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Oxygen (02) uptake and release of 02 metabolites to the extracellular medium
were studied with representatives of serotypes a through g of Streptococcus
mutans. When incubated with glucose, washed cells of all strains took up 02 at
rates proportional to the 02 concentration. When 02 was held constant at 0.2 mM,
0.2 to 0.5 mol of 02 was taken up per mol of glucose metabolized. Despite the
similar rates of 02 uptake, the strains fell into three classes according to the
amount of hydrogen peroxide (H202) released. Strains BHT, FA-1, and OMZ-176
released up to 90% of 02 taken up as H202, which accumulated in the medium to
concentrations as high as 2 mM. The high levels of H202 accumulation were
correlated with low ability to reduce exogenous H202 to water. Strains Ingbritt
and B-13 released about half as much H202, but H202 in the medium did not
exceed 0.05 to 0.1 mM. Strains HS-6, AHT, GS-5, OMZ-175, LM-7, and 6515-15
released <10% of 02 taken up as H202, and H202 did not accumulate. Within this
class, strains HS-6 and AHT released about 6% of 02 taken up as superoxide
(O2). Release of 02 metabolites was correlated with enzyme activities in cell-free
extracts. Extracts from all strains catalyzed NADH-dependent 02 uptake. Ex-
tracts from H202-accumulating strains produced H202 when incubated with
NADH and 02 and had low ability to catalyze NADH-dependent reduction of
H202. Extracts from HS-6 and AHT had low superoxide dismutase activity,
which may account for O2 release and the 02-sensitive growth of these strains.

Bacteria classified as Streptococcus mutans
are a heterogeneous group of oral pathogens
with some shared characteristics (21, 25). As
facultative (aerotolerant) anaerobes, they grow
in the presence or absence of oxygen (02), but
their energy metabolism is of an anaerobic type
regardless of growth conditions. They depend
primarily on glycolysis for ATP synthesis and
excrete lactic acid as an end product (11). Many
bacteria share these characteristics. The "lactic
acid bacteria" do not synthesize hemes and
therefore lack some major enzymes of 02 metab-
olism, including cytochrome oxidase, other res-
piratory cytochromes, and catalase (16, 33).

Nevertheless, many of these bacteria take up

02 at rates comparable to those of aerobic
organisms, due to flavoproteins that act as

NADH oxidases (16). Oxidase enzymes catalyze
the one-, two-, or four-electron reduction of 02
to superoxide (O2f), hydrogen peroxide (H202),
or water (9, 29, 38).

Cell-free extracts from some streptococci car-
ry out NADH-dependent reduction of exoge-
nous cytochrome c (Cytc) (14), a reaction that

may indicate O2- production (31):
oxidas

NADH +202 -) NAD+ + H+ + 2 02
Of- + Cytc(Fe3+) nonenzymatic, 02 + Cytc(Fe2+)

Production of O2- accounted for 17% ofNADH-
dependent 02 uptake by extracts from S. faeca-
lis (10).
Some lactic acid bacteria release H202 to the

extracellular medium, and cell-free extracts pro-
duce H202 (2), which may be due to reduction of
02 to H202:

oxidase

NADH + H+ + 02 NAD+ + H202

Alternatively, H202 may arise from spontaneous
or enzyme-catalyzed dismutation of 2f. Aero-
tolerant bacteria, including S. mutans (43), con-
tain superoxide dismutase (SOD) activities (3,
13, 20):

SOD

2 Of- + 2 H+ 02 + H202
Lactic acid bacteria have one or more enzymes
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TABLE 1. Release of 02 metabolites

Class' Strain Soype Biotype Species

I FA-1 b II S. rattus
BHT b II S. rattus
OMZ-176 d IV S. sobrinus

II B-13 d IV S. sobrinus
Ingbritt c I S. mutans

III
Measurable

02-release
HS-6 a III S. cricetus
AHT a III S. cricetus

02-release not
measurable

6715-15 g IV S. sobrinus
GS-5 c I S. mutans
LM-7 e I S. mutans
OMZ-175 f I S. mutans

a Class I, High levels of H202 release and accumula-
tion; class II, intermediate H202 release and low H202
accumulation; class III, low H202 release and no H202
accumulation.

