
V. SCHNEIDER et al.: Oxygen Consumption by Postfermentation Wine Yeast Lees, Food Technol. Biotechnol. 54 (4) 395–402 (2016) 395

Introduction
At the end of alcoholic fermentation, yeast cells start 

to autolyze. Yeast autolysis is a slow process character-
ized by the hydrolysis of intracellular biopolymers by 
yeast enzymes activated upon cell death. As a result, cyto-
plasmic and cell wall compounds are released into the 
wine with various oenological and sensory consequences. 
With the aim of making deliberate use of this process, 

ageing on the lees has become an oenological concept for 
pursuing specifi c stylistic goals. This concept is based on 
the assumption that aft er primary fermentation lees con-
sist predominantly of yeast cells. A distinction is made be-
tween light lees that remain in suspension and heavy lees 
that sett le at the bott om of the vessel.

Mannoproteins extracted from yeast lees contribute 
to volume on the palate and decrease astringency of tan-
nins, thus improving mouthfeel and structure. They can 
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Summary

Postfermentation wine yeast lees show antioxidant properties based on their ability to 
consume dissolved oxygen. The oxygen consumption capacity of suspended yeast lees ob-
tained aft er fermentations with six commercial active dry yeast strains was investigated in 
model, white and red wines using fl uorescence-based oxygen sensors operating in a non-
destructive way. In model solution, the oxygen consumption rate of yeast lees was shown 
to depend on their amount, yeast strain, sulfur dioxide and temperature. It is slightly low-
er in red than in white wines. It is strongly decreased by current levels of free sulfur diox-
ide, thus excluding the complementary use of both as antioxidants in wine. However, in 25 
randomly sampled white wines produced under commercial conditions, the rate and ex-
tent of oxygen consumption during the fi rst six months of postfermentation had no signifi -
cant correlation with any of these interacting factors, making it diffi  cult to predict the ac-
tual antioxidant eff ect of yeast lees. In these wines, yeast lees consumed 0 to 47 % of the 
dissolved oxygen. Although total oxygen consumption capacity of yeast lees is not a limit-
ing factor under commercial winemaking conditions, their oxygen consumption proceeds 
at a limited rate that reduces but cannot totally prevent concomitant chemical oxidation of 
the wine.
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also contribute to protein and bitartrate stability. Esters, 
nucleotides, peptides and amino acids released from post-
fermentation yeast lees provide fl avour precursors and 
enhance fl avour complexity (1,2). Some of these amino 
com pounds such as glutathione and cysteine can assist in 
protection from oxidation (3). The yeast cells themselves 
absorb dissolved oxygen (DO), withdrawing it from oxi-
dation reactions (4). However, when yeast lees are left  too 
long and compacted at the bott om of the ageing vessel 
under anaerobic conditions, they can start to produce vol-
atile sulfur compounds that negatively aff ect fl avour (5). 
The accumulation of yeast compounds in the wine is in-
terrupted by removal of yeast by fi ltration, while main-
taining yeast in suspension by stirring lees accelerates 
their release.

In its traditional format, ageing on the lees is carried 
out on white wines stored in barrels over several months 
to more than a year. During this period, lees left  aft er fer-
mentation are prevented from sett ling by periodic stirring 
referred to as bâtonnage, or by rolling the barrels. Bâton-
nage as traditionally practiced stimulates the decrease of 
free sulfur dioxide and the uptake of atmospheric oxygen 
due to the removal of the bung and the process of stirring. 
Yet bâtonnage is not inherently oxidative since oxidation 
is buff ered by the absorption of DO by yeast (4) and the 
release of reducing amino acids (3). Stirring regime, the 
amount of yeast, and SO2 management determine wheth-
er ageing on the lees is more reductive or oxidative proc-
ess (6).

