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Periodontal disease is associated with changes in the composition of the oral microflora, where health-associated oral strepto-
cocci decrease while Gram-negative anaerobes predominate in disease. A key feature of periodontal disease-associated anaerobes
is their ability to produce hydrogen sulfide (H2S) abundantly as a by-product of anaerobic metabolism. So far, H2S has been re-
ported to be either cytoprotective or cytotoxic by modulating bacterial antioxidant defense systems. Although oral anaerobes
produce large amounts of H2S, the potential effects of H2S on oral streptococci are currently unknown. The aim of this study was
to determine the effects of H2S on the survival and biofilm formation of oral streptococci. The growth and biofilm formation of
Streptococcus mitis and Streptococcus oralis were inhibited by H2S. However, H2S did not significantly affect the growth of Strep-
tococcus gordonii or Streptococcus sanguinis. The differential susceptibility of oral streptococci to H2S was attributed to differ-
ences in the intracellular concentrations of reduced glutathione (GSH). In the absence of GSH, H2S elicited its toxicity through
an iron-dependent mechanism. Collectively, our results showed that H2S exerts antimicrobial effects on certain oral strepto-
cocci, potentially contributing to the decrease in health-associated plaque microflora.

Periodontal disease affects up to 40% of the adult population
(1) and is associated with changes in the composition of the

oral microflora. Gram-positive facultative anaerobes predomi-
nate during periodontal health, while Gram-negative anaerobic
bacteria species dominate in disease. These health-associated bac-
teria, namely, Streptococcus mitis, Streptococcus oralis, Streptococ-
cus gordonii, and Streptococcus sanguinis, are early colonizers of
plaque biofilm and play central roles in initiating dental biofilm
formation by providing binding sites for subsequent colonizers of
plaque biofilm (2, 3). Increasing amounts of Gram-negative an-
aerobes, such as Fusobacterium nucleatum, Porphyromonas gingi-
valis, Treponema denticola, and Tannerella forsythia, occur during
periodontal disease. A key characteristic of these bacterial species
is their ability to produce volatile sulfur compounds (VSCs) (4).
VSCs are produced from the metabolism of human serum pro-
teins and sulfur-containing amino acids in the local environment.
H2S is the predominant VSC, found in up to 90% of diseased
periodontal pockets, with concentrations of up to 2 mM (5–7).

Traditionally, H2S is regarded as a microbial by-product of
sulfur metabolism in oral anaerobes, with few studies available
regarding its potential effects on non-H2S-producing facultative
anaerobes in the oral environment (8). Reports have shown that
H2S plays opposite roles in terms of the oxidative stress response.
So far, H2S has been shown to protect Bacillus anthracis, Pseu-
domonas aeruginosa, Staphylococcus aureus, and Escherichia coli
from the bactericidal effects of antibiotics by mitigating oxidative
stress. This is achieved through upregulating the activity of key
antioxidant defense enzymes, namely, superoxide dismutase and
catalase, to detoxify reactive oxygen species (ROS) (9). Con-
versely, a recent report demonstrated that H2S killed microorgan-
isms through inducing oxidative stress by inhibiting antioxidant
enzymes (10). In the complex environment of the multispecies
oral biofilm, interbacterial interactions can be either competitive
or mutualistic in nature. Although periodontal disease-associated
anaerobes produce H2S abundantly, it is currently unknown whether
H2S elicits protective or detrimental effects on health-associated oral
streptococci during the shift toward a pathogenic microbial commu-

nity. Thus, the aim of this study was to investigate the potential effect
of H2S on the survival and biofilm formation of oral streptococci.

MATERIALS AND METHODS
Chemicals. L-Cysteine, sodium hydrosulfide hydrate (NaHS), methemo-
globin (MetHb), N-acetyl-L-cysteine (NAC), Triton X-100, diethyl male-
ate (DEM), hemin, vitamin K, crystal violet, methanol, acetic acid, zinc
acetate, N,N-dimethyl-p-phenylenediamine sulfate salt, iron(III) chlo-
ride, deferoxamine (DFO), and reduced L-glutathione (GSH) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Bradford reagent was
obtained from Bio-Rad (Hercules, CA, USA).

