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A semidefined medium based on Casamino Acids allowed Lactococcus lactis ATCC 19435 to grow in the
presence of oxygen at a slow rate (0.015 h�1). Accumulation of H2O2 in the culture prevented a higher growth
rate. Addition of asparagine to the medium increased the growth rate, whereby H2O2 accumulated only
temporarily during the lag phase. H2O2 is an inhibitor for several glycolytic enzymes, glyceraldehyde-3-
phosphate dehydrogenase being the most sensitive. Strain ATCC 19435 contained NADH oxidase (maximum
specific rate under aerobic conditions, 426 nmol of NADH min�1 mg of protein�1), which reduced oxygen to
water, whereby superoxide was formed as a by-product. H2O2 originated from the dismutation of superoxide
by superoxide dismutase. Although H2O2 was rapidly destroyed under high metabolic fluxes, neither NADH
peroxidase nor any other enzymatic H2O2-reducing activity was detected. However, pyruvate, the end product
of glycolysis, reacted nonenzymatically and rapidly with H2O2 and hence was a potential alternative for
scavenging of this oxygen metabolite intracellularly. Indeed, intracellular concentrations of up to 93 mM
pyruvate were detected in aerobic cultures growing at high rates. It is hypothesized that self-generated pyruvate
may serve to protect L. lactis strain ATCC 19435 from H2O2.

The effect of oxygen on the growth and metabolism of lactic
acid bacteria (LAB) has been studied for several decades.
Lactococci are capable of oxygen consumption (2, 17, 36) and
contain flavin-type NADH oxidases (2, 11), NADH peroxi-
dases, and superoxide dismutase (SOD) (2, 10, 19, 42). Be-
cause of a lack of catalase, hydrogen peroxide might accumu-
late and is therefore considered to be the primary cause of
destruction of cell components under aerobic conditions. It has
been reported that accumulation of H2O2 by lactococci oc-
curred especially in poor growth media, e.g., milk, or under
growth-limiting conditions and could be avoided by adding
catalase, yeast extract, or reducing agents (2, 17, 33) to the
medium.

The following reactions between NADH and O2 have been
reported to occur in LAB (10, 21, 36, 37):

2 NADH � O2 � 2 H�3 2 NAD� � 2 H2O (1)

NADH � O2 � H�3 NAD� � H2O2 (2)

NADH � 2 O23 NAD� � H� � 2 O2
�� (3)

At least two types of NADH oxidases are found, catalyzing
either reaction 1 or reaction 2. Organisms possessing an
NADH oxidase that carries out reaction 2 usually also possess
an NADH peroxidase to produce water as the final product:
NADH � H2O2 � H� 3 NAD� � H2O. Reaction 3 often
occurs as a side reaction because the flavin group of NADH
oxidase is known to carry out single-electron transfer besides
the transfer of two or four electrons (3, 4, 13, 23). Subse-

quently, SOD catalyzes the dismutation of the superoxide rad-
ical as follows: O2

�� � O2
�� � 2 H� 3 H2O2 � O2. Thus,

hydrogen peroxide can be formed by NADH oxidase directly
or via SOD. However, in general, the generation of H2O2 from
O2

�� is considered not to be of importance in lactococci (12).
Instead, it is believed that H2O2 is directly formed by NADH
oxidase and peroxide accumulation is a consequence of very
low NADH peroxidase activity. This concluded, more or less,
the discussion of the mechanism of oxygen metabolism of
lactococci at the end of the 1980s.

During the development of a semidefined medium for our
lactococcal strains, we observed that the extent of the influence
of oxygen on growth depended on the medium composition.
We examined the problem more closely for Lactococcus lactis
subsp. lactis ATCC 19435 in a semidefined medium. It ap-
peared that, besides the enzymes NADH oxidase and SOD,
pyruvate is also involved in the oxygen metabolism of this
strain.

