under anaerobic conditions,
there is likely still some level of Pox produced (64). We have confirmed that
LDBND_1487 is expressed and translated under the conditions of our assay based on
our quantitative reverse transcription-PCR (qRT-PCR) and mass spectrometry data,
indicating that this may be a novel regulatory pattern of pox under anaerobic condi-
tions. Another explanation for the presence of two pox genes while only one consti-
tutes the majority of total activity is that the two Pox enzymes may have different
substrate specificities. It has been demonstrated that L. plantarum Pox can use the
alternative substrates methylglyoxal and acetaldehyde, supporting this possibility (36).

The Pox enzyme has been characterized in other organisms. In L. plantarum, Pox is
involved in acetate production during the stationary phase, where it converts pyruvate
to acetylphosphate, which is converted to acetate by acetate kinase with the produc-
tion of ATP (35, 60). This production of ATP is considered to be a major reason for the
increased biomass during aerobic growth of L. plantarum (35). In Streptococcus pneu-
moniae, Pox accounts for the majority of hydrogen peroxide production and, similarly
to L. plantarum, is involved in acetate and ATP production in concert with lactate
oxidase, lactate dehydrogenase, and acetate kinase (65). In some L. delbrueckii strains,
it is known that hydrogen peroxide can be produced by NADH oxidase, but STYM1 does
not encode a predicted NADH oxidase (55). In Lactobacillus johnsonii, an NADH flavin
reductase was found to be the major producer of hydrogen peroxide (56). Interestingly,
STYM1 does encode homologues of the NADH flavin reductase (LDBND_1905 and 1906),
but these genes are also present in the noninhibitory strains. Together, these obser-
vations suggest that different species can have distinct enzymes that are the main
producers of hydrogen peroxide.

The role of hydrogen peroxide-producing enzymes in lactic acid bacteria remains an
interesting question since these bacteria do not encode catalases, and many do not
encode NADH peroxidases or alkyl hydroperoxide reductases, including the STYM1
strain. L. plantarum produces self-inhibitory levels of hydrogen peroxide upon aeration,
which presumably would be a fitness disadvantage (60). However, hydrogen peroxide-
producing lactobacilli have been associated with the maintenance of healthy gut and
vaginal microbial communities and immune function. There is strong evidence that
women with higher levels of hydrogen peroxide-producing lactobacilli have a de-
creased risk for developing bacterial vaginosis (66–70). In the oral cavity or in the
vaginal tract, competition for glucose is likely high, so L. delbrueckii would experience
carbon source limitation. We demonstrated that during carbon starvation L. delbrueckii
undergoes autolysis, releasing pyruvate oxidase and other intracellular components.
This may be a strategy for increasing the relative fitness of nonlysed L. delbrueckii in a
form of microbial altruism. Therefore, retaining hydrogen peroxide-producing enzymes
may help these bacteria maintain their specific niche and outcompete other organisms
or invading pathogens in the community. Moreover, one study found that PPAR-�,
which is involved in anti-inflammatory responses and immune homeostasis, is activated
by hydrogen peroxide produced by Lactobacillus crispatus (71). This aspect of hydrogen
peroxide-producing bacteria is particularly attractive in the context of periodontitis
since much of the pathophysiology is driven by an overactive immune response.

There is increasing interest in inhibiting P. gingivalis growth and colonization of the
human oral cavity since the recent observation that P. gingivalis and its gingipains may
be associated with Alzheimer’s disease and cardiovascular disease (72, 73). The char-
acteristics of the STYM1 strain that we described make it a strong candidate for use as
a probiotic strain in the treatment and/or prevention of periodontitis and P. gingivalis
colonization. L. delbrueckii inhabits anaerobic or microaerobic environments since it is
a facultative anaerobe. In a microaerobic environment such as at the interface between
the gingival crevice and the tooth, L. delbrueckii produces hydrogen peroxide and
would be in close enough proximity to P. gingivalis where hydrogen peroxide could
freely diffuse to impact P. gingivalis growth. Previous studies have demonstrated that
Lactobacillus species are stable colonizers of the oral cavity and that L. delbrueckii
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specifically can persist in the oral cavity well after the consumption of L. delbrueckii-
containing food (22–24).