The DO uptake rate of yeast during ageing on yeast 
lees was quantifi ed at 0.003 to 0.011 mg/(L·h) per 109 of 
yeast cells from the second to the sixth month of ageing 
at 14 °C (4). The initial DO consumption rates and their 
gradual and irregular decay during wine ageing were 
strongly dependent on yeast strains, with 11 to 100 % of 
the initial DO consumption rate left  aft er four months of 
ageing (4). In later works, oxygen consumption by non- 
-viable yeasts was ascribed to a largely non-respiratory 
pathway using the oxygen for oxidation of membrane lip-
ids (7,8) and ergosterol (9) leading to the production of li-
pid peroxides and unknown end products, confi rming 
earlier fi ndings on brewer’s yeast (10). These reactions are 
NADPH-dependent (11) and discontinued aft er pasteuri-
zation (4). When oxygen is added in excess during alco-
holic fermentation, the reactivity of yeast lees towards 
oxygen decreases due to oxygen-dependent sterol degra-
dation (12). Respiration was shown to be only involved in 
oxygen uptake by yeast lees during the fi rst three weeks 
post fermentation (4) since 99 % of yeast cells die within 
two weeks aft er fermentation (13). Contrary to these stud-
ies, earlier works have shown that during oxygenation of 
submerged cultures of postfermentation S. cerevisiae cells, 
oxygen is also used for the formation of acetaldehyde by 
yeast-bound ethanol dehydrogenase activity (14–17). Fur-
thermore, an increase of acetaldehyde concentration was 
observed when unfi ltered white table wines were submit-
ted to inadvertent oxygen uptake during racking and 
storage, requiring ultimately higher SO2 additions to bind 
it (18).

Although most of these investigations were carried 
out against the background of barrel ageing, the ability of 
postfermentation yeast lees to consume DO suggests that 

they can act as a reducing agent in a more general way. 
Their consumption of DO picked up during storage and 
winery operations would protect wine constituents 
against chemical oxidation. Historical evidence confi rms 
that yeast lees delay the browning of white wines ex-
posed to atmospheric oxygen in the absence of free sulfur 
dioxide. Thus, the aim of this study is to provide exten-
sive data on the rate and extent to which DO present in 
wine is consumed by variable amounts of suspended 
yeast lees as compared to fi ltered wines, the eff ect of some 
technical parameters on the rate of this reaction, its sig-
nifi cance under practical winemaking conditions, the 
possible formation of acetaldehyde as a secondary prod-
uct, and the feasibility of nephelometric turbidity meas-
urements for evaluating levels of suspended yeast cells in 
wines.

Materials and Methods

Assessment of yeast biomass and cell number
Suspended yeast lees were quantifi ed by nephelo-

metric turbidity measurements using a Hach 2100Q turbi-
dimeter (Loveland, CO, USA) calibrated with primary 
formazin standards and expressed in nephelometric tur-
bidity units (NTU). Nephelometric turbidity measure-
ments of serial dilutions in model solution of yeast sus-
pensions obtained aft er fermentation of a fi ltered grape 
juice yielded a correlation curve that showed linearity be-
low 40 NTU with R=0.9995. Consequently, all sample 
measurements were carried out aft er dilution with model 
solution to less than 40 NTU in order to measure in the 
linear range. The turbidity of the original sample was 
then computed from the dilution factor. In a second step, 
the yeast suspensions were used for cell counting in a 
Fuchs-Rosenthal haemocytometer (Carl Roth, Karlsruhe, 
Germany) aft er appropriate dilution from 10 to 40 NTU. 
The cell count of 40 unit squares on each of eight drops 
was made and the mean number of cells per mL was cal-
culated. Yeast cell numbers of serial dilutions were corre-
lated with NTU readings. The correlation yielded 6.3·104 
cells per mL per 1 NTU. It provided the basis for convert-
ing yeast concentrations reported in NTU in this work.