It is well known that pyruvate scavenges H2O2 nonenzymat-
ically according to the following reaction (20): pyruvate �
H2O2 3 acetate � CO2 � H2O. Fast-growing (aerobic) cul-
tures of L. lactis ATCC 19435 contained significant concentra-
tions of both extracellular and intracellular pyruvate. Some
evidence is collected to show that L. lactis ATCC 19435 pos-
sesses an alternative mechanism of protection against H2O2

through self-generated intracellular pyruvate. The results sig-
nify that this mechanism is flawed at low growth rates, such as
during lag phases and growth on poor media.

MATERIALS AND METHODS

Microorganism and media. L. lactis subsp. lactis ATCC 19435, L. lactis strain
MG 5267, and L. lactis strain NZ2007 were stored in litmus milk at �80°C. Strain
MG 5267 and its lactate dehydrogenase (LDH)-deficient derivative, strain
NZ2007 (26), were obtained from NIZO, Ede, The Netherlands. For cultivations
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in shake flasks and a fermentor, two semidefined media, SD1 and SD3, were used
(Table 1). The vitamin solution consisted of the following (milligrams per liter):
biotin, 10; pyridoxal-HCl, 206; folic acid, 100; riboflavin, 100; niacinamide, 100;
thiamine-HCl, 100; pantothenate, 95; p-aminobenzoic acid, 10. The trace ele-
ment solution contained the following (grams per liter): EDTA (disodium), 15;
ZnSO4 � 7H2O, 4.5; MnCl2 � 2H2O, 1; CoCl2 � 6H2O, 0.3; CuSO4 � 5H2O, 0.3;
Na2MoO4 � H2O, 0.4; CaCl2 � 2H2O, 4.5; FeSO4 � 7H2O, 3; H3BO3, 1; KI, 0.1.
Prior to sterilization, the pH of this solution was adjusted to 4.0. The nucleic acid
bases were added as a solution in 0.1 N NaOH containing the following (grams
per liter): uracil, 2; adenine, 1; guanine, 1. Because the plasmid construct con-
tained resistance to tetracycline, strain NZ2007 required the antibiotic in the
medium (1 mg/liter) (26). The solutions of vitamins, trace elements, nucleic acid
bases, asparagine, glutamine, yeast nitrogen base (250 g/liter; Difco), glutathione
(1 g/liter), and tetracycline (1 g/liter) were filter sterilized (0.2-�m pore size) and
added to the media aseptically. Aerobic cultures of 100 ml were grown in 250-ml
shake flasks plugged with cotton wool. Anaerobic cultures of 50 ml were grown
in 100-ml crimp seal flasks with rubber stoppers. The medium of anaerobic
cultures was heated and sparged with N2 gas for 15 min prior to closing of the
flasks. After inoculation, the cultures were continuously shaken at 200 rpm in a
orbital incubator at 30°C and growth was monitored without pH control. Cul-
tures of 1 liter were grown in a jacketed 3-liter fermentor (Applikon) at a
temperature of 30°C. The pH was kept at 6.5 by automatic titration with 250 g of
NaOH/liter. The agitation speeds for anaerobic, oxygen-limited, and aerobic
cultures were 200, 200, and 600 rpm, respectively. For anaerobic conditions, the
headspace was continuously sparged with N2 at a rate of 0.1 liter/min. For
oxygen-limited and aerobic conditions, air was sparged over and through the
cultures, respectively. The oxygen concentration was measured with a polaro-
graphic oxygen electrode. The electrode was calibrated by sparging the medium
with air (100% saturation) and with N2 (0% saturation). Under oxygen-limited
conditions, no oxygen could be detected, and under aerobic conditions, the
concentration was kept between 80 and 90% air saturation. Each growth condi-
tion was studied at least in duplicate.