We also show that P. gingivalis-resistant mutants to STYM1 extracts are deficient in
the feoB2 iron transporter, which has been shown to be an essential gene for in vivo
survival in P. gingivalis strain W50 (31). This makes the development of resistance to
STYM1-mediated or hydrogen peroxide-mediated killing in vivo very unlikely, furthering
the attractiveness of STYM1 for probiotic use.

Many of the mechanisms of probiotic function remain poorly understood, hindering
the rational design of probiotic strains of bacteria. In this report, we present the
molecular mechanism by which a potential probiotic strain of L. delbrueckii, STYM1,
inhibits the periodontal pathogen P. gingivalis. We purified the major hydrogen
peroxide-producing enzyme pyruvate oxidase and showed that it inhibits P. gingivalis
growth. The STYM1 strain could be developed into a useful probiotic strain for the
treatment and/or prevention of periodontal disease and inform the design of other
probiotic strains of bacteria.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. Bacterial strains, plasmids, and primers used in

the study are listed in Tables 1 and 2. Bacterial stocks were stored in 20% glycerol at – 80°C, and working
cultures were inoculated from isolated colonies from agar plates. Purity was determined by Gram
staining and microscopy. P. gingivalis strain W83 was grown on blood agar plates containing tryptic soy
agar supplemented with 5% (vol/vol) defibrinated sheep’s blood (Hemostat, Dixon, CA), yeast extract
(2 mg/ml; BD Biosciences, San Jose, CA), hemin (5 �g/ml; Sigma, St. Louis, MO), and menadione
(0.5 �g/ml; Sigma, St. Louis, MO). Broth cultures of P. gingivalis were grown in BHI broth (BD Biosciences)
supplemented with yeast extract (1 mg/ml), hemin (5 �g/ml), menadione (0.5 �g/ml), sodium bicarbon-
ate (1 �g/ml; Fisher, Pittsburgh, PA), sodium thioglycolate (0.25 �g/ml; Fisher), and cysteine (0.5 �g/ml;
Sigma). For agar overlay assays, tryptic soy agar plates supplemented with yeast extract (2 mg/ml), hemin
(5 �g/ml), menadione (0.5 �g/ml), sodium bicarbonate (1 �g/ml), sodium thioglycolate (0.25 �g/ml), and
cysteine (0.5 �g/ml) were used. Gentamicin (25 �g/ml; Fisher), erythromycin (5 �g/ml; Sigma), and
tetracycline (1 �g/ml; Sigma) were used when appropriate for P. gingivalis growth and mutant selections.
All P. gingivalis strains were grown at 37°C in GasPak EZ anaerobe pouch systems (BD Biosciences) for
48 h for broth cultures and 4 to 6 days for plate-based assays. L. delbrueckii strains were grown in MRS
(BD Biosciences) broth or agar or in BHI broth described above. All L. delbrueckii were grown at 37°C
GasPak EZ anaerobe pouch systems. Escherichia coli DH5�, S17-1�pir, and LOBSTR (Kerafast) strains were

TABLE 1 Bacterial strains and plasmids used in the study

Bacterial strain or plasmid Description or purposea

Strains
P. gingivalis

W83 Clinical isolate, also known as ATCC BAA-308
Tn-FeoB2 W83 background feoB2(PG1294) transposon mutant; Ermr

Tn-FeoB2 Comp Complemented Tn-FeoB2 with pT-COW_FeoB2; Ermr Tetr

Tn-FeoB2 Empty Complemented Tn-FeoB2 with pT-COW; Ermr Tetr

L. delbrueckii
STYM1 Wild-type inhibitor strain isolated from Stonyfield Greek yogurt
GVKM1 Wild-type inhibitor strain isolated from Green Valley Farm kefir
SYB7 Wild-type noninhibitor strain isolated from Smith Family Farm, ME raw milk
SYB13 Wild-type noninhibitor strain isolated from Smith Family Farm, ME raw milk
ATCC 11842 ATCC type strain

S. sanguinis
SK36 Wild type

E. coli
Top10 Cloning and plasmid maintenance
S17-1�pir Conjugation into P. gingivalis
DH5� Cloning and plasmid maintenance
LOBSTR Low background strain for protein expression/purification

