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We recently showed that expressing an H2O-NADH oxidase in Saccharomyces cerevisiae drastically reduces
the intracellular NADH concentration and substantially alters the distribution of metabolic fluxes in the cell.
Although the engineered strain produces a reduced amount of ethanol, a high level of acetaldehyde accumu-
lates early in the process (1 g/liter), impairing growth and fermentation performance. To overcome these
undesirable effects, we carried out a comprehensive analysis of the impact of oxygen on the metabolic network
of the same NADH oxidase-expressing strain. While reducing the oxygen transfer rate led to a gradual recovery
of the growth and fermentation performance, its impact on the ethanol yield was negligible. In contrast,
supplying oxygen only during the stationary phase resulted in a 7% reduction in the ethanol yield, but without
affecting growth and fermentation. This approach thus represents an effective strategy for producing wine with
reduced levels of alcohol. Importantly, our data also point to a significant role for NAD� reoxidation in
controlling the glycolytic flux, indicating that engineered yeast strains expressing an NADH oxidase can be
used as a powerful tool for gaining insight into redox metabolism in yeast.

There is growing demand worldwide for wines containing
lower levels of alcohol. Today, however, wine-making practices
favor the production of wines with high flavor intensity, pre-
pared from fully matured grapes. In some cases, the juice
obtained from such grapes contains very high sugar concentra-
tions, resulting in wines with excessive levels of alcohol. This
situation is antithetical to current public health policies and to
the prevention of drunkenness. Furthermore, the high ethanol
concentration may affect wine quality, for example, by altering
the volatility of aroma compounds (1).

Currently, several physical processes are available for pro-
ducing wines containing less alcohol, all of them involving the
selective extraction of ethanol based on volatility or diffusion
(20). Despite their efficacy, these procedures are expensive and
difficult to perform, and they can also affect the flavor balance
through the loss of aroma compounds. One biological alterna-
tive would be to use yeast strains that give low ethanol yields,
a method that promises to be both faster and less expensive.
Several attempts have been made through genetic engineering
to reduce the ethanol yield of Saccharomyces cerevisiae by
diverting sugar metabolism into by-products other than etha-
nol. For example, yeast strains producing more glycerol and
less ethanol have been obtained by overexpressing GPD1, a
gene that codes for glycerol 3-phosphate dehydrogenase
(GPDH) (16, 17, 18, 21). Another strategy has been to express
lactate dehydrogenase in yeast, resulting in the simultaneous
conversion of pyruvate into ethanol and lactate (4, 5). Still
other approaches have been based on the removal of ferment-
able sugar from the grape must; this can be achieved, for

example, by using a glucose oxidase before fermentation to
catalyze the oxidation of glucose to form gluconolactone in the
presence of molecular oxygen (20) or by using a yeast strain
producing the same enzyme during fermentation (15).

A major constraint that is not fully satisfied by these ap-
proaches, however, is the need to obtain a significant reduction
in the ethanol yield without causing a direct or indirect accu-
mulation of undesirable by-products in the wine. Since the
amount of sugar to be diverted per percent of reduced alcohol
is high (16.8 g/liter), it is probably more realistic to redirect the
carbon flux toward multiple metabolites rather than a single
by-product, the accumulation of which may affect the sensory
properties of the wine at high levels (e.g., lactic or gluconic
acid).

We recently reported a novel strategy for reducing the eth-
anol yield in yeast based on cofactor engineering (11). In this
approach, an H2O-forming NADH oxidase is expressed in S.
cerevisiae, leading to a marked decrease in the intracellular
NADH pool. In contrast to previous approaches, this strategy
directly affects numerous oxidoreduction reactions participat-
ing in many different metabolic pathways, resulting in a unique
metabolite redistribution pattern. During the fermentation of
synthetic must under microaerobic conditions, we observed
that the ethanol yield of the strain expressing the NADH
oxidase was reduced by 15% compared to that of the wild-type
strain. At the same time, however, the strain exhibited altered
growth under wine fermentation conditions and was unable to
ferment more than 100 g/liter glucose. These limitations were
shown to be largely due to the accumulation of high levels of
acetaldehyde resulting from the alcohol dehydrogenase re-
duced flux through the (ADH) reaction (11).