CE preparation. At the end of the exponential growth phase, the cultures were
harvested and centrifuged at 5,000 � g and 4°C for 10 min. The pellets were
washed once and resuspended in 6 ml of 50 mM triethanolamine (TEA) buffer
containing 5 mM MgCl2 � 6H2O (pH 7.2). The cell suspensions were mixed with
glass beads (1:1, vol/vol) and stored at �20°C. Cell extracts (CE) were prepared
by disintegrating the cells by the glass bead method (6 � 30 s of vortexing with
30-s intervals of cooling on ice). Cell debris was removed by centrifugation
(10,000 � g, 10°C) for 5 min. The supernatants were kept on ice during analyses.

Enzyme assays. (i) NADH oxidase . The rate of NADH oxidation in the
presence of oxygen was measured spectrophotometrically at 340 nm (ε � 6.22
mM/cm). The activity was also determined with an oxygen electrode in a bio-
logical oxygen monitor (Strathkelvin Instruments, Glasgow, Scotland). The ox-
ygen concentration was monitored on a paper recorder. The oxygen uptake rates
were calculated from the slope of the tangents of the oxygen concentration versus
time at various intervals. At the end of the reaction, catalase was added to the
enzyme assay mixtures to determine the accumulated H2O2 that was formed
during the oxidation of NADH.

(ii) NADH peroxidase. The rate of NADH peroxidation was measured under
anaerobic conditions at 340 nm in anaerobic cuvettes. For this assay, the reaction
was started by the addition of H2O2 by injection with a syringe through the
rubber stopper (final concentration, 50 to 100 �M). The enzyme activity detec-
tion limit of this assay was calculated to be 1 nmol of NADH/min/mg of protein.

(iii) SOD. SOD activity was assayed as described by McCord and Fridovich
(27) but with partially acetylated cytochrome c (0.6 mg/ml assay) and with a
cuvette volume of 1 ml.

Detection of O2
�� production by NADH oxidase. O2

�� formation by NADH
oxidase in CE was studied with an assay based on cytochrome c reduction. For
this, the assay for NADH oxidase activity was supplemented with partially acety-
lated cytochrome c (0.6 mg/ml of assay) and its reduction was monitored spec-
trophotometrically at 550 nm (ε � 19 mM/cm). The reaction was started by
addition of 250 �M NADH. A possible reaction between pyruvate and O2

�� was
checked spectrophotometrically at 550 nm in an assay containing 0.03 U of
xanthine oxidase per ml and 48 �M cytochrome c with and without 10 to 20 mM
pyruvate. The reaction was started with 0.5 mM xanthine. It was shown that
pyruvate did not reoxidize reduced cytochrome c.

Glucokinase (GK). The initial reaction rate was measured spectrophotometri-
cally at 340 nm by monitoring the reduction of NADP� (5). One milliliter of
reaction mixture consisted of the following: TEA (pH 7.6), 50 mM; MgCl2, 8
mM; glucose, 100 mM; ATP, 0.6 mM; glucose-6-phosphate dehydrogenase, 0.57
U; NADP�, 0.25 mM; CE, 160 mg of protein/liter (to start the reaction). To
study the influence of H2O2 on the activity of the enzyme, the CE was incubated
with H2O2 (0 to 44 mM) for 10 min prior to addition to the reaction mixture.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The initial reaction
rate was measured spectrophotometrically at 340 nm by monitoring the oxidation
of NADH (6). One milliliter of reaction mixture consisted of the following: TEA
(pH 7.2), 50 mM; glycerate-3-phosphate, 0.6 mM; ATP, 1 mM; phosphoglycerate
kinase, 12 U (1 U � 1 �mol/min); CE, 16 mg of protein/liter; NADH, 0.25 mM
(to start the reaction). To study the inactivation of the enzyme by H2O2, the CE
was incubated with H2O2 (0 to 4.4 mM) for 10 min prior to addition to the
reaction mixture.