Strains and culture conditions. Fusobacterium nucleatum ATCC
25586, Streptococcus mitis ATCC 49456, Streptococcus oralis ATCC 35037,
Streptococcus gordonii ATCC 35105, and Streptococcus sanguinis ATCC
10556 strains were purchased from the American Type Culture Collec-
tion, Manassas, VA, USA. F. nucleatum was cultured in brain heart infu-
sion (BHI) broth (Acumedia, Lansing, MI, USA) supplemented with yeast
extract (Acumedia), 5 �g/ml of hemin (Sigma), and 1 �g/ml of vitamin K
(Sigma) and incubated at 37°C anaerobically in a DG250 anaerobic work-
station (Don Whitley Scientific, West Yorkshire, United Kingdom) sup-
plemented with 80% N2, 10% H2, and 10% CO2. S. mitis, S. oralis, S.
gordonii, and S. sanguinis strains were cultured in BHI broth and incu-
bated at 37°C in an incubator supplied with 5% CO2.

Quantification of H2S. The amount of H2S was determined using the
Clines methylene blue assay (11), with minor modifications. F. nucleatum,
S. mitis, S. oralis, S. gordonii, and S. sanguinis (1 � 107 CFU) were inocu-
lated into BHI broth supplemented with L-cysteine (5 mM) and incubated
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at 37°C in an incubator supplied with 5% CO2 for 24 h. Thereafter, 10 �l
of overnight bacterial cultures was transferred to a 96-well plate with 72 �l
of 1% zinc acetate (in 3% NaOH), after which 18 �l of a solution of 17.1
mM N,N-dimethyl-p-phenylenediamine sulfate salt and 37.0 mM FeCl3
in 6 M HCl was added. The reaction mixtures were incubated at room
temperature for 10 min prior to absorbance being read at an optical den-
sity at 670 nm (OD670) using a microplate reader. The limit of detection
was determined to be 1 �M H2S. The amount of quantified H2S produc-
tion was then normalized to the respective bacterial culture density.

Bacterial viability determination. The MICs of NaHS for oral strep-
tococci were determined using a broth microdilution assay. A 96-well
microtiter plate (Nunc, Rochester, NY) containing 100 �l of serially di-
luted NaHS dissolved in BHI broth was inoculated with 1 � 106 CFU/ml
bacteria. Bacterial growth after incubation for 24 h at 37°C with 5% CO2

was determined by taking OD600 measurements using a microplate reader
(Biotek, Winooski, VT, USA). Viability of F. nucleatum under aerobic
incubation was determined as follows: BHI broth was inoculated with 1 �
108 CFU/ml F. nucleatum in a final volume of 2 ml with and without NaHS
(2 mM) or L-cysteine (5 mM) and incubated for 2, 4, 8, 16, and 32 h at
37°C aerobically in 14-ml polystyrene snap-cap tubes (Becton Dickinson,
Franklin Lakes, NJ, USA) without shaking. Viability of bacteria was deter-
mined by serial dilution and plating on tryptic soy agar (TSA) with 5%
sheep blood (Oxoid, Hampshire, United Kingdom). Agar plates were then
incubated anaerobically, as described above, and the number of bacterial
colonies was enumerated after 48 to 72 h of incubation.

Transwell assay. F. nucleatum (1 � 107 CFU) was cultured in BHI
broth supplemented with L-cysteine in the bottom chamber of a Transwell
plate with 0.4-�m pore polycarbonate membrane inserts (Corning, NY,
USA). An inoculum size of 1 � 107 CFU each of S. mitis, S. oralis, S.
gordonii, and S. sanguinis was cultured in the upper chambers of the
Transwell plate systems in BHI broth with or without methemoglobin (50
mg/ml) (H2S scavenger) for 16 h. The setup was incubated at 37°C aero-
bically with 5% CO2. Viability of the oral streptococci was determined by
serial dilution, plating on BHI agar, and incubation at 37°C with 5% CO2.