As a 15% reduction in the yield of ethanol from glucose
would be highly valuable for the production of wine with re-
duced ethanol content, an important question remaining after
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these studies was whether the effects of NADH oxidase ex-
pression could be controlled in a way that would limit its
negative impact on fermentation performance. In particular, as
molecular oxygen is the substrate of the NADH oxidase-cata-
lyzed reaction, we wanted to examine the impact of oxygen on
the flux distribution and to determine the minimal amount of
oxygen that needs to be transferred in order to obtain a met-
abolic shift and to reduce ethanol production. In the present
study, we have thus characterized the NADH oxidase-express-
ing strain with regard to its oxygen requirement, examining the
impacts of different oxygen transfer rates on the strain’s phys-
iology and metabolic redistribution. Based on these results, we
have designed a two-step fermentation procedure in which the
oxidase expression phase is uncoupled from the growth phase.
Finally, the relevant fermentation products formed during and
after glucose depletion, as well as the specific rates of glucose
consumption, oxygen consumption, and ethanol formation,
were determined for both the wild-type and the NADH oxi-
dase-expressing strains.

MATERIALS AND METHODS

Strains and growth conditions. The Saccharomyces cerevisiae yeast strain V5
(MATa ura3) was derived from a champagne wine yeast. Strain V5noxE was
previously described (11) and contains the noxE gene from Lactoccocus lactis
under the control of the TDH3 promoter (encoding glyceraldehyde 3-phos-
phate dehydrogenase) integrated in the URA3 locus. The S. cerevisiae strains
were grown in YPD medium (1% Bacto yeast extract, 2% Bacto peptone, 2%
glucose).

Fermentation conditions. Fermentation experiments were carried out on syn-
thetic MS medium as described previously (11). Anaerobic batch fermentations
were carried out at 28°C in fermentors with a working volume of 1 liter and
equipped with fermentation locks, with continuous magnetic stirring at 500
rpm. These conditions give fermentation kinetics similar to those obtained
under enological conditions at pilot scale (2). Microaerobic batch fermenta-
tions were performed in a 2-liter bioreactor (SGI, France) with a working

volume of 1 liter. Various microoxygenation conditions were obtained by
using aeration rates between 5 and 45 ml/min for each culture and by main-
taining agitation at 500 rpm.

The two-step fermentation process was carried out by sparging the bioreactor
with argon gas at 17 ml/min throughout the exponential growth phase. The bio-
reactor was then sparged with air at 17 ml/min from the beginning of the stationary
phase (28 h later) until the end of the fermentation.

The dissolved oxygen was measured using an INGOLD Clark electrode. The
mass transfer coefficient was determined using the gassing-out method as previ-
ously described (6). The maximal oxygen transfer rate (OTR), the oxygen uptake
rate, and the specific oxygen consumption were calculated as previously de-
scribed (11). The off gas passed through a cooled condenser to avoid stripping.
Samples were withdrawn with a syringe. Fermentations were characterized by
fermentation progress, expressed as 1 � S/S0 (where S is the glucose concentra-
tion and S0 is the initial glucose concentration).

Analytical methods. Cells were counted using an electronic particle counter
(Coulter-Counter Coultronics, ZBI model) fitted with a probe with a 100-�m
aperture. Glucose, glycerol, ethanol, and acetate were analyzed by high-pressure
liquid chromatography using an HPX-87H ion exclusion column (Bio-Rad).
Acetoin and 2,3-butanediol were measured by gas chromatography as described
previously (16). The acetaldehyde concentration was determined enzymatically
according to the method of Lundquist (14).

Calculation of specific metabolic rates. The specific rates of metabolite con-
sumption and formation (qi) were estimated from plots of metabolite concen-
tration (Ci) and cell number (Cx) versus time, according to the following equa-
tion: qi � (dCi/dt)/Cx, where dt is a derivate of time and dCi is a derivate of
metabolite concentration. The value of dCi/dt was estimated by deriving a poly-
nomial function fitted to plots of Ci versus time using Sigmaplot software (SPSS
Inc.).