Fructose-1,6-diphosphate aldolase. The initial reaction rate was measured
spectrophotometrically at 340 nm by monitoring the oxidation of NADH (7).
One milliliter of reaction mixture consisted of the following: TEA (pH 7.2), 50
mM; iodoacetate, 0.3 mM; fructose-1,6-diphosphate, 3.6 mM; LDH, 1 U; glyc-
erophosphate dehydrogenase, 0.28 U; triosephosphate isomerase, 3.6 U; NADH,
0.25 mM; CE, 160 mg of protein/liter (to start the reaction). To study the
influence of H2O2 on the enzyme activity, CE was incubated with H2O2 (0 to 440
mM) for 10 min prior to addition to the reaction mixture.

Intracellular pyruvate. Pyruvate in CE was measured spectrophotometrically
(340 nm) by determining the conversion to lactate with NADH in anaerobic
cuvettes and using anaerobically prepared solutions of TEA buffer (pH 7.2; 50
mM), NADH (50 mM), and LDH. The last traces of oxygen in the assays were
removed by addition of NADH prior to the addition of LDH. All assays were
carried out at least in duplicate.

Kinetics. The kinetics of the reaction of pyruvate with H2O2 has been studied
before under conditions physicochemically different from those used here (16).
Therefore, the rate constant was measured aerobically at 30°C by determining
the conversion of H2O2 at discrete time intervals in 50 ml of water, in TEA buffer
(50 mM, pH 7.2), and in 10 ml of TEA buffer plus CE. The rate equation for the
disappearance of H2O2 is �rH � kCPCH, where rH is the rate of H2O2 conver-
sion, k is the second-order rate constant, and CP and CH are the concentrations
of pyruvate and H2O2, respectively. Integration of this equation gives a relation-
ship between concentration and time. The concentration of pyruvate in our
system was much higher than that of H2O2; hence, CP,0 � CP � CP,0 (with CP,0

being the start concentration of pyruvate), and the equation can be simplified to
CH � CH,0 � e�kCp,ot, with CH,0 being the starting concentration of H2O2.

Analyses. Cell growth was monitored by measuring the optical density (OD) at
620 nm spectrophotometrically. Cell mass concentration as dry weight (DW) was
analyzed in selected samples as described by Åkerberg et al. (1). The relationship
between DW (grams per liter) and OD was determined to be DW � 0.32 � OD
� 0.1 g liter�1 for ODs of �0.5. Samples were centrifuged (10,000 � g, 3 min),
and the supernatants were analyzed for glucose, lactate, formate, acetate, etha-
nol, and pyruvate by high-performance liquid chromatography. The compounds
were detected with a refractive-index and UV detector after separation at 65°C
on an Aminex HPX 87-H column (Bio-Rad Laboratories, Richmond, Calif.). As
the mobile phase, 5 mM H2SO4 was used at a flow rate of 0.6 ml/min. All samples
were injected twice. Standards were injected separately before the samples. A
computer program (Unipoint; Gilson, Middletown, Wis.) was used for quantifi-
cation by integrating the area under each chromatographic peak. Hydrogen
peroxide was determined with 2,2�-azinobis(3-ethylbenzthiazolinesulfonic acid)

TABLE 1. Composition of media SD1 and SD3a

Constituent Concn (g/liter) or
presence in SD1b

Glucose...................................................................................... 10
KH2PO4..................................................................................... 2.5
K2HPO4..................................................................................... 2.5
MgSO4 � 7H2O .......................................................................... 0.5
NaCl........................................................................................... 0.525
Casamino Acids........................................................................ 5
Yeast nitrogen basec ................................................................ 5
Uracil ......................................................................................... 0.06
Adenine ..................................................................................... 0.03
Guanine..................................................................................... 0.03
Glutathione ............................................................................... 0.01
Vitaminsd................................................................................... �
Trace elementsd........................................................................ �

a For preparations, see Materials and Methods. The presence of a constituent
is indicated by a plus sign.

b SD3 is as SD1 but with the addition of 0.4 g of asparagine/liter.
c Yeast nitrogen base without amino acids (Difco).
d For ingredients, see Materials and Methods.
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(ABTS; Sigma) at 433 nm (ε � 17.1 mM/cm). To 1 ml of sample, 5 �l of ABTS
solution (140 g/liter) and 5 �l of horseradish peroxidase (500 U/ml; Boehringer)
were added and absorption was read immediately. No reaction with ABTS
occurred with any of the components in the medium or CE other than H2O2. The
protein concentration of CE was measured as described by Bradford (9) with
bovine serum albumin as the standard.