Wines and yeasts
Oxygen consumption by yeast cells was studied in 

model solution and in the wines they originated from. 
Wines and yeast lees were obtained from local wineries. 
Vinifi cation was carried out using standard procedures 
with the exception that juice was clarifi ed to less than 20 
NTU of residual turbidity using pectolytic enzymes, fol-
lowed by the addition of 2 g/L of bentonite three to fi ve 
hours later, sedimentation, fl otation or fi ltration. Under 
these conditions of highly clarifi ed grape juices, solids of 
the resulting wines consisted predominantly (>98 %) of 
yeast cells. Aft er clarifi cation, the diff erent juices contain-
ing 200 to 220 g/L of initial sugar were inoculated with 20 
g/hL of commercially available active dry yeast strains. 
Fermentations and further storage between 8 and 15 °C 
took place in stainless steel tanks. No oxygen was added 
during fermentation. Yeast strains used for inoculation 
and further investigation were Lalvin CY 3079 (Lalle-
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mand, Montreal, Canada), Lalvin EC 1118 (Lallemand), 
Lalvin RC 212 (Lallemand), Fermicru VB 1 (Oenobrands, 
Montpellier, France), Collection Cépage Sauvignon (Oe-
nobrands), and SIHA Riesling Yeast (Eaton, Langenlon-
sheim, Germany).

Dissolved oxygen consumption trials
The model solution contained 13 % (by volume) of al-

cohol in distilled water. Aft er addition of 8 g/L of tartaric 
acid, pH was adjusted to 3.5 using 10 % NaOH.

For monitoring dissolved oxygen (DO) consumption 
of yeast in model solution, yeast was harvested from 
young white wines aft er fermentation to dryness (<2 g/L 
of sugar) and before the onset of malolactic fermentation 
(<0.2 g/L of lactic acid). Wine aliquots of 750 mL were sam-
pled into nitrogen-purged bott les and centrifuged (4 min, 
3000×g). The obtained yeast slurry was washed and dilut-
ed in the model solution to desired concentrations as de-
termined by measuring the nephelometric turbidity of the 
suspensions. Oxygen consumption measurements started 
immediately aft er dilution since yeast storage in aqueous 
solutions has been shown to result in increased values 
due to physiological changes of the cells (10).

For monitoring DO consumption of yeast in unfi l-
tered wines, samples of 750 mL were taken from storage 
tanks at diff erent time points and split into two aliquots. 
One aliquot was used for DO consumption measurement 
without further treatment. The other aliquot was clarifi ed 
by centrifugation and fi ltration through a 0.6-μm mem-
brane (model 11305; Sartorius, Gött ingen, Germany) to 
serve as a yeast-deprived reference in DO consumption 
measurements. For evaluation of the eff ect of the wine 
matrix on DO consumption by yeast, sterile-fi ltered wines 
were supplemented with yeast slurry to desired concen-
trations.

Monitoring oxygen consumption kinetics
Dissolved oxygen was determined by a non-invasive 

method of luminescence quenching using a Fibox 3 Trace 
single channel fi bre optic oxygen meter coupled with 
PSt3 luminescent oxygen sensors (PreSens Precision Sens-
ing GmbH, Regensburg, Germany). The Fibox 3 probe 
measures the luminescence decay time of the lumino-
phore sensor spots mounted inside a vessel of clear glass. 
The luminophore sensor is excited with a sinusoidal in-
tensity-modulated monochromatic light delivered by the 
optical fi bre. Its decay time causes a time delay in the 
light signal emitt ed by the luminophore. The decay time 
decreases in the presence of oxygen. Thus, the excitation 
of the sensor generates a response proportional to the 
amount of DO around the sensor.

The oxygen-sensitive mini sensor spots were glued 
with silicone at centre positions onto the inner wall of 
fl asks of 100 mL, allowing them to be in contact with the 
liquid. Then, the fl asks were fi lled to the rim with model 
solution or wine previously supplied with atmospheric 
oxygen to near a saturation concentration (approx. 7 
mg/L) by intense shaking. Subsequently, the fl asks were 
sealed with screw caps fi tt ed with a plastic cone liner en-
suring the exclusion of any air bubbles at the interface be-
tween the liquid and internal cap. Supplementary sample 

treatment and storage conditions are specifi ed in the Re-
sults section. DO readings of the liquids were obtained 
without opening the fl asks, pointing the light-transferring 
optical fi bre at the sensor spots through the glass. Meas-
urements were performed with a recording rate of one 
reading point per three seconds. Readings were taken as 
valid when the standard deviation was <2 %, aft er which 
the mean was calculated. DO measurement range was 0 
to 22 mg/L with a detection limit of 0.015 mg/L. Manual 
calibration was applied using the batch calibration data 
obtained from the manufacturer.