Biofilm formation. Whole saliva was obtained from a volunteer in one
sitting by expectoration into a polypropylene tube. Saliva was filter steril-
ized by passing it through a 0.2-�m syringe filter (Sartorius, Goettingen,
Germany) and stored in single-use aliquots at �70°C. A 96-well flat-
bottom microtiter plate (Nunc) was coated with whole saliva for 24 h.
Overnight cultures of oral streptococci (1 � 106 CFU/ml) were inoculated
into the saliva-coated plate in BHI broth in the presence or absence of
NaHS. After 24 h, planktonic cells were carefully transferred to another
microtiter plate for subsequent serial dilution and plating on BHI agar
plates to quantify planktonic titer. Biofilm formation was determined by
crystal violet assay. The biofilm was washed once with sterile 1� phos-
phate-buffered saline (PBS) to remove residual planktonic cells. The bio-
film was fixed with methanol (Sigma) for 10 min, stained with 1% crystal
violet (Sigma) for 30 min, and washed 5 times with distilled H2O to re-
move unbound crystal violet. Bound crystal violet was dissolved using
33% acetic acid (Sigma). The extracted crystal violet in 33% acetic acid
was further diluted 1:2 with distilled H2O, and its absorbance was read at
an OD580 by a microplate reader. Viability of bacteria in biofilm was
determined by serial dilution, plating on BHI agar, and incubation at 37°C
with 5% CO2. To elute biofilm cells from wells, 100 �l of BHI broth was
added to the well, and vigorous pipetting of the suspension was sufficient
to remove the biofilm from the surface of the wells. The bacterial suspen-
sion was collected and vortexed to disperse the biofilm to a homogenous
suspension prior to serial dilution and plating.

Determination of intracellular sulfide. An inoculum size of 1 � 108

CFU of either S. mitis, S. oralis, S. gordonii, or S. sanguinis was inoculated
into 1 ml of BHI broth in 1.5-ml microcentrifuge tubes. The cultures were
left untreated or were treated with 2 mM NaHS for 2 h. Cells were pelleted,
and the resulting cell pellets were washed twice with 1� PBS. The cell
pellet was resuspended in 1% Triton X-100 (12) with 0.1-mm glass beads
(Scientific Industries, Inc., NY, USA) and lysed through the simultaneous

actions of agitation and vortexing for 15 min using a Disruptor Genie 2
(Scientific Industries, Inc.) (13). Efficiency of lysis was determined by
plating on BHI agar plates. Cell debris was removed by centrifugation
(16,000 � g) for 10 min. The intracellular sulfide concentrations were
determined using the Clines methylene blue colorimetric assay, described
above.

Determination of GSH and GSSG. Overnight bacterial cultures (1 �
108 CFU) were harvested by centrifugation (16,000 � g) at room temper-
ature for 10 min. The resulting cell pellets were washed twice with 1� PBS
prior to lysis with 1% Triton X-100 (Sigma), as described above. Cell
debris was removed by centrifugation (16,000 � g) for 10 min. The con-
centrations of protein in the lysates were determined using the Bradford
reagent (Bio-Rad). The intracellular GSH and oxidized glutathione
(GSSG) concentrations were determined from equal amounts of bacterial
lysates using the GSH/GSSG-Glo assay kit (Promega). Intracellular GSH
in S. gordonii and S. sanguinis (1 � 106 CFU/ml) was depleted with DEM
(5 mM) treatment for 16 h and incubated at 37°C with 5% CO2. NAC (5
mM) was added to replenish intracellular glutathione in DEM-treated S.
gordonii and S. sanguinis.

Statistical analysis. Results are presented as means � standard devi-
ations from 3 independent experiments with triplicates. Statistical signif-
icance was determined by one-way analysis of variance, with Tukey post
hoc analysis using GraphPad Prism software 6.0 (San Diego, CA, USA).
Differences were considered significant if the P value was �0.05.