Plasmids
pT-COW Complementation vector without insert; Tetr Ampr

pT-COW_FeoB2 pT-COW with wild-type W83 feoB2 and promoter
pFLAG-CTC_1487-Pox E. coli expression plasmid with His6-tagged pyruvate oxidase (LDBND_1487); Ampr

pFLAG-CTC_2051-Pox E. coli expression plasmid with His6-tagged pyruvate oxidase (LDBND_2051); Ampr

aErmr, erythromycin resistance; Tetr, tetracycline resistance; Ampr, ampicillin resistance.
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used for cloning, conjugation, and protein purification, respectively. Ampicillin (100 �g/ml; Fisher) was
used when appropriate in LB agar or broth (Fisher).

L. delbrueckii extracts and supernatants. L. delbrueckii colonies were inoculated into BHI (10 ml)
and grown anaerobically overnight at 37°C. For supernatants, the overnight culture was harvested by
centrifugation for 10 min at 3,200 � g at room temperature. The supernatant was aspirated and passed
through a 0.22-�m-pore size polyvinylidene difluoride filter to obtain cell-free supernatant. The pH was
measured using a Beckman �350 pH meter. For inhibitory activity testing, the supernatant was then
combined 1:1 with fresh BHI medium and inoculated with P. gingivalis, and the final OD600 was recorded
after 48 h of anaerobic growth. For cell extracts, four 10-ml cultures were combined and harvested by
centrifugation for 10 min at 3,200 � g at room temperature. The cell pellet was washed once with 1 ml
of 20 mM Bis-Tris (pH 7.0) and then centrifuged at 9,300 � g for 5 min. The cell pellet was resuspended
in 1 ml of 20 mM Bis-Tris (pH 7.0; Sigma) with 1� cOmplete EDTA-free protease inhibitor cocktail mix
(Roche, Sigma, St. Louis, MO). The cell suspension was sonicated on ice with three rounds of 15 � 1 s
bursts. To remove cell debris, the suspension was centrifuged at 16,000 � g at 4°C for 15 min. The
supernatant was aspirated and filtered through a 0.22-�m-pore size polyvinylidene difluoride filter,
yielding the soluble cell extract, which was used in subsequent agar overlay assays and Prussian blue
assays. The total protein concentration was determined by a BCA assay (Thermo Fisher, Waltham, MA).

For large-scale extraction for use in fractionation experiments, an overnight culture of L. delbrueckii
grown in BHI was diluted 1:50 into 600 ml of BHI, followed by incubation overnight at 37°C. The same
steps were performed as described above, except the buffer volumes were 40 ml.

Agar overlay assay and spot assay. For agar overlays with live L. delbrueckii cultures, 2 to 5 �l of
culture was spotted onto a BHI agar glass plate and allowed to dry under aerobic conditions. The plate
was incubated anaerobically for 48 h, and then the L. delbrueckii cells were returned to an aerobic
environment and killed by exposure to chloroform vapor for 3 h, allowed to degas for 30 min, and
overlaid with 4 ml of soft BHI agar (0.7%) inoculated with the W83 strain of P. gingivalis to an OD600 of
�0.1. The plates were incubated anaerobically for 2 to 3 days at 37°C, the zones of inhibition were
analyzed, and the plates were imaged. For agar overlays with L. delbrueckii extracts, 10 to 30 �l of extract
was spotted onto TSA (BD Biosciences) or BHI plates and allowed to dry in an aerobic environment. These
plates were overlaid, incubated, and imaged as described above.

In the spot assays, 5-�l portions of L. delbrueckii culture were spotted onto BHI plates, allowed to dry
under aerobic conditions, and incubated for 48 h anaerobically at 37°C. Then, 5 �l of P. gingivalis culture
was spotted directly adjacent to the spot of L. delbrueckii growth, allowed to dry in an aerobic
environment, and incubated anaerobically for 48 h at 37°C anaerobically. The plates were analyzed for
zones of inhibition and imaged.

Growth curves. L. delbrueckii was inoculated into 1 ml of BHI (which contains 0.2% glucose) or BHI
supplemented with 2% glucose (Fisher) at an OD600 of 0.02, followed by incubation anaerobically at 37°C.
Growth was monitored using a BioTek HT spectrophotometer. The OD600 was measured hourly over a
48-h period.