Recurrent shaking of the closed fl asks prevented sed-
imentation of the lees, thus mimicking more real storage 
conditions. DO readings were performed periodically un-
til it was mostly depleted (≤0.2 mg/L), and DO data were 
plott ed against time. According to the shape and equation 
of the obtained curves, interpretation of data was per-
formed in two diff erent ways: in model solutions, the 
curve linear slope provided the oxygen consumption rate 
(OCR) in mg/(L·h) of yeast directly. In real wines showing 
a linear curve shape, the OCR of the yeast was obtained 
by subtraction of the OCR of a fi ltered blank. In many 
wines, however, the change of OCR over time was best 
fi tt ed with an exponential function regardless of the pres-
ence or absence of yeast. This allowed for calculating the 
percentage and the absolute amount of DO consumed by 
yeast. For that purpose, the measured DO data of both, 
the unfi ltered aliquot and the fi ltered blank, were trans-
ferred via regression analyses into two mathematical 
functions and normalized both functions to the same zero 
point before integrating them over time. Dividing the in-
tegral of the unfi ltered aliquot by the integral of the fi l-
tered blank provided the eff ect of DO consumed in per-
centage that could not be att ributed to the yeast eff ect but 
to the chemical oxidation of the wine matrix. The remain-
ing part corresponded to the yeast’s eff ect on the overall 
decrease of DO expressed in percentage.

Total oxygen consumption capacity
Total oxygen consumption capacity of yeast suspen-

sions was measured in model solution under conditions 
of potential oxygen supply of up to 80 mg/L, using a 
standard manometric assay originally devised for assess-
ment of biological oxygen demand of water (OxiTop®, 
WTW, Weilheim, Germany). Defi ned volumes of thor-
oughly washed yeast suspensions were transferred into 
500-mL amber bott les tightly sealed with manometric 
pressure sensors. The bott les were then continuously 
stirred at 200 rpm and 20 °C on a 6-position magnetic stir-
rer platform to ensure constant oxygen supply from the 
headspace during the experiment. The decrease in the 
monitored pressure was related to oxygen consumption 
that, in turn, was plott ed against time. A control set con-
taining no yeast was used to correct for the oxygen up-
take of the model solution matrix. Standard deviation of 
the measurement was ±10 % of the readings.

Chemical analyses
Acetaldehyde, free sulfur dioxide, lactic acid and re-

sidual sugar were measured enzymatically using appro-
priate test kits (R-Biopharm AG, Darmstadt, Germany).
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Statistical analyses
All statistical analyses were performed using the R 

soft ware v. 3.2.1 (19). Graphics were obtained using the 
'ggplot2' package (20); linear and non-linear regression 
models were produced using the 'nls2' package (21).

Results

Eff ect of yeast concentration on OCR
The model solution was chosen to study the eff ect of 

yeast concentration on its ability to consume DO. Thus, 
any interference from oxidizable wine constituents was 
circumvented. Yeast concentrations assayed were 5, 25, 
50, 100, 200, 300, and 400 NTU. The oxygen consumption 
in each lot was almost constant during the tests, following 
a zero-order kinetics that allowed for expressing the OCR 
in mg/(L·h) of oxygen (Fig. 1).

Although all yeasts were harvested and trialled with-
in one month aft er the end of alcoholic fermentation, 
there were remarkable diff erences in the OCR among 
yeast strains at given concentrations. However, these dif-
ferences should be considered with caution since they 
might be impacted by matrix and technical variables as 
well as some residual, respiratory DO consumption. Re-
producible consumption rates required a minimum of 50 
NTU of yeast. Above that minimum level, OCR ranged 
from 0.27 to 2.09 mg/(L·h).