that eliminate H202 by reduction. The only
characterized activity is NADH peroxidase (14,
32, 44):

peroxidas
NADH + H+ + H202 - NAD+ + 2 H20

Elimination ofH202 is dependent on metabolism
because a continuing supply of reducing equiva-
lents (NADH) is required. In contrast, catalase
eliminates H202 in a dismutation reaction with
no net change in oxidation state (36):

catalase

2 H202 - 2 H20 + 02
The combination of oxidase and peroxidase

activities can reduce 02 to water at the expense
of 2 NADH (16). However, certain bacteria
contain a flavoprotein NADH oxidase that re-
duces 02 directly to water without producing
H202 as an intermediate (15):

oxidase
2 NADH + 2 H+ + 02 - 2 NAD+ + 2 H20
Some S. mutans strains release H202 (21),

although according to one report they do not
contain NADH oxidase activity (35). The aim of
this study was to characterize 02 uptake and
release of 02 metabolites by representative S.
mutans strains and to determine the enzymatic
basis for their 02 metabolism.

MATERIALS AND METHODS

Materials. SOD, xanthine oxidase, horseradish per-
oxidase (HRP), Cytc type VI, and scopoletin were
from Sigma Chemical Co. Catalase and NADH were
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from Boehringer Mannheim. Catalase crystals were
washed by centrifugation in water and then dissolved
(2.4 mg/ml) in 20 mM KCl-4 mM phosphate, pH 8.
Scopoletin (2 mg/ml) was dissolved in 0.05 M Na2CO3
and immediately diluted to 0.4 mM in 0.12 M NaCl-1
mM MgSO4-0.05 M potassium phosphate, pH 7. H202
(30o) from Fisher Chemical Co. and ethyl hydrogen
peroxide (12%) from Accurate Chemical Co. were
diluted into water, and concentrations were deter-
mined by HRP-catalyzed oxidation of leuco-crystal
violet (34).
Growth medium. Todd-Hewitt broth (Difco Labora-

tories) at 30 g/liter was filtered through an acid-washed
4- to 5.5-jLm sintered-glass filter, and then 100-ml
portions were sterilized by filtration through 0.22-,um
filters (Nalge Co.).

Bacteria. S. mutans strains (Table. 1) were grown
aerobically to stationary phase, and portions of the
cultures were frozen in liquid N2 and stored at -80°C.
Portions were thawed at 37°C, and 1 ml was used to
inoculate 100 ml of medium in 250-ml flasks, with a
foam plug for aerobic growth (+ 02), or interconnected
to a flask with 100 ml of 0.1 M phosphate (pH 7) to
which 1 g of sodium hydrosulfite (dithionite) was
added immediately before closing the system, for
anaerobic growth (-02). Flasks were shaken at 200
rpm at 37°C. Cells were harvested in early (16 to 24 h)
or late (40 to 48 h) stationary phase. To obtain cells in
logarithmic growth phase, 10 ml of a 16-h culture was
transferred to 100 ml of medium, and the cells were
harvested about 3 h later when absorbance at 600 nm
(Uvikon 810 spectrophotometer) was 60 to 70o of that
obtained at stationary phase. Cultures were centri-
fuged at 5,000 x g, resuspended in 2 volumes of cold
NaCl-MgSO4-phosphate, centrifuged again, and resus-
pended with a Teflon glass homogenizer to an absor-
bance of 4.5 at 600 nm, corresponding to 2.3 mg (dry
weight)/ml or two to four times the cell density ob-
tained at stationary phase.

Incubation conditions. Unless otherwise indicated,
incubations were at the cell density indicated above in
2 ml of NaCl-MgSO4-phosphate with 10 mM glucose
(Glc) at 37°C, either in 15-ml closed tubes with an N2
atmosphere (anaerobic) or in 50-ml flasks on a recipro-
cal shaker at 100 cycles/min (continuous aeration).
After cooling at 4°C, portions were centrifuged. All
centrifugations were at 20,000 x g for 15 min at 4°C.
Gic in the supernatant fractions was determined by the
phenol-sulfuric acid method (4), and rates of Glc
metabolism were calculated from the rate of disap-
pearance of Glc from the medium.