RESULTS

Impacts of various oxygen transfer rates on a strain ex-
pressing an H2O-forming NADH oxidase. We recently showed
that expressing L. lactis NADH oxidase in S. cerevisiae reduces
the ethanol yield during fermentation under microaerobic con-
ditions (11). The reduced ethanol production in these cells
was coupled to an increased formation of acetaldehyde,

FIG. 1. Oxygen consumption (a), glucose consumption (b), growth (c), and acetaldehyde production (d) of V5noxE during batch cultivation
under anaerobic conditions (‚) and microaerobic conditions at OTRs of 20 mg/liter/h (F), 14 mg/liter/h (■ ), 11 mg/liter/h (Œ), 9 mg/liter/h (E),
and 5 mg/liter/h (�).
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which reached high levels (1 g/liter) early in the process and
had undesirable effects on the growth and fermentation rate.
In this previous study, oxygen was supplied at a maximal
transfer rate of 20 mg/liter/h, which corresponded to the
limiting conditions for the control strain, V5. As oxygen is
the substrate of the reaction catalyzed by NADH oxidase,
however, it is possible that the oxygen requirement of the
engineered V5noxE strain might differ from that of the
control strain. We therefore decided to perform a careful
analysis of the oxygen requirement of this strain in order to
(i) determine the minimal level of microoxygenation re-
quired to obtain a metabolic shift toward reduced ethanol
production and (ii) assess the possibility of limiting the
undesirable effects of oxidase expression by fine tuning the
oxygen supply. The oxygen requirement of the noxE strain
was analyzed by performing batch cultivations on MS me-
dium with maximal oxygen transfer rates ranging from 0 to
20 mg/liter/h. Growth, glucose consumption, and metabolite
production were measured at different time points of the
fermentation (Fig. 1).

The biomass yield and metabolic pattern obtained for strain
V5noxE in the absence of oxygen was similar to that of the
wild-type strain (data not shown), indicating the absence of
oxidase activity under these conditions. Based on this result, we
can conclude that the Lactococcus lactis NADH oxidase has no
electron acceptor alternative to molecular oxygen when ex-
pressed in S. cerevisiae, unlike what has been observed when
the same gene is overexpressed in Lactococcus lactis (3).

At a maximal OTR of 20 mg/liter/h, corresponding to the
rate used in our previous study (11), oxygen was never depleted
in the medium and remained above 35% of the saturation
value (Fig. 1a). Decreasing the oxygen transfer rate to 14 or 11
mg/liter/h did not change the profile of oxygen consumption
(Fig. 1a). At lower oxygen transfer rates (9 and 5 mg/liter/h),
however, all of the supplied oxygen was consumed within the
first 20 h, and the dissolved oxygen concentration remained
close to zero until the end of the fermentation.

Glucose consumption and biomass formation were also af-
fected by the level of microoxygenation. Under nonlimiting
oxygenation conditions (20, 14, or 11 mg/liter/h), V5noxE was
unable to degrade more than half of the initial amount of
sugar, and biomass formation was also strongly reduced (Fig.
1b and c). In contrast, at oxygen transfer rates of 9 and 5
mg/liter/h (limiting conditions), V5noxE was able to complete
the fermentation (Fig. 1b). We previously suggested that the
reduced biomass formation and fermentation arrest of V5noxE
at an OTR of 20 mg/liter/h was at least partly due to a large
accumulation of acetaldehyde. Indeed, under nonlimiting con-
ditions, acetaldehyde accumulated to a high level (1 g/liter)
and remained high throughout the stationary phase (Fig. 1d),
with marked effects on the biomass and glucose consumption.
Interestingly, at an oxygen transfer rate of 9 mg/liter/h, a sim-
ilarly high level of acetaldehyde was attained during the growth
phase, similarly resulting in a 60% reduction in the biomass
relative to what is observed under anaerobic conditions (Fig. 1c
and d). Under these conditions, however, the acetaldehyde
concentration decreased to 0.5 g/liter during the stationary
phase, and glucose consumption was increased (Fig. 1b and d).
With an even lower oxygen transfer rate (5 mg/liter/h), the
maximal accumulation of acetaldehyde was 0.65 g/liter, the
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biomass was only partially reduced (by 30%) relative to
anaerobic conditions, and glucose consumption was not af-
fected (Fig. 1b, c, and d). There is thus a good correlation
between the level of acetaldehyde, the formation of bio-
mass, and fermentation performance, confirming earlier ob-
servations (11, 21).