RESULTS
Differential susceptibility of oral streptococci to H2S. F. nuclea-
tum produces H2S through metabolism of human serum proteins
and amino acids, such as L-cysteine (14). Indeed, in the presence of
L-cysteine, F. nucleatum produced up to 3 mM H2S (see Fig. S1 in
the supplemental material). Under aerobic conditions, in the ab-
sence of H2S production, the viability of F. nucleatum was main-
tained for up to 2 h but was decreased by 40% after 4 h and could
not be maintained for �16 h (see Fig. S2 in the supplemental
material). However, the reducing condition provided by either
NaHS or L-cysteine was sufficient to sustain the viability of F.
nucleatum for �32 h. The potential bactericidal effect of H2S from
F. nucleatum on non-H2S-producing bacteria was tested. To de-
termine if oral streptococci are susceptible to H2S, four species
that did not produce H2S, namely, S. mitis, S. oralis, S. gordonii,
and S. sanguinis (data not shown), were treated with a 2-fold serial
dilution of NaHS, an H2S donor. The concentration of H2S re-
quired to inhibit the growth of S. mitis and S. oralis was 0.25 mM.
However, the growth of S. gordonii and S. sanguinis was not af-
fected at concentrations of up to 2 mM H2S, which is the highest
concentration so far reported in the plaque of patients with peri-
odontal disease (6). To determine if S. mitis and S. oralis strains are
susceptible to H2S derived from F. nucleatum when in coculture, a
Transwell setup was employed, where F. nucleatum and the re-
spective oral streptococci were placed in the lower and upper
chambers, respectively (Fig. 1A). The presence of F. nucleatum led
to approximately 103- and 104-fold decreases in S. mitis and S.
oralis viable counts, respectively, while the presence of an H2S
scavenger rescued the viability of S. mitis and S. oralis in the pres-
ence of F. nucleatum (Fig. 1B and C). In contrast, the viability of S.
gordonii and S. sanguinis did not change significantly in the pres-
ence of F. nucleatum (Fig. 1D and E).

H2S inhibits formation of streptococcal biofilm. The MIC of
H2S for planktonic S. mitis and S. oralis was determined to be 0.25
mM. At the MIC in the biofilm setup, significant amounts of S.
mitis and S. oralis remained viable, albeit significantly reduced
compared to the bacteria unexposed to H2S (Fig. 2A and B). These
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surviving bacteria adhered to a saliva-coated surface to form bio-
film, as determined by crystal violet assay (Fig. 2C and D). Since
the crystal violet assay cannot differentiate between the extracel-
lular polymeric substances (EPS) and bacterial cells (15), the via-
bility of bacteria in biofilm was additionally investigated by plat-
ing. Viable counts of S. mitis and S. oralis in biofilms were
significantly affected in the presence of H2S (Fig. 2E and F).

Susceptibility of oral streptococci to H2S is dependent on in-
tracellular glutathione. Intracellular sulfide levels were not de-
tectable in S. mitis, S. oralis, S. gordonii, or S. sanguinis (data not

shown). Following treatment with NaHS, intracellular sulfide
concentrations increased by up to 100 �M and 70 �M in S. mitis
and S. oralis, respectively (Fig. 3A). In contrast, sulfide did not
accumulate to significant amounts in S. gordonii or S. sanguinis
(Fig. 3A). Reduced glutathione (GSH) was found to be present in
S. mitis, S. oralis, S. gordonii, and S. sanguinis at concentrations
ranging from 0.6 �M to 5 �M (Fig. 3B). Notably, S. gordonii and S.
sanguinis possessed significantly higher concentrations of GSH
than S. mitis and S. oralis (Fig. 3B). This contrasting inverse rela-
tionship between intracellular sulfide and GSH concentrations in