0° uptake. 02 uptake was measured in a 3-ml total
volume in a stirred chamber at 37°C with a Clarke-type
02 electrode.
H202 release. Suspensions were incubated under

continuous aeration with 2 p.g of HRP per ml-0.1 mM
scopoletin as a trap for H202 (8). Suspensions were
cooled and centrifuged, portions of supernatants were
diluted 10-fold with cold NaCl-MgSO4-phosphate, and
relative fluorescence was measured with excitation at
365 nm and emission at 460 nm. The amount of H202
released during the incubation was calculated from the
loss of scopoletin fluorescence.
H202 accumulation. Suspensions were incubated

under continuous aeration, cooled, and centrifuged,
and H202 concentration in the supernatant was deter-
mined with HRP and leuco-crystal violet.
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H202 reduction. Suspensions in the, 02 electrode
chamber were deaerated with N2, H202 (0.3 mM) and
Glc (10 mM) were added, and after 15 min at 37°C,
catalase (0.1 mg) was added and the amount of H202
remaining was calculated as two times the amount of
02 liberated. Catalase activity was removed from the
chamber and electrode surface with 0.1 M HCI (41).
Alternatively, suspensions were incubated anaerobi-
cally with H202 and Glc and then cooled and centri-
fuged, and H202 remaining in the supernatant was
determined with HRP and leuco-crystal violet.
Reduction of Cytc. Suspensions containing Cytc

were centrifuged, and triplicate portions of superna-
tants were diluted into cold, deaerated buffer contain-
ing 25 Lg of catalase and 25 U of SOD per ml.
Concentration of reduced Cytc was calculated from
the difference (21.1 mM-1 cm-') in the extinction
coefficients of reduced and oxidized Cytc at 550 nm
(28, 30).

CeUl-free extracts. Ten cultures were pooled and
centrifuged. The cells were resuspended and washed
by centrifugation in 0.8 liter of cold 20 mM Tris-
chloride, pH 8, with 1 mM EDTA and then resus-
pended to 250 ml in the buffer with 100 ml of 0.1-mm
glass beads. The suspension was deaerated with N2
and subjected to five 2-min periods of agitation in a
homogenizer with Teflon blades (Biospec Products),
with cooling in between. The suspension was decanted
and clarified by centrifugation, and the supernatant
was dialyzed against 0.1 M phosphate, pH 7, and
stored at -80°C. Protein was determined by the meth-
od of Lowry et al. (26), with bovine serum albumin as
the standard.

Activities in extracts. NADH oxidase activity was
measured by incubating the extract (10 to 200 ,ug of
protein per ml) with 2 mM NADH and 100 U of SOD
per ml in 0.3 M phosphate, pH 7, with 0.1 M mannitol
at 37°C. Uptake of 02 was measured with the 02
electrode, and oxidation of NADH was measured by
incubating under continuous aeration, diluting eight-
fold with cold 0.1 M Tris-chloride, pH 8, and calculat-
ing NADH concentration from absorbance at 340 nm.
NADH peroxidase activity was measured in the same
medium with 0.3 mM H202 under anaerobic condi-
tions, using the 02 electrode and catalase to measure
H202 as described above. SOD activity was measured
by the method bAsed on inhibition of 02-dependent
reduction of Cytc by xanthine and xanthine oxidase
(30).

RESULTS

Table 1 lists S. mutans strains used in this
study. As described below, similar rates of Glc
metabolism and 02 uptake were observed with
all strains. However, the strains fell into three
classes in decreasing order with respect to the
amount of H202 released. Classes I to III were
not exactly correlated with serotype (21, 25),
"biotype" (37), or the four species (12). Howev-
er, two of three class I strains were of serotype
b, biotype II, S. rattus, and three of six class III
strains were of biotype I, S. mutans. Within
class III, two strains released O2 and both were
of serotype a, biotype III, S. cricetus.

02 uptake. 02 uptake required Glc and was
not inhibited by cyanide, but was blocked by KF
or EDTA or at 4°C. Plots of 02 concentration,
[021, versus time were not linear; the rate of 02
uptake became slower as time progressed and
[02] decreased. This result was not due to
declining ability of the bacteria to take up 02. If
the suspension was reaerated, 02 uptake re-
sumed at the original rate. Also, if [021 was
lowered by passing N2 through the suspension,
02 was taken up at the same low rate as when 02
uptake by the bacteria had lowered [021 to that
level.