RESULTS

Medium composition. A semidefined medium (SD1) based
on Casamino Acids was developed (Table 1). The quality of L.
lactis ATCC 19435 growth was tested by measuring the growth
rate of aerobic cultures in shake flasks. Growth on this medium
was relatively slow, suggesting that it lacked one or more
growth-stimulating compounds. By trial and error, it was found
that asparagine (medium SD3; Table 1) shortened the lag
phase by a factor of 2 and enhanced the growth rate by a factor
of 3 compared to SD1.

Effect of oxygen on growth and product formation. Further
experiments were done with pH-controlled batch cultures.
Growth, glucose consumption, product formation, and accu-
mulation of H2O2 were monitored in an aerobic culture in
medium SD1 (Fig. 1A and B). The maximum growth rate
(�max) was very low (Table 2), and it took about 100 h to reach
the stationary phase (Fig. 1A). Throughout the experiment, no
sparging with air was necessary to keep the culture air satu-
rated. After inoculation, H2O2 immediately accumulated in the
culture. A maximum of 140 �M H2O2 was found during the
mid-exponential phase, after which it declined gradually. Un-
der these conditions, growth was not possible without glutathi-
one, indicating that it protected the cells to a certain extent. In
contrast, H2O2 accumulated only temporarily during the lag
phase of aerobic cultures on medium SD3 (Fig. 1C).

Addition of catalase or pyruvate to medium SD1 at the

moment of inoculation prevented H2O2 accumulation, and the
growth rate increased at least 20-fold (Table 2).

The presence of oxygen also affected the yield of biomass
(Table 2) and lactate. On medium SD1, glucose was com-
pletely converted to lactate and acetate (Fig. 1B), whereas on
medium SD3, less acetate was formed and pyruvate was ex-
creted (Fig. 1D; Table 2). The latter also happened in an
aerobic culture on medium SD1 when catalase was present.

Effect of H2O2 on glycolytic enzymes. Several of the poten-
tially glycolytic enzymes that are generally known to be inhib-
ited by H2O2 were checked, i.e., GK, fructose-1,6-diphosphate
aldolase, and GAPDH. The fructose-1,6-diphosphate aldolase
of strain ATCC 19435 was not sensitive to H2O2 at concentra-
tions of up to 440 mM, but both GK and GAPDH were inhib-
ited by H2O2. GAPDH was the most sensitive, about 10 times

FIG. 1. Growth of L. lactis ATCC 19435 and H2O2 accumulation in aerobic pH-controlled batch cultures on glucose in SD1 medium (A) and
SD3 medium (C). Glucose consumption and product formation in SD1 (B) and SD3 (D) media. Symbols: ■ , OD of the culture; E, H2O2; �,
glucose; �, lactate; Œ, acetate.

TABLE 2. Effects of additions to medium SD1 on the growth rate
during the main exponential growth phase and biomass yield in

pH-controlled batch cultures of L. lactis ATCC 19435a

Medium Condition Growth rate
(h�1)

DW
(g/liter)

Pyruvate
concn (mM)

SD1 Aerobic 0.015 0.09 0.0
SD1 � catalase Aerobic 0.31 0.29 3.3
SD1 � 5 mM

pyruvate
Aerobic 0.62 0.92 4.9

SD1 Anaerobic 0.66 1.02 0.0
SD3 Aerobic 0.58 0.89 8.6

SD3 O2 limitation 0.75 1.02 0.0
SD3 Anaerobic 0.86 1.21 0.0

a For comparison, the results of growth on SD3 are included. The pyruvate
concentration in the culture fluid was measured at the end of the exponential
growth phase.
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more so than GK, being completely inactivated at a concen-
tration of 2.2 mM H2O2 (Fig. 2).