The decrease in the acetaldehyde concentration that was
observed when oxygen was supplied at 5 and 9 mg/liter/h
started when the oxygen was depleted from the growth me-
dium (Fig. 1a and d). When oxygen became limiting, the spe-
cific oxygen uptake rate and the oxygen yield were fixed by the
oxygen supply, i.e., the OTR, meaning that these values were
markedly lower than they were under nonlimiting microoxy-
genation conditions (Table 1). Under oxygen-limiting condi-
tions, it may be assumed that the NADH oxidase activity was
lower than under nonlimiting conditions and that the amount
of NADH available for NADH-dependent reactions was con-
sequently higher. In agreement with this, the yield and rate of
ethanol production were higher at low OTRs than at high
OTRs (Table 1), indicating a higher flux through the alcohol
dehydrogenase reaction. On the other hand, the glycerol yields
were similar under the five different microoxygenation condi-
tions (around 0.034 g/g at the same fermentation progress, 0.5)
and in all cases lower than the yield obtained when the NADH
oxidase was not active (0.051 g/g) (Table 1). The acetoin and
2,3-butanediol yields were reduced with smaller amounts of
transferred oxygen. The percentages of acetoin converted to
2,3-butanediol, which gives an indication of the flux through
the 2,3-butanediol dehydrogenase (BDH) reaction, were sim-
ilar for the five different microoxygenation conditions and were
dramatically reduced compared to the percentages observed
under anaerobic conditions (Table 1). Together, these data
indicate that the two reactions catalyzed by GPDH and BDH
are more sensitive to a small decrease in NADH (i.e., low-
OTR versus anaerobic conditions) than was the reaction cat-
alyzed by ADH.

The specific rates of glucose consumption and ethanol for-
mation were reduced by 6% and 24%, respectively, under
nonlimiting conditions compared to the rates under conditions
in which NADH oxidase did not operate. This strong decrease
in the specific rate of ethanol formation matches our previous
observation that the ethanol yield is strongly reduced at high
OTRs. Interestingly, at OTRs of 5 and 9 mg/liter/h, the specific
rates of glucose consumption were increased by 37% and 56%,
respectively, relative to the rates observed under anaerobic
conditions, and the specific rates of ethanol formation were

enhanced accordingly. This indicates a positive effect of the
NADH oxidase and/or oxygen on the glycolytic flux.

Impact of oxygen on yeast metabolism. At a maximal oxygen
transfer rate of 20 mg/liter/h, which was the rate used in our
previous study (11), the oxygen was completely consumed by
the control strain. In contrast, the dissolved-oxygen concentra-
tion never fell below 35% of the saturation value during cul-
tivation of the NADH oxidase-expressing strain (Fig. 1a). Be-
cause of this, the noxE cells were exposed to higher oxygen
concentrations, which may have in itself affected the metabolic
network. In order to dissociate the effect of NADH oxidase
from that of oxygen, we compared the relative impacts of
oxygen transfer rates of 20 mg/liter/h and 36 mg/liter/h, corre-
sponding to limiting and nonlimiting oxygenation conditions,
respectively, for strain V5. When supplied at 36 mg/liter/h,
oxygen remained at around 20% of the saturation value in the
medium. Under these conditions, the biomass, ethanol, and
by-product yields were the same as those obtained under lim-
iting conditions (20 mg/liter/h) (Table 2). Similarly, the specific
rates of glucose consumption and ethanol production by V5 at
36 mg/liter/h were comparable to those obtained at an OTR of
20 mg/liter/h, as well as during anaerobic fermentation of
V5noxE (Tables 1 and 2). These data indicate that a continu-
ous supply of oxygen under the conditions used in this study
has no impact on yeast metabolism. The specific oxygen uptake
rates and oxygen yields were very close at 20 and 36 mg/liter/h,
indicating that the maximal oxygen demand was satisfied at
20 mg/liter/h (Table 2). These values were, however, 1.4- and
2-fold lower, respectively, than that obtained with V5noxE
under nonlimiting conditions (Tables 1 and 2), demonstrating
that the NADH oxidase activity induces higher oxygen con-
sumption. Together, these data show that the metabolic
changes observed in the V5noxE strain are solely due to the
activity of NADH oxidase.