Figure 1 (left) shows that plots of the natural
logarithm of 02 concentration (ln[02]) versus
time were linear at high [021. Therefore, 02
uptake could be described by the equation ln[02]
= ln a - kt, where a is [02] at the start of
incubation (0.2 mM for an air-saturated suspen-
sion at 37°C), k is the rate constant, and t is time.
This observation indicated that the rate of 02
uptake was proportional to [021. Therefore, the
enzymatic process was not saturated with re-
spect to [021; i.e., the Km for 02 was much
higher than 0.2 mM.
At [02] below 70 1xM, plots deviated from

linearity, indicating faster rates than predicted
from the equation above. Figure 1 (right) shows
the data replotted to evaluate 02 uptake at low
[021. The change in [02] in successive 1-min
intervals is plotted versus one-half the sum of
[02] at the beginning and end of each 1-min
interval. This method provides an estimate of
the rate of 02 uptake as a function of [021. At
[02] below 10 FM, 02 uptake appeared satura-
ble. At higher [021, 02 uptake was proportional
to [021. After subtracting the linear portion of 02
uptake, a Km for 02 of 2 to 4 ,uM and Vmax of 3 to
4 nmol min-1 ml-' were calculated for the
remaining, saturable portion of 02 uptake.

Rates of 02 uptake (V) that would be obtained
under continuous aeration were calculated from
the equation V = k * a, where a = 0.2 mM, with
the assumption that the contribution of the satu-
rable process was negligible. Typical rates of 02
uptake for cells from 24-h cultures were 30 to 70
nmol min-1 ml-1, and rates of Glc metabolism
under continuous aeration were 100 to 170 nmol
min-1 ml- 1. The molar ratio of 02 uptake to Glc
metabolized was in the range of 0.2 to 0.5 for all
strains.
H202 release. Figure 1 shows 02 uptake mea-

sured in the presence and absence of catalase.
With catalase, the rate appeared slower. If re-
duction of 02 yields H202 and H202 is eliminat-
ed by catalase, then the observed rate of 02
uptake is one-half the rate of 02 reduction (9,
41).

Linear plots of ln[02] versus time were ob-
tained with or without catalase, so that the rate
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FIG. 1. [02] dependence for 02 uptake. 02 uptake by OMZ-176 cells (40 h, +02) was measured in the absence
(0) and presence (U) of 80 ,ug of catalase per ml. The choice of zero time is arbitrary; usually 1 to 2 min were al-
lowed for the electrode response to stabilize.

of H202 release was proportional to [02]. The
rate constant for H202 release (k3) could be
calculated as two times the difference between
rate constants for 02 uptake measured in the
absence (k1) or presence (k2) of catalase. In Fig.
1, k1 = 0.126, k2 = 0.084, and k3 = 0.084, so that
about 67% of 02 taken up was released to the
medium as H202 (k31kl = 0.67). Release of H202
approached 90% of 02 uptake with class I strains
from late stationary phase.
H202 reduction. When cells were incubated

anaerobically with added (exogenous) H202, the
H202 was reduced as indicated by disappear-
ance of H202 from the medium. Reduction of
H202 was dependent on metabolism as indicated
by the requirement for Glc and inhibition by KF
or EDTA. Cyanide did not inhibit, rates of
reduction of H202 and ethyl hydrogen peroxide
were similar, and no 02 was evolved with or
without Glc, confirming that the cells contained
no catalase (36).
The H202-reducing activities of cells of class-

es I to III differed in their apparent affinity for
H202 (Fig. 2). Cells were incubated anaerobical-
ly with Glc and varying [H202], and the initial
rate of H202 reduction (V0) was measured and
plotted versus the initial H202 concentration,
[H202]0. With GS-5 cells (class III), V0 was
nearly independent of [H202]0 over the range
tested. Therefore, the Km for H202 was <0.04
mM. With OMZ-176 cells (class I), H202 reduc-
tion also appeared saturable, although the Km
for H202 was higher. The maximum rate was
obtained at 0.2 to 0.3 mM H202. In contrast,
with Ingbritt cells (class II), the rate of reduction
was proportional to [H202]0, and no evidence of

saturation was obtained at [H202] up to 0.5 mM.
To compare H202 reduction by cells of differ-

ent strains, initial rates of reduction of 0.3 mM
H202 were measured, although this concentra-
tion was not saturating for the class II strains.
However, this concentration of exogenous H202
had little or no effect on rates of Glc metabolism
or 02 uptake, whereas 2 to 3 mM H202 inhibited
by about 50%.
H202 accumulation. Table 2 summarizes re-