Biochemical characterization of STYM1 extract. Prior to testing in an agar overlay assay, STYM1
extracts were treated with either heat, proteinase K, or passage through a 10-kDa-MWCO filter (Millipore,
Burlington, MA). The STYM1 extract was heat inactivated at 95°C for 20 min. For proteinase K treatment,
2 �l of proteinase K (20 mg/ml; Qiagen, Germantown, MD) was added to 18 �l of extract, followed by
incubation for 1 h at 37°C. Buffer was also added to a separate sample of extract and incubated for 1 h
at 37°C. For heat-inactivated proteinase K, proteinase K was heated at 95°C for 20 min prior to the
addition to STYM1 extract. For the 10-kDa-MWCO treatment, the STYM1 extract was flowed through a
10-kDa-MWCO filter according to the manufacturer’s instructions. The concentrate and the flowthrough
were tested in an agar overlay assay.

TABLE 2 Primers used in this study

Primer Description or purpose Sequence (5=–3=)
pSAM_WH2_seq1 Semirandom PCR first round CCCATTGGGAATAATAACCTTTATACCTG
Arb1 Semirandom PCR first round GGCCACGCGTGCACTAGTACN10TACNG
pSAM_WH2_seq2 Semirandom PCR second round GGTCTCTGCAATTGCTCGAG
Arb2 Semirandom PCR second round GGCCACGCGTGCACTAGTAC
pSAM_WH2_seq3 Sequencing of semi-random PCR products CAAGCAGAAGACGGCATACG
FeoB2_F_NheI Amplification of W83 feoB2 and promoter region GACCATGCTAGCTCTTTTGCCGCAGAGCTGATTC
FeoB2_R_SphI Amplification of W83 feoB2 and promoter region GACCATGCATGCTCAGAAGAAAAGTATTCCTATCCGGTAG
LDBND_1487_F_RT qRT-PCR of LDBND_1487 pox CTGGATGACCCAGAATTCGTGAAG
LDBND_1487_R_RT qRT-PCR of LDBND_1487 pox GAAGTTGCTTGAACTTGCAATGCTTC
LDBND_2051_F_RT qRT-PCR of LDBND_2051 pox GTTTCCCAGGTGGTTCTTTTGAC
LDBND_2051_R_RT qRT-PCR of LDBND_2051 pox CCATGCAGACACCAAGCTTG
1487_pox_F_NdeI Cloning of 1487-pox into pFLAG-CTC AGATATCATATGGCAAAAATTAAGGGCGCAAAC
1487_pox_R_XhoI Cloning of 1487-pox into pFLAG-CTC, includes

His6 tag and stop codon
AATTCCCTCGAGTTAGTGATGGTGATGGTGATGACTTCCGTGAG

AAGCACCTGAAGTAGTGTC
2051_pox_F_NdeI Cloning of 2051-pox into pFLAG-CTC AGATATCATATGGCAAAAATTAAGGGCGCAAACGCT
2051_pox_R_XhoI Cloning of 2051-pox into pFLAG-CTC, included

His6 tag and stop codon
AATTCCCTCGAGTTAGTGATGGTGATGGTGATGACTTCCGTGAG

AAGCACCTGAAC
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STYM1 extracts were also treated with catalase and known oxidase inhibitors prior to testing in agar
overlay assays. For catalase treatment, 10 �g of bovine liver catalase (Sigma) was added to STYM1
extracts before the agar overlay assay. To separate aliquots of STYM1 extract, sodium oxalate (Sigma) was
added to final concentrations of 6.6 and 66 mM, sodium sulfite (Sigma) was added to a final concen-
tration of 20 mM, and sodium azide (Fisher) was added to final concentrations of 1 mM, 100 �M, and
10 �M. For EDTA treatment, EDTA (Sigma) was added to a final concentration of 5 mM, followed by
incubation for 1 h at room temperature prior to agar overlay or manganese supplementation. In some
EDTA-treated samples, MnCl2 (Sigma) was added to final concentrations of 10 mM after the 1-h
incubation with EDTA, and samples were incubated for an additional hour at room temperature before
plating for the agar overlay assay.