FIG 1 H2S inhibited the growth of S. mitis and S. oralis but not S. gordonii and S. sanguinis. (A) The Transwell setup used to investigate the bactericidal properties
of H2S-producing F. nucleatum on S. mitis, S oralis, S. gordonii, and S. sanguinis is shown. (B and C) S. mitis (1 � 107 CFU) cultured in BHI broth (control) (B)
or S. oralis (1 � 107 CFU) cultured in BHI broth (control) (C) was placed in the upper chamber of the Transwell apparatus in the presence or absence of
methemoglobin (H2S scavenger), while H2S-producing F. nucleatum (1 � 107 CFU) was applied to the lower chamber. This setup was incubated aerobically at
37°C in 5% CO2 for 16 h. The viability of S. mitis and S. oralis was determined by serial dilution and plating on BHI agar plates. **, P � 0.01. (D and E) S. gordonii
(1 � 107 CFU) cultured in BHI broth (control) (D) or S. sanguinis (1 � 107 CFU) cultured in BHI broth (control) (E) was placed in the upper chamber of the
Transwell apparatus, while H2S-producing F. nucleatum (1 � 107 CFU) was added to the lower chamber. This setup was incubated at 37°C in a 5% CO2 incubator
for 16 h. The viability of S. gordonii and S. sanguinis was determined by serial dilution and plating on BHI agar plates. The experiments were carried out 3 times,
each time in triplicate. Data shown are the mean results obtained from 3 independent experiments.

Ooi and Tan

2080 aem.asm.org April 2016 Volume 82 Number 7Applied and Environmental Microbiology

http://aem.asm.org


oral streptococci led us to hypothesize that GSH may be able to
directly detoxify H2S. NaHS was added to GSH under aerobic
conditions in vitro, and the amount of sulfide was quantified. GSH
at 5 �M significantly reduced sulfide levels from NaHS (Fig. 3C).
To determine if GSH indeed protected oral streptococci against
the bactericidal effects of H2S, intracellular GSH in S. gordonii and
S. sanguinis was depleted with diethyl maleate (DEM), a glutathi-
one-depleting agent, at a concentration that did not affect bacte-
rial viability (16). Depletion of intracellular GSH in S. gordonii and
S. sanguinis led to accumulation of intracellular sulfide (Fig. 3D
and E) and inhibition of bacterial growth (Fig. 3F and G). Con-
versely, when intracellular GSH was restored with N-acetyl-L-cys-
teine (NAC), a glutathione precursor, intracellular sulfide failed to
accumulate to significant amounts, allowing S. gordonii and S.
sanguinis to grow despite H2S treatment (Fig. 3D to G). Exposure
of S. mitis and S. oralis to H2S led to a decrease in the GSH/GSSG
ratio, an indicator of oxidative stress, which was mitigated in the
presence of NAC (Fig. 3H). Correspondingly, the presence of NAC
led to the resistance of S. mitis and S. oralis to H2S (Fig. 3I and J).

Iron sequestration rescues oral streptococci from H2S. H2S

has been shown to reduce intracellular bound ferric iron to
form unbound ferrous iron, causing an increase in cytosolic
iron (17). Free cytosolic iron can either act as a substrate for the
Fenton reaction to generate highly microbicidal free radicals or
directly inhibit bacterial enzymes in oral streptococci (18). To
determine if H2S exerts its bactericidal effects through an iron-
mediated pathway, S. mitis and S. oralis strains were exposed to
NaHS in the presence and absence of deferoxamine (DFO), a
ferric chelator, at a concentration (0.5 mM) that did not affect
bacterial viability on its own. In the presence of DFO, the bac-
tericidal effect of H2S on S. mitis and S. oralis was obliterated
(Fig. 4A and B).

DISCUSSION

Oral streptococci are the initial colonizers of plaque biofilm. In
the process of biofilm maturation, F. nucleatum functions as an
important bridging organism for coaggregation with oral
streptococci and the late colonizers of plaque biofilm, which
are disease-associated anaerobes, such as Porphyromonas gingi-
valis, Tannerella forsythia, and Treponema denticola (19). It has