sults obtained with four representative strains.
When cells of class I strains were incubated with
Glc under continuous aeration, H202 accumulat-
ed in the medium to concentrations as high as 2
mM. H202 release increased with cells from
stationary phase, and the ability to reduce H202
decreased. With class II strains, H202 accumu-
lation stopped at a low level (0.05 to 0.1 mM).
Rates of H202 release were about half those of
class I strains, and rates of H202 reduction were
slightly higher. With class III strains, no H202
accumulated but a small amount was released.
Therefore, these cells produced H202, but H202
in the medium was eliminated by reduction.
These cells had high ability to reduce exogenous
H202. Table 2 also shows that the major differ-
ences between classes I to III were in rates of
H202 release and reduction, rather than 02
uptake.
Within class III, the HS-6 and AHT strains

grew faster and to higher cell yields under anaer-
obic conditions. Table 2 shows that rates of 02
uptake and H202 reduction were much higher
with HS-6 cells harvested from anaerobic cul-
tures. In other experiments, rates of Glc metab-
olism were similarly increased. With strains
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other than HS-6 or AHT, growth under aerobic
versus anaerobic conditions had no consistent
effect on the measured rates or on H202 accu-
mulation.

O2 release. Measurable release of O2 was
obtained only with strains HS-6 and AHT. High
[Cytc] was required to detect O2-; reduction
increased with [Cytc] up to at least 10 mg/ml.
Therefore, it is likely that only a portion of the
O2 was detected (19).
Table 3 shows that O2 release appeared

greater in the presence of catalase, and H202
release appeared greater in the presence of
SOD. Rates measured in this way were equal
(about 1 nmol min-1 ml-1). If the H202 detected
in this experiment was due to release of O2f,
followed by dismutation of O2 in the medium,
then the rate of O2 release should be twice the
rate of H202 release. However, if it is assumed
that Cytc trapped only about half the O, then
O2 release could account for all of the apparent
H202 release.
At high [Cytc], high levels of added SOD were

required to block reduction. Table 3 shows that
SOD at 100 U/ml inhibited reduction by about
50%. No reduction occurred without Glc.
Reduction of Cytc was also measured at the

end of a period in which 02 uptake was mea-
sured, to obtain a ratio of O2 release to 02
uptake. Uptake of 120 nmol of 02 (from 0.2 to
0.08 mM) by HS-6 cells (24 h, -02) in the
presence of catalase (80 jig/ml) and Cytc (6
mg/ml) resulted in a 4% increase in absorbance
at 550 nm, corresponding to trapping of 8 nmol
of O2 . This increase was blocked by SOD (100
U/ml). Therefore, as a minimum estimate, 6% of
02 taken up was released to the medium as O2
[8/(120 + 8) = 0.06]. With OMZ-176, Ingbritt, or
GS-5, the change in absorbance was ±1%, so
that O2 release was less than could be detected.

Activities in extracts. Table 4 shows that cell-
free extracts had NADH oxidase activity, mea-
sured as O2-dependent oxidation of NADH or
NADH-dependent uptake of 02. Rates of 02
uptake were proportional to 02 concentration
and were calculated as k1 times 0.2 mM 02 as
described above. A Km for NADH of 0.1 to 0.2
mM was calculated from the effect of NADH on
the rate of 02 uptake.
Table 4 also shows that with the extract from

GS-5 (class III) cells the rate of NADH oxida-
tion was two times the rate of 02 uptake, consis-
tent with oxidation of 2 mol of NADH and
reduction of 1 mol of 02 to water. The
NADH/02 ratio was <2 with extracts from other
strains, indicating that a portion of the 02 taken
up was reduced to O2 or H202 rather than to
water. With extracts from OMZ-176 (class I)
cells, the NADH/02 ratio decreased with in-
creasing culture age, consistent with the in-
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FIG. 2. [H202] dependence for H202 reduction.
GS-5 cells (24 h, +02) at one-fourth the usual cell
density (*), OMZ-176 cells (24 h, +02) (U), and
Ingbritt cells (24 h, -02) (A) were incubated anaerobi-
cally with the indicated [H202]0, and the initial rate of
H202 reduction (V0) was calculated from the decrease
of [H202] in the medium.

crease in H202 release by intact cells (Table 2).
Accumulation of H202 was observed during
aerobic incubation of these extracts with
NADH, and catalase caused a decrease in the
observed rate of 02 uptake similar to that in Fig.
1.