Fractionation of STYM1 extracts. Proteins from 40-ml cell extracts of STYM1 cultures were
precipitated by stepwise ammonium sulfate precipitation. Briefly, ammonium sulfate (Sigma) was added
to give 30, 40, 50, and 60% saturation during each step. After the addition of each step, the extract was
rotated at 4°C for 1 h and then centrifuged at 10,000 � g for 20 min at 4°C. The supernatant was used
for the next step-up of saturation, while the protein pellet was washed once in 40 ml of the same
saturation of ammonium sulfate buffer and then solubilized in 1 to 2 ml of 20 mM Bis-Tris (pH 7.0) with
cOmplete EDTA-free protease inhibitor cocktail. The solubilized pellet from each step was then tested in
an agar overlay assay for inhibitory activity toward P. gingivalis.

Ammonium sulfate precipitation fractions with inhibitory activity were dialyzed overnight against
500 volumes of 20 mM Bis-Tris (pH 7.0) in 6- to 8-kDa-MWCO dialysis tubing. Anion exchange chroma-
tography of these samples was carried out on Duo-Flow system (Bio-Rad, Hercules, CA) with a Hi-Trap
Capto Q 1-ml column (GE Healthcare, Chicago, IL). The column was equilibrated with 5 ml of 20 mM
Bis-Tris (pH 7.0); the sample was then applied to the column, and bound protein was eluted with a linear
gradient of 0 to 1 M NaCl in 20 mM Bis-Tris (pH 7.0) over 25 ml at 1 ml/min flow rate. Each 1-ml fraction
was tested for inhibitory activity in an agar overlay assay. Fractions with inhibitory activity were pooled
and concentrated to 500 �l on 10-kDa-MWCO spin column (Millipore, Burlington, MA) prior to fraction-
ation by size exclusion chromatography using a Superdex 200 column in 20 mM Bis-Tris (pH 7.0). Each
1-ml fraction was tested for inhibitory activity in an agar overlay assay. The protein content of each
fraction was assessed by SDS-PAGE and Coomassie staining. The protein bands of interest were excised
from the gel and analyzed by tandem liquid chromatography-mass spectrometry (LC-MS/MS). LC-MS/MS
analysis was performed by the Taplin Biological Mass Spectrometry Facility at Harvard Medical School
according to their standard protocol.

Transposon library screen and STYM1 extract exposure assays. An aliquot of the P. gingivalis W83
transposon library was adjusted to an OD600 of 1.4 in 20 mM Bis-Tris (pH 7.0). For exposure experiments
with W83 wild-type strain or individual transposon mutants, the strains were grown for 48 h in BHI,
harvested by centrifugation at 9,300 � g for 5 min, and then resuspended in 20 mM Bis-Tris (pH 7.0) at
an OD600 of 1.4. To 500-�l portions of these suspensions, STYM1 crude extract was added to a final
concentration of 1 mg/ml of total protein. The suspension was incubated for 3 h at 37°C. Serial dilutions
were plated on blood agar plates and incubated at 37°C for 6 days to enumerate the CFU. Surviving
colonies of transposon mutants were reisolated on blood agar plates, and their genomic DNA was
prepared with a DNeasy blood and tissue kit (Qiagen).

Nested semirandom PCR. The transposon-genome junction of isolated transposon mutants was
determined by nested semirandom PCR, which consists of two rounds of PCR. The first round used the
primers pWH2_seq1 and arb1 and consisted of initial denaturation at 96°C for 3 min, followed by 5 cycles
of 96°C for 1 min, annealing at 30°C for 1 min, and extension at 72°C for 1 min, followed by an additional
35 cycles but with the annealing step at 55°C and a 5-min extension at 72°C. The second round used 2 �l
of the first reaction as the template and the primers pWH2_seq2 and arb2. The reaction consisted of an
initial denaturation at 96°C for 3 min, followed by 35 cycles of 96°C for 1 min, annealing at 55°C for 1 min,
and extension at 72°C for 1 min, followed by a final extension at 72°C for 5 min. Samples were purified
using a Promega Wizard kit (Promega, Madison, WI) according to the manufacturer’s instructions.
Samples were sequenced with the pWH2_seq3 primer, and the sequence was aligned to the W83
genome to determine the location of transposon insertion.