Behavior of V5noxE in a two-step process. Our data indi-
cated that although decreasing oxygen transfer leads to a grad-
ual recovery of growth and fermentation performance in
V5noxE cells, the effect on ethanol production is lost as soon as
oxygen becomes limiting in the medium (Fig. 1 and Table 1).
When oxygen was transferred at a continuous rate in these
cells, the major side effect of NADH oxidase activity was de-
creased biomass resulting from the accumulation of acetalde-
hyde during the growth phase. During grape must fermenta-
tion, nutrients, and particularly nitrogen, are rapidly depleted
from the medium, causing growth arrest. Since most of the
sugar (70%) is consumed by nongrowing cells, it was possible

TABLE 2. Product yields, biomass formation, dissolved oxygen, and specific rates of glucose consumption, oxygen consumption,
and ethanol formation during microaerobic batch cultivation of V5

OTR
(mg/liter/h)

Product yield (g of product formed or oxygen consumed/g
glucose consumed)a

Biomass
formation

(107 cells/ml)

Dissolved
oxygenc

(% of
saturation

value)

Specific rated

Oxygenb Ethanol Glycerol Acetaldehyde Acetate
Glucose

consumption
(mg/108 cells/h)

Ethanol
formation

(mg/108 cells/h)

Oxygen uptake
(�g/108 cells/h)

20 3.8 (0.0) 0.47 (0.00) 0.027 (0.02) 0.0031 (0.001) 0.013 (0.001) 30.5 (1.5) 0 1.48 (0.03) 0.69 (0.01) 7.15 (0.02)
36 4.1 (0.0) 0.47 (0.01) 0.028 (0.00) 0.0029 (0.001) 0.012 (0.002) 32.5 (1.5) 20 1.49 (0.02) 0.68 (0.02) 7.71 (0.03)

a Values in parentheses are standard deviations calculated from two independent experiments.
b Values are in mg of oxygen consumed per g of glucose consumed.
c Minimal value reached during the culture.
d Average of values during the stationary phase.
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to limit the expression of the NADH oxidase to the stationary
phase, thereby alleviating the undesirable effects on growth
while maintaining a significant effect on ethanol yield.

We therefore designed a two-step fermentation process in-
volving a first anaerobic phase in which the reaction catalyzed
by NADH oxidase was prevented, followed by a second, mi-
croaerobic phase that was initiated after growth arrest. The
traces of oxygen that might be used by the oxidase were elim-
inated by sparging the medium with argon before and after
inoculation in order to maintain the dissolved oxygen at 0% of
saturation value. Once the cells had reached the stationary
phase, after 28 h of fermentation (25 � 107 cells/ml), the argon
was replaced by air and oxygen was supplied at a maximum
OTR of 20 mg/liter/h until the end of fermentation. The con-
centration of dissolved oxygen, growth, glucose consumption,
and formation of ethanol and by-products were determined
over the course of the fermentation (Fig. 2), and the specific
rates of oxygen and glucose consumption and ethanol produc-
tion were calculated (Fig. 3).

During the anaerobic phase, the behavior of V5noxE was

identical to that of V5, as expected from the absence of mo-
lecular oxygen, which is the substrate of the NADH oxidase
reaction (Fig. 2). During the microaeration phase, however, all
of the oxygen was consumed by the wild-type strain, while it
remained mainly nonlimiting for strain V5noxE (Fig. 2a). Un-
der these conditions, the NADH oxidase was functional and
caused a significant rerouting of metabolism. The ethanol yield
of V5noxE was reduced from 0.47 g/g to 0.41 g/g during the
microaeration phase (Fig. 2c), producing a final ethanol yield
of 0.44 g/g. As expected from the oxidase-catalyzed reaction,
the production of acetaldehyde increased as soon as oxygen
was provided. However, this increase was strongly limited
(maximal concentration, 0.45 g/liter) compared to when oxy-
gen was provided at the beginning of the fermentation (Fig. 1).
Interestingly, the V5noxE strain was still able to consume es-
sentially all of the sugar (Fig. 2a).