Extracts also had NADH peroxidase activity,
measured as NADH-dependent reduction of
H202 under anaerobic conditions. A Km of 0.3 to
0.4 mM was calculated for NADH. No other
H202-reducing activities were detected, such as
with NADPH or glutathione (18) as cofactors.
Table 4 shows that extracts from stationary-
phase OMZ-176 (class I) cells had the lowest
peroxidase activity, consistent with the low
H202-reducing activity of the cells (Table 2).
NADH oxidase activity was at least 10 times

greater than NADH peroxidase activity in ex-
tracts from all strains. Therefore, the 2/1 stoichi-
ometry of NADH oxidation and 02 uptake in
extracts from GS-5 (class III) could not be due to
the sum of NADH-dependent H202 production
and NADH-dependent H202 reduction. If re-
duction of 02 to H202 was 10 times faster than
reduction of H202 to water, then H202 would
accumulate and the NADH/02 ratio would be
about 1/1. Instead, the results suggested that
most of the 02 uptake was due to an NADH

J. BACTERIOL.



TABLE 2. 02 metabolisma

Culture H20a t H20, release H,O reduction 0 uptake (nmolStrain(cl)conditions aumu n (nmol min' ml-) (nmol min' ml-) min ml-)

OMZ-176 (I) 3 h, +02 0.04 ± 0.03 3 6 57 ± 25
24 h, +02 0.51 ± 0.19 7 5 51 + 28
24 h, -02 0.44 ± 0.14 7 4 33
40 h, +02 0.30 ± 0.08 10 3 21

Ingbritt (II) 24 h, +02 0.02 ± 0.01 2 9 48 ± 18
24 h, -02 0.05 ± 0.01 3 6 47 ± 18
40 h, +02 0.06 ± 0.04 2 2 19

HS-6 (III) 24 h, +02 0 1 1 3
24 h, -02 0 1 15 22 ± 3

GS-5 (lII) 3 h, +02 0 0.5 33 58 ± 29
24h,+02 0 0.5 40 55±10
40 h, +02 0 0.5 12 23

a Cells harvested at the indicated times from anaerobic (-02) or aerated (+02) cultures were incubated
aerobically for 1 h with 10 mM Glc to measure H202 accumulation. Cells were incubated aerobically with HRP-
scopoletin-10 mM Glc-100 U of SOD per ml to measure H202 release. H202 reduction was measured by
incubating anaerobically with 10 mM Glc0.3 mM H202. Rates of 02 uptake were calculated as described in the
text. Standard deviation is shown where values were available from three or more experiments with separate
cultures.

oxidase that reduced 02 directly to water with-
out forming H202 as an intermediate. Consistent
with this interpretation, H202 did not accumu-
late and catalase had no effect on the observed
rate of 02 uptake by extracts from GS-5.
Table 4 also shows SOD activity of the dia-

lyzed extracts. No dialyzable activity (3) was
detected. Extracts from HS-6 cells had the low-
est SOD activity, suggesting that low SOD activ-
ity was responsible for O2 release (Table 3).

DISCUSSION
Significance of 02 metabolism. 02 is not essen-

tial to growth of lactic acid bacteria, and the
reduction of 02 and H202 by these organisms
consumes NADH in reactions that are not cou-
pled to ATP synthesis (16). Nevertheless, 02 or

02 metabolites can have a useful role in carbo-
hydrate metabolism under some conditions (16,

45) and may have a role in microbial ecology. 02

uptake enables these bacteria to create an
anaerobic environment when they are present at
high cell densities or in areas of limited 02

diffusion. Although this anaerobic environment
is not necessarily of direct benefit, it could
exclude 02-requiring microorganisms or slow
the growth of microorganisms that grow faster
when 02 is available. Also, the release of toxic
02 metabolites such as O2 or H202 may inhibit
metabolism and growth of other microorganisms
(17, 23).
On the other hand, O2 or H202 may damage

the bacteria that produce them by reacting with
cell components or by giving rise to other poten-
tially toxic agents (7). The absence of catalase or
the production of toxic agents derived from 02

may cause these bacteria to be more susceptible
to the 02-dependent antimicrobial activities of

TABLE 3. H202 and 02- release by HS-6 cells'

HTm02 release 02- release (nmol/ml)
Time (nmol/ml)
(min)

+SOD -SOD +Catalase -Catalase +Catalase, +SOD +Catalase,

15 17 16 12
30 27 12 31 23 15 9 0
45 36 24 20 6 -1
60 55 48 46 23 20 4 1
90 80 53

a HS-6 cells (24 h, -02) were incubated with 10 mM Glc under continuous aeration with HRP-scopoletin or 5.3
mg of Cytc per ml. Where present, SOD was 100 U/ml and catalase was 80 p.g/ml. Variation between triplicate
samples was +4 nmol/ml.
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TABLE 4. Activities in cell-free extracts'
NADH oxidase