Reduction of oxygen. The activities of NADH oxidase and
NADH peroxidase were examined in CE by using NADH at a
concentration of 250 �M. NADH oxidase was present under
both aerobic and anaerobic conditions. The activity of NADH
oxidase was relatively low in cells grown aerobically on medium
SD1 (14.5 nmol of NADH/min/mg of protein). On medium
SD3, the activity of this enzyme during the mid-exponential
growth phase was three times as high under fully aerobic con-
ditions (426 nmol of NADH/min/mg of protein) as under an-
aerobic or oxygen-limiting conditions. NADH peroxidase was
not detected, implying either that it was not present or that its
activities were below the detection limit (�1 nmol of NADH/
min/mg of protein).

The initial rates of NADH oxidation and oxygen reduction
in air-saturated CE of aerobic (Fig. 3) and anaerobic cultures
(results not shown because of similar kinetics) were measured
as a function of NADH concentration. The stoichiometry of
the reaction was calculated from the ratio of the initial specific
rates of NADH oxidation and O2 reduction. The NADH/O2

ratios appeared to be 1.99 (r2 � 0.93) and 2.10 (r2 � 0.99) for
aerobic and anaerobic cultures, respectively, indicating that
water was the end product. The reaction followed Michaelis-
Menten-type kinetics between 25 and 200 �M NADH. The Km

values for NADH and O2 were 39 and 5 �M, respectively.
H2O2 formation in air-saturated CE increased with the sup-
plied NADH concentration (Fig. 3). NADH oxidase was in-
hibited neither by NAD� concentrations of up to 500 �M nor
by hydrogen peroxide concentrations of up to 4 mM (results
not shown).

Sources of oxygen metabolites. One of the possible sources
of H2O2 is the dismutation of O2

� � catalyzed by SOD. The
culture grown aerobically on SD3 had a SOD activity of 31
�mol of O2

� �/min/mg of protein. Nevertheless, it was still
possible to detect O2

� � through the reduction of acetylated
cytochrome c by NADH oxidase-mediated oxidation of NADH

FIG. 2. Inactivation of GAPDH (�) and GK (■ ) as a function of the concentration of H2O2. CE were incubated for 10 min with H2O2 prior
to addition to the assay.

FIG. 3. NADH oxidase activity in air-saturated CE of L. lactis
ATCC 19435 cultures grown aerobically in medium SD3 as a function
of the NADH concentration. Symbols: �, specific rate of NADH
oxidation (nanomoles of NADH per minute per milligram of protein);
■ , specific rate of O2 reduction (nanomoles of O2 per minute per
milligram of protein); E, concentration of H2O2 formed (micromolar).
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in CE. The origin of H2O2 was determined in a second manner
with air-saturated CE in the biological oxygen monitor. To
scavenge any O2

� �, cytochrome c was added to the assay mix-
ture prior to the addition of NADH (250 �M). The oxidation
of NADH was followed to completion, and catalase was sub-
sequently added to determine the amount of H2O2 being pro-
duced. In the absence of cytochrome c, 20 �M H2O2 was
formed (Fig. 4A), but when cytochrome c was present, no
H2O2 was detected (Fig. 4B). This indicated that in L. lactis
ATCC 19435, H2O2 was produced solely by SOD.