The formation of oxidized products (acetate and acetoin)
was largely favored, but to a lesser extent than with continuous
microaeration. The formation of 2,3-butanediol was unaf-
fected, indicating a limited flux through the BDH reaction in

FIG. 2. Impacts of NADH oxidase on growth, glucose consumption, oxygen consumption, and formation of metabolites during batch cultivation
with oxygen supply during stationary phase (2, beginning of oxygen delivery; OTR � 20 mg/liter/h) of the S. cerevisiae control strain (V5; filled
symbols) and V5 expressing NADH oxidase (V5noxE; open symbols). (a) Glucose consumption (circles) and dissolved oxygen (triangles). (b) Cell
population. (c) Ethanol. (d) Acetate (circles) and acetaldehyde (triangles). (e) Acetoin (circles) and 2,3-butanediol (triangles). (f) Glycerol (circles)
and pyruvate (triangles). One representative of two experiments is shown.
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the noxE strain, and the production of glycerol was slightly
reduced (Fig. 2d to f). Remarkably, a large accumulation of
pyruvate was observed immediately after the beginning of ox-
ygenation in V5noxE, reaching 2.3 g/liter at the end of the
process (Fig. 2f). This phenomenon was not observed during
the continuous microaeration process (Table 1).

The specific oxygen uptake rate of V5noxE was 6 �g/108

cells/h, which decreased progressively until sugar consumption
was complete (Fig. 3a). The oxygen consumption yield reached
6.4 mg/g glucose consumed, which was very similar to that
obtained with continuous oxygen transfer at an OTR of 20
mg/liter/h, although the average specific oxygen uptake rate
was twofold lower (i.e., 4.9 �g/108 cells/h versus 11.2 �g/108

cells/h) (Fig. 3 and Table 1). This indicates that NADH oxidase
uses the same amount of oxygen under these conditions as
when oxygen is supplied from the beginning of the process,
although it does so more slowly. The specific rates of glucose
consumption and ethanol production decreased immediately
after aeration and then increased in the wild-type strain (Fig.
3b and c) but remained 2- and 2.5-fold lower, respectively, in
V5noxE than in V5. As a result, it took 100 h before all the
glucose was consumed in V5noxE cells compared to 56 h in the
wild-type strain. The reduction in the glucose consumption
rate for V5noxE may account for the lower oxygen uptake rate
that was observed in the two-step process relative to the con-
tinuous process.

DISCUSSION

A main objective of this work was to investigate the potential
for developing an engineered wine yeast strain expressing
NADH oxidase to decrease the ethanol yield during wine fer-
mentation. We first analyzed the impacts of a range of contin-
uous oxygen transfer rates on metabolic networks. Yeast me-

tabolism was differently affected depending on the oxygen
transfer rate. At high OTRs, expression of the NADH oxidase
resulted in a 15% reduction in the ethanol yield, but fermen-
tation was incomplete. In contrast, at low OTRs, the ethanol
yield was not affected and all of the glucose was consumed.
Evidence that the NADH oxidase was functional in these cells
comes from the decreased glycerol formation and the reduced
flux through the BDH reaction. However, the oxidase might
work at a lower level than at high OTRs, as evidenced by the
lower oxygen uptake rates. The absence of an impact on eth-
anol formation cannot be explained in terms of affinity for
NADH, since the Km of ADH for NADH (Adh1p, 110 �M) is
higher than those of GPDH and BDH (23 �M and 55 �M,
respectively) (10, 22).