Strain (class) Culture (nmol min-' mg-') NADH/O NADH peroxidase SODconditions NADH/02 (nmol minI mg-') (U mg-,)
NADH 02

OMZ-176 (I) 3 h, +02 860 470 1.8 35 5
24 h, +02 470 310 1.5 9 10
40 h, +02 230 180 1.3 9 8

Ingbritt (II) 24 h, -02 810 440 1.8 16 5

HS-6 (III) 24 h, -02 570 310 1.8 25 2

GS-5 (III) 24 h, +02 510 250 2.0 20 6
a Cells were harvested at the indicated times from anaerobic (-02) or aerated (+02) cultures, extracts were

prepared, and c xidase, peroxidase, and SOD activities per milligram of protein were measured.

phagocytic leukocytes (5, 6, 24, 27). Release of
H202 is especially relevant to oral microbial
ecology, because the oral bacteria coexist with a
H202-activated, peroxidase-mediated antimicro-
bial system (22, 40). Classification of S. mutans
strains according to the amount of H202 re-
leased is correlated with inhibition of their me-
tabolism by the salivary lactoperoxidase system
(42).

Relation of 02 uptake and H202 release. Differ-
ences in H202 release among lactic acid bacteria
were attributed to differences in the ratio of
NADH oxidase to NADH peroxidase activities
(2, 16). Results presented here are in part consis-
tent with this interpretation. Cells of all strains
took up 02 at similar rates, whereas cells that
released large amounts of H202 had low ability
to reduce H202. Similarly, NADH oxidase ac-
tivity was high in extracts from all cells, and
NADH peroxidase activity was lowest in ex-
tracts from cells that released the most H202.

Nevertheless, rates of 02 uptake by cells or
extracts were much higher than rates of H202
reduction. This observation suggests that a sub-
stantial portion of 02 uptake occurred by way of
enzymatic mechanisms in which H202 was not
an intermediate. Therefore, cells that release
relatively little H202 may have low levels of
H202-producing activity as well as high levels of
H202-reducing activity. Clostridium perfringens
was reported to contain an NADH oxidase that
reduces 02 directly to water without producing
H202 (15), but to our knowledge such an activity
has not been reported in streptococci.

In one study, differences in H202 release were
attributed to qualitative differences in NADH
oxidase activity (2). It was reported that the
oxidase in extracts from streptococci that re-
lease H202 can be distinguished from the oxi-
dase of other strains on the basis of plots of (021
versus time. Linear plots are obtained with the
first class (e.g., S. lactis), whereas the slope
decreases with decreasing [021 with the second

class (e.g., S. cremoris). In results presented
here, the second type of plot was obtained with
all S. mutans strains, regardless of the amount of
H202 released. Although these strains may have
differing oxidase activities, it was not possible to
distinguish between these activities on the basis
of the kinetics of 02 uptake.
02 release. Release of O2 from S. faecalis

was reported based on SOD-inhibited chemilu-
minescense (1). However, the quantitative rela-
tion between chemiluminescense and release of
02 metabolites is unclear. In this report, measur-
able O2 release was obtained only with S.
mutans serotype a strains, which had low SOD
activity and which are the least aerotolerant
(12). The absence of SOD accounts for the 02
sensitivity of obligate anaerobes (20).

O2 may not be highly toxic (7) in that O2 iS
short-lived, nonreactive with most biological
materials, and perhaps more likely to act as a
reducing agent than as an oxidizing agent. How-
ever, O2 is responsible for 02-dependent toxic-
ity when production of O2 by S. sanguis is
stimulated by plumbagin (13). In addition, the
toxicity of O2 is amplified by H202 due to
reactions that yield other activated species. The
reaction of O2 with H202 does not occur under
physiological conditions, unless catalyzed by
transition metals such as iron (7). Lactic acid
bacteria have no hemoproteins, and perhaps no
other iron-containing proteins (16), although fer-
rous iron is required for growth of S. mutans in a
defined medium (39). Low levels of iron and
other metals in these bacteria and in the incuba-
tion medium may account for their tolerance to
the O2 and H202 that they produced and to
added H202.
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