Construction of feoB2 transposon mutant complement. The wild-type feoB2 gene (PG_1294) and
its native promoter (200 bp upstream) were PCR amplified, ligated into pT-COW (74), and transformed
into E. coli Top10 (Thermo Fisher). Clones were confirmed by restriction digestion, PCR, and sequencing.
The new plasmid, pT-COW_FeoB2, was transformed into E. coli S17-1�pir (75). The E. coli S17-1�pir
harboring the pT-COW_FeoB2 plasmid was conjugated with the Tn-feoB2 strain by combining 750 �l of
mid-logarithmic-phase cultures (OD600 0.4 to 0.8) of each strain and centrifugation at 9,600 � g for 2 min.
The cell pellet was resuspended in 375 �l of sterile phosphate-buffered saline (PBS), transferred to a blood
agar plate with no antibiotics, and incubated aerobically at 37°C for 5 h. The growth on the plate was scraped
into 300 �l of PBS and then plated on blood agar plates containing gentamicin and tetracycline and
incubated anaerobically at 37°C for 7 days. Complementation was confirmed by PCR and sequencing.

Prussian blue hydrogen peroxide detection. Prussian Blue TSA plates were prepared as described
previously (37). To assay for hydrogen peroxide production from L. delbrueckii strains and Streptococcus
sanguinis SK36, 5-�l portions of broth cultures of each strain were spotted onto Prussian blue plates,
allowed to dry, and incubated anaerobically at 37°C for 2 days. The plates were then exposed to
atmospheric oxygen for 20 h, and images and Prussian blue diameters were analyzed at 2 and 20 h
postexposure. To assay for hydrogen peroxide production, 6-mm wells were cut into the agar, and 50-�l
portions of either different concentrations of hydrogen peroxide or test samples were added, followed
by incubation for 30 min to 2 h at room temperature prior to imaging and measuring the diameter of
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the Prussian Blue halo. STYM1 extracts were supplemented with oxidase substrates and cofactors as
follows. For pyruvate oxidase, the substrates sodium pyruvate (Sigma) and sodium phosphate (Fisher)
were added to a final concentration of 50 mM each, and the cofactors thiamine pyrophosphate (TPP;
Sigma), flavin adenine dinucleotide (FAD; Sigma), and MnCl2 were added to final concentrations of
300 �M, 15 �M, and 10 mM, respectively. For lactate oxidase, DL-sodium lactate (Fisher) was added to a
final concentration of 150 mM to ensure there was 50 mM L-lactate available, and the cofactors TPP and
FAD were added to final concentrations of 300 and 15 �M, respectively.

RNA isolation and qRT-PCR. Total RNA from L. delbrueckii STYM1 was isolated after overnight
growth in BHI medium. Then, 1 ml of the culture was centrifuged at 9,300 � g for 10 min at room
temperature and resuspended in TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was isolated according
to the manufacturer’s instructions. Total RNA was examined for integrity by gel electrophoresis. The RNA
was treated with DNase using a Turbo DNA-free kit (Invitrogen) according to the manufacturer’s
instructions. cDNA was generated using the ImProm-II reverse transcription system (Promega) according
to the manufacturer’s instructions.

qRT-PCR was performed with the iTaq Universal SYBR green supermix (Bio-Rad, Hercules, CA) on the
CFX Connect real-time PCR detection system (Bio-Rad). Primer pairs amplifying a 150-bp product from
the cDNA of LDBND_1487 pox and LDBND_2051 pox were added to a final concentration of 400 nM. The
primer pairs were designed at the regions of the two genes that displayed substantial sequence variation
between each other where one primer had at least six mismatches relative to the same location in the
other pox gene. Thermal cycling consisted of initial denaturation of 95°C for 3 min, followed by 39 cycles
of 95°C for 10 s and 60°C for 30 s. Melting curves for the products were examined to ensure that a single
amplicon was produced. Samples were run in triplicate, and reverse transcriptase controls were included
to confirm the absence of genomic DNA. A standard curve for each primer pair was generated using
STYM1 genomic DNA. Expression was normalized to the 16S rRNA gene.