FIG 2 H2S influenced biofilm formation of S. mitis and S. oralis. (A and B) Viability of planktonic titers of S. mitis (A) and S. oralis (B) in the presence and absence
of NaHS from a starting inoculum of 1 � 106 CFU/ml after 24 h. (C to F) S. mitis and S. oralis biofilms were formed on a saliva-coated polystyrene well plate in
the presence and absence of NaHS from a starting inoculum of 1 � 106 CFU/ml for 24 h. The thickness of S. mitis (C) and S. oralis (D) biofilms was determined
by crystal violet assay. The viability of S. mitis (E) and S. oralis (F) bacteria in biofilm was determined by serial dilution and plating on a BHI agar plate. The
experiments were carried out 3 times, each time in triplicate. Data shown are the mean results obtained from 3 independent experiments. ***, P � 0.001.
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FIG 3 Effects of H2S on intracellular sulfide levels and GSH redox in oral streptococci. (A) Intracellular sulfide concentrations in S. mitis, S. oralis, S. gordonii,
and S. sanguinis following treatment with NaHS (2 mM) for 2 h. (B) Cellular GSH levels of S. mitis, S. oralis, S. gordonii, and S. sanguinis were determined by
luminescent assay. *, P � 0.05; **, P � 0.01 compared to S. mitis group. (C) NaHS (2 mM) was added to GSH at the indicated concentrations, and the remaining
sulfide levels were quantified by Clines methylene blue assay. (D) S. gordonii or S. sanguinis in BHI broth (control) or treated with either DEM or DEM plus NAC
for 16 h prior to determination of intracellular GSH concentrations. (E) S. gordonii and S. sanguinis strains were left untreated (control), were treated with NaHS
(2 mM) for 2 h after overnight treatment with DEM (5 mM), or were cotreated with DEM plus NAC prior to determination of intracellular sulfide levels. (F and
G) Culture density of S. gordonii (F) and S. sanguinis (G) in BHI broth without treatment (control), when treated with NaHS (2 mM) for 16 h with or without
GSH depletion with DEM, or when cotreated with DEM plus NAC. (H) GSH-to-GSSG ratio in S. mitis and S. oralis in BHI broth when left untreated (control)
or when treated with NaHS (2 mM) for 2 h in the presence or absence of NAC. (I and J) Culture density of S. mitis (I) and S. oralis (J) without treatment (control)
or when treated with NaHS (2 mM) in the presence of absence of NAC for 16 h in BHI broth. The experiments were carried out 3 times, each time in triplicate.
Data shown are the mean results obtained from 3 independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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been shown that oral streptococci coaggregate only with F. nuclea-
tum and not with oral anaerobes, such as Porphyromonas gingivalis
and Prevotella nigrescens (20, 21). Intermicrobial interaction be-
tween F. nucleatum and oral streptococci occurs during the initial
stages of plaque biofilm formation. Thus, F. nucleatum was used as
the H2S-producing organism in this study to determine the effects
of H2S on oral streptococci.

Oral streptococci produce hydrogen peroxide (H2O2) that can
oxidize cellular proteins, nucleic acids, and lipids, causing cellular
stress or cell death. The production of H2O2 by oral streptococci
has been hypothesized to equip the bacteria with the competitive
advantage to colonize oral surfaces (22). However, given the bac-
tericidal property of H2O2, for oral bacteria to successfully coag-
gregate with oral streptococci in plaque biofilm, bacterial species
with mechanisms to overcome the cytotoxic effects of H2O2

should possess a survival advantage in the oral environment (22,
23). In addition, during periods of mechanical disruption of den-
tal plaque, anaerobes associated with periodontal disease may be
exposed to oxygen. Although periodontal disease-associated an-
aerobes lack or express low levels of superoxide dismutase and
catalase to detoxify ROS compared to aerobes or facultative an-
aerobes (24–26), production of H2S can serve as a means to reduce
the overall oxygen tension in the local environment to enhance
survival during periods of oxidative stress. Indeed, in this study,
we showed that the reducing property of H2S sustained the viabil-
ity of F. nucleatum under aerobic conditions for a prolonged du-
ration.

While H2S is beneficial to the survival of oral anaerobes, it can
exert toxic effects on other microorganisms. It has been reported
that H2S elicited microbicidal effects by inhibiting the activities of
superoxide dismutase and catalase (10, 27). In addition, high lev-
els of sulfide impose survival stress on Desulfovibrio vulgaris by
sequestering essential trace metals (28). In this report, we showed
that exogenously added H2S, as well as H2S derived from F. nu-
cleatum, inhibited the growth and biofilm formation of S. mitis
and S. oralis but not of S. gordonii and S. sanguinis.