Interestingly, OCR does not always increase with in-
creasing yeast concentrations in a proportional way, i.e. 
the OCR per cell declines at higher cell densities. In these 
cases, when OCR is plott ed against NTU, the slope of the 
obtained curve suggests a Michaelis-Menten type behav-
iour. This patt ern has been observed by other authors (11) 
and is believed to be caused by a steric hindrance of oxy-
gen diff usion at the particle level as a result of the physi-
cal presence of yeast cells, making DO diff usion within 
the liquid the rate-limiting step. However, since this be-
haviour could not be verifi ed over the entire data set, a 

linear model of regression analysis was used to test the 
eff ect of yeast concentration on the OCR. As expected, it 
could be confi rmed that higher yeast concentrations lead 
to an increase of OCR (99.9 % confi dence level). This gen-
eral trend is valid for all yeast strains under consider-
ation. Data below 50 NTU were neglected as the quantifi -
cation limit did not allow reproducible measurements.

Eff ect of temperature on OCR
Since the DO consumption of yeast cells is based on 

the oxidation of complex yeast membrane compounds, it 
is expected to depend also on temperature. The tempera-
ture eff ect on the yeast strains with concentrations adjust-
ed to 200 NTU was evaluated in model solution at 20, 15 
and 5 °C. The DO consumption followed a zero-order ki-
netics for each temperature (Table 1).

Using a linear regression model to examine the eff ect 
of temperature and yeast strains on the OCR shows that 
temperature has a signifi cant infl uence (99 % confi dence 
level). This behaviour was found of each of the diff erent 
yeast strains to a varying degree, with confi dence levels 
for diff erences among yeast strains ranging from 90 to 99 %.

Under the conditions of cool wine storage, the OCR 
of yeast cells decreases markedly. This temperature eff ect 
is in agreement with the results of a classical study show-
ing that DO consumption rates obey the Arrhenius equa-
tion when the relation of consumption rate to tempera-
ture is calculated as a kinetic constant (22). However, the 
oxygen consumption rate of fi ltered wines also proceeds 
at a lower rate when the temperature is decreased (6). 
Therefore, when yeast lees and oxidizable wine matrix 
compounds compete for DO in real wines, the yeast per-
centage contribution to total oxygen consumption is not 
necessarily aff ected by temperature.

Eff ect of free sulfur dioxide on OCR
Since most wines are stored with variable concentra-

tions of free sulfur dioxide aft er fermentation, another 
pertinent question was whether SO2 additions would have 

Table 1. Eff ect of temperature on the oxygen consumption rate 
(OCR) by diff erent yeast strains in model solution at 20 °C

Yeast strain

Temperature/°C

5 15 20

OCR/(mg/(L·h))

Coll. Sauvignon 0.030 0.469 0.507
CY 3079 0.029 0.041 0.048
EC 1118 0.136 0.193 0.244
Riesling-Yeast 0.017 0.046 0.099
RC 212 0.573 0.614 0.706
Fermicru VB 1 0.591 0.781 0.833
x 0.278 0.357 0.406
(x/x at 20 °C)/% 68.5 87.9 100

Yeasts were harvested two weeks aft er the end of alcoholic 
fermentation and adjusted to 200 NTU
NTU=nephelometric turbidity units; N=2
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Fig. 1. Oxygen consumption rate (OCR) of yeast strains in mod-
el solution at 20 °C as aff ected by yeast concentration. Yeasts 
were harvested and trialled one to three weeks aft er the end of 
alcoholic fermentation. γ(SO2)free=0 mg/L; N=2; NTU=nephe lo-
me tric turbidity units
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any eff ect on the OCR of postfermentation yeast cells. 
OCR measurements of the six yeast strains suspended at 
200 NTU in model solution spiked with increasing 
amounts of SO2 showed a strong suppressive eff ect of SO2 
(Fig. 2). At an average wine pH=3.5, there is a critical limit 
around 20 mg/L of free SO2 above which the OCR of yeast 
becomes almost insuffi  cient to have any practical eff ect. 
Depletion of DO by reactions with SO2 during the course 
of the assay cannot explain this behaviour since it would 
increase the OCR when initial SO2 concentrations in-
crease. The reason why SO2 strongly inhibits DO uptake 
by yeast remains unknown, but inhibition of unidentifi ed 
enzymes by SO2 might be a cause.