Purification of pyruvate oxidases. LDBND_1487 and LDBND_2051 pyruvate oxidases were PCR
amplified from STYM1 genomic DNA using the primers listed in Table 2. Primers for the amplification of
LDBND_2051 were designed so that, at a minimum, the 3= end had a mismatch with the sequence of
LDBND_1487 to promote annealing to the LDBND_2051 pox gene. The C-terminal primer encoded a
glycine-serine linker, followed by a His6 tag and a stop codon. The PCR product was ligated into the
pFLAG-CTC vector (Sigma) using the NdeI and XhoI restriction sites and transformed into DH5� E. coli,
resulting in the plasmid pFLAG-CTC-1487-Pox or pFLAG-CTC-2051-Pox. The constructs were confirmed
by PCR and sequencing. pFLAG-CTC-1487-Pox or pFLAG-CTC-2051-Pox were transformed into LOBSTR E.
coli, in which Pox was expressed as a C-terminal His6-Pox. A 6-ml starter culture was incubated at 37°C
overnight in LB supplemented with 100 �g/ml of ampicillin. The starter culture was diluted 1:100 into
40 ml of LB supplemented with 100 �g/ml of ampicillin and grown at 37°C until an OD600 of 0.4 to 0.8
was reached. The temperature was then shifted to 25°C, and the cells were incubated with 1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG; Sigma) for 20 h. The cells were harvested by centrifugation at
3,200 � g for 20 min, resuspended in 1 ml of PBS or 20 mM Bis-Tris/150 mM NaCl (pH 7) with EDTA-free
cOmplete protease inhibitor cocktail, and lysed by sonication on ice, as described above. The soluble cell
lysate was harvested by centrifugation at 16,000 � g for 15 min at 4°C and filtered through a 0.22-�m-
pore size polyvinylidene difluoride filter to obtain cell-free soluble cell lysate. The soluble cell lysate was
applied to a 1-ml bed volume of HisPure Ni-NTA resin (Thermo Fisher), and the eluate was applied a
second time to the column to maximize protein binding. The column was washed twice with buffer
containing 25 mM imidazole (Fisher), and then bound protein was eluted from the column in buffer
containing 250 mM imidazole. Protein purity was assessed by SDS-PAGE and Coomassie staining (76).

Pyruvate oxidase activity assay. Pyruvate oxidase activity of recombinant Pox was assessed by an
oxidative coupling reaction. The reaction consisted of 50 mM sodium pyruvate (Sigma), 50 mM sodium
phosphate (Fisher), 15 �M FAD, 300 �M TPP, 0.03% N-ethyl-N-(2-hydroxy-3-sulfopropyl)-m-toluidine
(EHSTP; Sigma), 0.015% 4-aminoantipyrine (Sigma), and horseradish peroxidase (33 �g/ml; Sigma).
Typically, 100 �l of a dilution of purified Pox enzyme was then added in a total reaction volume of 1 ml.
Immediately upon addition of purified Pox, the formation of a quinoneimine dye was measured by an
increase in the absorbance at 550 nm, which was recorded every 30 s at room temperature. Pox activity
generates hydrogen peroxide, which is then used by peroxidase to oxidize EHSTP and 4-aminoantipyrine,
forming the quinoneimine dye. Pox activity is assessed by determining the change in absorbance at
550 nm per min. One unit of Pox activity is defined as the production of 1 �mol of hydrogen peroxide
per min. Activity was determined according to the following equation: specific activity � [(ΔA550/
min)(dilution factor)(total reaction volume)]/[(36.88)(0.5)(path length)(sample volume)(C)], where the
total reaction volume is 1 ml, the millimolar extinction coefficient of quinoneimine dye is 36.88, the factor
of 0.5 was determined based on the fact that 1 mol of hydrogen peroxide produces 0.5 mol of
quinoneimine dye, the light path length is 1 cm, the sample volume is 0.1 ml, and C is the concentration
of undiluted enzyme in mg/ml.

Statistical analysis. Data were analyzed using either a one-way analysis of variance (ANOVA)
corrected for multiple comparisons or a two-tailed t test where appropriate. The data were drawn from
three independent experiments, and error bars represent the standard error. P values of �0.05 were
considered significant.
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