The differential susceptibility of oral streptococci species to
H2S toxicity was attributed to the differing intracellular GSH lev-
els. GSH is the most abundant intracellular thiol present in eu-
karyotes. Its presence in prokaryotes has so far been described in
cyanobacteria, proteobacteria, and some Gram-positive bacteria,
such as Streptococcus pneumoniae (29) and Lactobacillus lactis
(30). GSH protects bacteria against various physiological insults,

such as ROS, osmotic stress, and toxic metal ions (31, 32). Under
these conditions, GSH plays a central role in the maintenance of
normal cellular processes through its action as a protein reduc-
tant, either directly or via enzyme-mediated action. For instance,
GSH protects Escherichia coli from toxic chlorine compounds,
such as hypochlorous acid and monochloroamine, directly
through its action of scavenging chlorine oxidants (33), while
GSH detoxifies xenobiotics (34), electrophiles, and antibiotics
(35) via GSH-S-transferases which catalyze a conjugation reaction
with GSH to produce less toxic and more hydrophilic products
that can be partially metabolized and excreted (31). Here, we
showed that GSH could directly detoxify H2S in vitro. Neverthe-
less, GSH-mediated resistance of S. gordonii and S. sanguinis to
sulfide toxicity may also occur via enzymatic means, since en-
zymes involved in cellular redox regulation, such as GSH reduc-
tase, GSH-S-transferase, and GSH peroxidase, are encoded in the
genomes of S. gordonii and S. sanguinis (36, 37). Under normal
physiological conditions, the intracellular ratio of GSH to GSSG is
tightly regulated, and GSH is kept mostly in its reduced form.
Cysteine thiol groups have key catalytic functions in enzymes but
are readily oxidized by ROS. Under oxidative stress, ROS mediates
the formation of intramolecular or intermolecular disulfide bonds
between cysteine residues, resulting in aberrant protein functions.
In this context, GSH maintains protein thiols in the reduced state
by itself being preferentially oxidized to GSSG, so essential cellular
proteins are not damaged by oxidation (31). In Escherichia coli
mutants lacking GSH biosynthetic enzymes, for instance, 3=-
phosphoadenylylsulfate reductase and methionine synthase in-
volved in toxic sulfate catabolism are inactivated in the presence of
an oxidizing agent (38, 39). In the case of S. mitis and S. oralis
strains, where intracellular GSH levels are insufficient to detoxify
H2S, a significant decrease in the GSH/GSSG ratio was observed.
Restoring the GSH/GSSG redox with NAC, a precursor of GSH
biosynthesis, protected these bacterial species against the deleteri-
ous effects of H2S.

H2S-mediated toxicity in S. mitis and S. oralis could be pre-
vented with an iron chelator. One of the main mechanisms of
H2S-mediated toxicity is attributed to its ability to elicit the release
of iron from ferritin into the cytosol as unbound toxic iron (17).
This free cytosolic iron might subsequently promote reactive
oxygen radical generation via the Fenton or Haber-Weiss reac-
tion (17), leading to damage of cell membranes, proteins, and
nucleic acids. Iron is also capable of inducing cell damage

FIG 4 H2S-mediated bactericidal effect on oral streptococci requires iron. S. mitis (A) and S. oralis (B) in BHI broth were left untreated (control) or treated with
DFO (0.5 mM) in the presence or absence of NaHS (2 mM) for 16 h, after which culture density was determined by taking optical density at 600 nm. The
experiments were carried out 3 times, each time in triplicate. Data shown are the mean results obtained from 3 independent experiments. ***, P � 0.001.
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through radical-independent means. For instance, Fe2� has
been shown be lethal to streptococci by inhibiting F-ATPase
activity, consequently affecting the ability of the organism to
carry out glycolysis (18).

In conclusion, this study showed that H2S exerted toxicity to
certain oral streptococci species, potentially contributing to
dysbiosis in plaque biofilm through reduction of periodontal-
health-associated microflora. Cellular GSH in oral streptococci
was important to overcome the toxicity of H2S. Thus, com-
pounds which augment cellular GSH in oral streptococci may
be beneficial to enhance the survival of oral streptococci
against H2S-producing oral pathogens.
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