Elimination of H2O2. Since neither (pseudo)catalase nor
NADH peroxidase activity was present in cells of strain ATCC
19435, another mechanism had to be responsible for the dis-
appearance of H2O2 during growth on SD3 (Fig. 1C). There-
fore, the rate of disappearance of H2O2 in CE of anaerobically
grown cells was studied. Plain addition of 100 �M H2O2 to CE
resulted only in a very slow decline of H2O2. Subsequent ad-
dition of NADH only increased the H2O2 concentration, con-
firming the absence of NADH peroxidase activity. The follow-
ing catabolic metabolites were tested for a reaction with H2O2:
lactate, phosphoenolpyruvate, 3-phosphoglycerate, and pyru-
vate. Only the latter reacted, and its kinetics was subsequently
investigated at 30°C by using 100 �M H2O2 and various con-

centrations of pyruvate (1 to 20 mM). The second-order rate
constant of the reaction was determined in TEA buffer (50
mM, pH 7.2). The reaction was about 7.5 times faster in the
buffered solution (k � 5.9 � 10�3 min/mM) than in water (k �
7.9 � 10�3 min/mM). The presence of CE (552 mg of protein/
liter) had no significant effect, ruling out the involvement of
any enzyme. Overall, it implied that the reaction with pyruvate
was not mediated by an enzyme.

Intracellular pyruvate concentration. At high growth rates
in the presence of oxygen, L. lactis strain ATCC 19435 excreted
relatively high concentrations of pyruvate (Table 2). Under
those conditions, the intracellular concentration of pyruvate
was as high as 93 mM. When the bacteria were grown on
medium SD1, no intracellular pyruvate could be found and
thus its concentration remained below the detection limit
(�1.2 mM).

Aerobic growth of an LDH� strain. In an LDH� strain such
as L. lactis strain NZ2007, it is expected that intracellular levels
of pyruvate are elevated under all growth conditions. There-
fore, growth of such mutants will be less restricted by oxygen.
Like its parental type strain MG 5267 and strain ATCC 19435,
strain NZ2007 contains an H2O-producing NADH oxidase and
no NADH peroxidase activity. In the assays with CE of strain
NZ2007, low concentrations of H2O2 were detectable (ca. 10
�M). Both the mutant and parental type strains were com-
pared for growth on SD1 and SD3 media under aerobic con-
ditions. Indeed, strain NZ2007 grew well on SD1 in the pres-
ence of oxygen and no accumulation of H2O2 in the culture
was observed at any time. The �max (0.24 h�1) was similar to
that obtained under anaerobic conditions. Pyruvate was ex-
creted in the early exponential phase up to 4.5 mM. With
growth on medium SD3 under aerobic conditions, a �max of
0.45 h�1 was obtained and no H2O2 accumulated. Pyruvate
was excreted up to 4 mM. On the other hand, the parental type
strain grew slowly on SD1 (�max � 0.14 h�1). Growth ceased
prematurely, possibly because of accumulation of H2O2 (10 to
13 �M). On medium SD3, growth was fast under air saturation
(�max � 0.88 h�1) and no H2O2 accumulation was observed
throughout the fermentation.

DISCUSSION

It is generally thought that H2O2 is the main inhibiting
product from oxygen metabolism in LAB (12). H2O2 affected
the growth rate strongly since addition of catalase improved
growth in the presence of oxygen many-fold (2, 17, 34) (Table
2). The growth rate could also be increased with asparagine,
which is a strong growth stimulator for various lactococcal
strains (28, 30). The glycolytic enzyme GAPDH of L. lactis
subsp. lactis ATCC 19435, like that of mitochondria (22), was
very sensitive to H2O2 (Fig. 2). It has been calculated that
GAPDH of lactococci possesses a high metabolic control co-
efficient; the value for growing cells may even reach 0.9 (29). It
is therefore dominant in determining glycolytic flux. It can be
hypothesized that small quantities of H2O2 might have a strong
effect on metabolic flux and, hence, the growth rate (32). How-
ever, this should be further supported by investigating the
effect of H2O2 on the enzymes in intact cells.