E ff ect of wine matrix on OCR
The eff ect of the wine matrix (white vs. red wine) was 

investigated using three yeast strains (EC 1118, CY 3079 
and Fermicru VB 1). Defi ned amounts of yeast harvested 
aft er alcoholic fermentation were added to a sterile fi l-
tered white wine and three diff erent red wines (A, B and 
C) without any free sulfur dioxide. Aft er one month of 
storage under anaerobic conditions, the wines were satu-
rated with oxygen and the DO decrease was registered. It 
followed an almost linear patt ern comparable to that of 
the model solution. To calculate the net OCR of the yeasts, 
the overall DO decrease was corrected for the chemical 
oxygen binding by the respective wines without added 
yeast, which served as a blank. Results are given in Table 
2.

Again, the OCR is not enhanced by increasing yeast 
lees concentrations in a linear way, thus confi rming the 
results obtained in model solution. Furthermore, for com-
parable yeast concentrations, OCR fi gures are of the order 
of those found in model solution (Fig. 1). However, there 
is a clear tendency towards a decrease of yeast OCR in red 
wines as compared to the white wine. Testing the hypoth-
esis that red wine matrix results in a lower OCR than 
white wine matrix, paired t-tests were used for the three 
series of experiments. The hypotheses were confi rmed for 

EC 1118, CY 3079 and Fermicru VB 1 at a 90, 99 and 95 % 
confi dence level, respectively.

This matrix eff ect has been explained by a partial ad-
sorption of red wine polyphenols by yeasts. As a conse-
quence, these phenols strongly interact with components 
of yeast cell membrane responsible for the oxygen con-
sumption. It is assumed that they elicit a collapse of the 
cytoplasmic intermembrane space, which lowers the ac-
cessibility and reactivity of oxygen towards the sterols 
and unsaturated fatt y acids of the cell membrane. Major 
losses of overall reactivity of oxygen occur during the fi rst 
ten days of yeast contact with red wine polyphenols. 
These losses are irreversible and also observed aft er solu-
ble polyphenols had been separated from the yeast cells 
(8,23). Contrary to these fi ndings obtained on model solu-
tions spiked with 3, 6 and 9 g/L of phenolic material ex-
tracted from red wine, the impact of red wine phenols on 
yeast OCR under more realistic conditions of standard 
red wines (approx. 2 g/L of total phenols) seems rather 
negligible.

Total oxygen consumption capacity
Three yeast strains (EC 1118, CY 3079 and Fermicru 

VB 1) suspended in model solution at a concentration of 
300 NTU each were used to assess their total oxygen up-
take capacity and consumption kinetics using the ma-
nometric method at 20 °C. As shown in Fig. 3, plott ing 
oxygen uptake against time yielded concave-like curves 
displaying an almost linear increase of oxygen consumed 
at the beginning, followed by a transition to a steady state 
indicating depletion of the yeast oxygen uptake resources 
aft er 45 to 55 h and 40 to 60 mg/L of consumed DO. These 
results indicate that even minor concentrations of sus-
pended yeast cells corresponding to approx. 50 NTU 
(3.15·106 cells/mL) would suffi  ce to consume one satura-
tion concentration of DO. Under industrial winemaking 
conditions, total oxygen consumption capacity of yeast 
lees is not a limiting factor to protect wine against oxida-
tion.
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Fig. 2. Eff ect of free SO2 on oxygen consumption rate (OCR) of 
yeast strains in model solution at 20 °C. Yeasts were harvested 
within two weeks aft er the end of the alcoholic fermentation 
and adjusted to 200 nephelometric turbidity units (NTU). Box-
plots represent two repeated measurements of six diff erent 
yeast strains