We previously reported that V5noxE exhibits a higher intra-
cellular NAD� concentration (about 40%) than the control
strain when grown under continuous microaeration at 20 mg/
liter/h (11). When the oxygen transfer rate diminishes, we can
assume that the NAD� pool is gradually decreased but is still
higher than in the absence of NADH oxidase activity. NADH
reoxidation (9, 13), as well as sugar transport, glycolytic en-
zyme activity, and ATP hydrolysis (7, 12, 19), might play a role
in controlling the glycolytic flux. At high OTRs, we showed that
the specific rate of ethanol formation was strongly reduced,
while that of glucose consumption remained essentially the
same as under anaerobiosis, where NADH oxidase activity is
absent. This allowed us to assume that the NAD� surplus
generated by the NADH oxidase activity permitted a glycolytic
flux to be sustained close to what is observed when ADH is
fully functional. At lower OTRs, the ethanol yield was almost
unaffected, whereas the flux through ADH was lower than
under anaerobic conditions, as indicated by the accumulation
of acetaldehyde and acetoin. Interestingly, under these condi-
tions, the specific rates of glucose consumption and ethanol
formation were increased to similar extents, suggesting that the
limited ADH-catalyzed reaction is compensated for by an in-
creased glycolytic flux. Again, this is in agreement with the idea
that NADH oxidase has the capacity to sustain the glycolytic
demand for NAD�.

Together, these data highlighted the limits of such continu-
ous microaeration processes using yeast expressing an NADH

FIG. 3. Specific rate of glucose consumption (a), specific oxygen
uptake rate (b), and specific rate of ethanol production (c) during
batch cultivation with oxygen supply during stationary phase (2, be-
ginning of oxygen delivery; OTR � 20 mg/liter/h) of the S. cerevisiae
control strain (V5; F) and V5 expressing NADH oxidase (V5noxE; E).

VOL. 72, 2006 REDUCING ETHANOL YIELD BY ENGINEERING NADH FORMATION 5827



oxidase for the production of low-alcohol beverages. For this
reason, we developed a two-step process based on an anaero-
bic growth phase followed by a microaeration phase with non-
growing cells. This process was able to reduce the ethanol yield
by 7% compared to the wild-type while avoiding undesirable
effects on growth and glucose consumption. The addition of
oxygen to the noxE strain during the stationary phase resulted
in a sharp decrease in the specific rates of glucose consumption
and ethanol formation, with average values about threefold
lower than those obtained during continuous microaeration at
20 mg/liter/h. The rapid and strong accumulation of pyruvate,
together with increased amounts of acetaldehyde, suggests that
there was a sudden limitation in the level of ADH when the
glycolytic flux was relatively high. This is consistent with the
possibility that the ability of NADH oxidase to meet the de-
mand for NAD� for glycolysis becomes insufficient, causing a
progressive decrease in the glycolytic flux. However, the pos-
sibility that other factors, e.g., inhibition of glycolysis by pyru-
vate (8), contribute to the reduced rate of glycolysis under
these conditions cannot be entirely excluded. It is unlikely,
however, that the effects are due to an inhibitory effect of
acetaldehyde, which accumulated to the same level as when the
glycolytic flux was high.

Finally, compared to continuous microoxygenation (11), the
two-step process described here might be valuable for produc-
ing wines with ethanol contents reduced by about 1%. How-
ever, compared to processes run under standard anaerobic
conditions, the production of oxidized metabolites (acetalde-
hyde, acetate, and acetoin) was globally favored (data not
shown). While some effects were due to oxygen, the major
redistribution of metabolites at the acetaldehyde node was a
specific effect of oxidase expression. In particular, the produc-
tion of acetoin was increased 10-fold in the oxidase-expressing
strain compared to the wild-type strain under microaerobic
conditions. Since the formation of oxidized products might be
unfavorable in wine, the impact of these modifications on the
sensory properties of wine should be carefully analyzed. Also,
our results indicate that the reoxidation of NADH is not the
only component in the intricate regulatory system employed by
cells for adjusting the rates of central metabolic pathways, such
as glycolysis, to appropriate levels. Nevertheless, this study
demonstrates that in addition to its ability to reduce the eth-
anol content in wine, the noxE strain may offer an interesting
system for further investigating the control exerted by NADH
reoxidation on glycolysis.
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