Accumulation of H2O2 in LAB is thought to be due to
greater overall activity of oxidases that produce it than peroxi-

FIG. 4. Effect of cytochrome c (Cyt. c) on the formation of H2O2
during oxidation of NADH (250 �M) by NADH oxidase in CE of
anaerobically grown cells as measured with an oxygen electrode. Pan-
els: A, assay without initial addition of cytochrome c; B, assay with
initial addition of cytochrome c. After complete oxidation of NADH,
catalase was added to the assay to detect H2O2.
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dases (2, 12, 36, 37). It has been found frequently that NADH
peroxidase activity is about 10 to 30 times lower than that of
NADH oxidase. However, L. lactis strain ATCC 19435 did not
contain any detectable NADH peroxidase activity under any of
the growth conditions studied. This is consistent with the find-
ing that strain ATCC 19435 possesses no gene for that enzyme
(42).

According to the stoichiometry, NADH oxidase of strain
ATCC 19435 produces water, and assay results showed that
O2

� � is also formed. It is known that flavin-type NADH oxi-
dases of various organisms, LAB among them, can produce
several oxygen metabolites (3, 13, 37). Results of assays that
successfully scavenged O2

� � (Fig. 3) suggested that H2O2 is
formed by SOD in cultures of strain ATCC 19435.

Since strain ATCC 19435 did not contain NADH peroxidase
or (pseudo)catalase, another mechanism should be present
that is able to destroy H2O2. The differences in growth on the
two media suggested that this mechanism is linked to high
metabolic fluxes. A similar link was suggested by Smart and
Thomas (36), who hypothesized that NADH oxidase should be
outcompeted by LDH for NADH when metabolic fluxes are
high. However, this is only part of the explanation. It has been
found that at high metabolic fluxes, concentrations of various
glycolysis intermediates increase to detectable levels (38). Of
these compounds, only pyruvate reacted with H2O2 but in a
nonenzymatic manner (20).

Under the various growth conditions applied to strain
ATCC 19435, extracellular pyruvate accumulated at relatively
high concentrations in the presence of oxygen and high meta-
bolic fluxes (Table 2). Similar results have been obtained with
other lactococcal strains (36). Under those conditions, the in-
tracellular pyruvate concentration was more than adequate to
destroy any H2O2 formed. Sjöberg et al. (35) showed that for
strain ATCC 19435 in glucose-limited continuous cultures, the
internal concentration of pyruvate increased with the growth
rate. Other anaerobically grown lactococcal strains also con-
tained relatively high intracellular concentrations of pyruvate
(15, 24). For LDH� strain NZ2007, the metabolic flux does not
need to be high for pyruvate to be present at elevated concen-
trations under all growth conditions. This was exemplified by
the excretion of pyruvate even under the worst growth condi-
tions: on SD1 and in the presence of oxygen.

The use of pyruvate as a protective agent has been studied
for a long time, especially by chemists and medical biologists
(14, 16, 39, 40). Although it has been suggested by Grufferty
and Condon (18), nobody has made the link between meta-
bolically generated pyruvate and H2O2 destruction for lacto-
cocci. We therefore propose the following scheme of reactions
as it might happen in L. lactis ATCC 19435 at high glycolytic
fluxes. NADH oxidase reduces oxygen mainly to water, and
superoxide is formed as a by-product. Subsequently, superox-
ide is dismutated to hydrogen peroxide by SOD and metabol-
ically produced pyruvate reacts with the peroxide to form water
and acetate. Similar reactions of keto acids with hydrogen
peroxide may be present in other organisms (e.g., diacetyl
[E. W. J. van Niel and B. Hahn-Hägerdal, unpublished data], a
by-product formed in aerobic cultures of several L. lactis
strains, especially at high growth rates [25] and NADH oxidase
activities [26]). The protection mechanism described here
might play a role in the event of the viable-but-nonculturable

state of the cell. It is hypothesized that a process of cellular
self-destruction caused by oxygen metabolites in an excess of
oxidation brings about nonculturability (8), e.g., during inocu-
lum preparation. Indeed, protection by pyruvate has been ob-
served with nonculturable cells (41) and against apoptosis (31).
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1. Åkerberg, C., K. Hofvendahl, G. Zacchi, and B. Hahn-Hägerdal. 1998. Mod-
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