Table 2. Eff ect of wine matrix on the oxygen consumption rate 
(OCR) of suspended yeast in real wines at 20 °C as aff ected by 
yeast concentration

Yeast 
strain

Wine
sample

Turbidity/NTU

C.L.50 100 200 300 400

OCR/(mg/(L·h))

EC 1118
white wine 0.53 0.86 1.21 1.48 1.94
red wine A 0.50 0.73 1.14 1.46 1.62 *

CY 3079
white wine 0.65 1.12 1.14 1.14 1.14
red wine B 0.47 0.64 0.63 0.64 0.66 ***

Fermicru 
VB 1

white wine 0.14 0.18 0.28 0.36 0.39
red wine C 0.10 0.14 0.26 0.35 0.38 **

Data corrected for chemical binding of dissolved oxygen by the 
wines. Yeasts were harvested one month aft er alcoholic 
fermentation and aged for another month in the respective assay 
wines before OCR measurements. C.L.=confi dence level, 
NTU=nephelometric turbidity units. *90 % C.L., **95 % C.L. and 
***99 % C.L.; N=2
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Combined eff ects of lees concentration, age and free SO2 
in real wines

In an unstructured assay, samples were obtained 
from 25 unfi ltered white wines produced under commer-
cial conditions and fermented with the yeast strains used 
in this study. The samples were split into two aliquots, 
one of them containing the original yeast and the other 
one was fi ltered to serve as a blank. Aft er oxygen supply 
by aeration, the DO decrease in both aliquots at 20 °C was 
plott ed against time. Yeast concentration in the wines 
ranged from 8 to 310 NTU, initial free sulfur dioxide from 
0 to 57 mg/L, and the age of the wines from 2 to 26 weeks 
aft er alcoholic fermentation.

The DO decrease plots obtained were either close to 
linear or exponential functions depending on the individ-
ual wine. Both patt erns have been reported by other au-
thors (24,25). In most of the fi ltered wines, however, the 
plots took the form of a more or less convex curve fi tt ing a 
negative exponential function. They correspond to a fi rst-
-order reaction kinetics indicating a change of the OCR 
over time and representing the exclusive chemical bind-
ing of DO. In the unfi ltered wines containing yeast, both 
DO consumption by the yeast and DO consumption due to 
chemical binding accumulated to a total, which still dis-
played an overall reaction order of close to one that could 
be represented best by an exponential equation. Fig. 4 
gives an example. Under these conditions, no workable 
OCR values were obtained since they change throughout 

the period of the test according to the instantaneous DO 
concentration (10). Instead, mathematical treatment of the 
equations of both curves as described in the Materials and 
Methods section provided the percentage and the abso-
lute amount of DO consumed by yeast, with the remain-
ing part corresponding to the DO consumed by chemical 
oxidation of the wine matrix.

DO consumed by yeast ranged from 0 to 47 % (data 
not shown). Trends of the large impact of the concentra-
tion of yeast and free SO2 on DO consumption by yeast 
could be observed, confi rming results obtained on model 
solution. However, using multivariate analyses, not one 
of the tested parameters (yeast strain, yeast concentration, 
wine, age and free SO2 concentration) showed any signi-
fi cant infl uence on the DO consumption rate by yeast, 
expressed  as the reaction rate coeffi  cient of fi rst order ki-
netics. The combination and interaction of the various pa-
rameters do not allow for a reliable prediction of yeast re-
activity towards DO in a given wine.

Synthesis of acetaldehyde
Total acetaldehyde was measured aft er complete de-

pletion of DO in the 25 wines referred to above. Diff er-
ences in acetaldehyde concentration between the fi ltered 
and the unfi ltered aliquots of each wine were not signifi -
cant and did not exceed ±3 mg/L (data not shown). These 
results indicate that the consumption of up to 7.5 mg/L of 
DO by postfermentation yeast lees of the S. cerevisiae 
strains assayed in this study does not elicit any increase of 
acetaldehyde content. They suggest the absence of any re-
spiratory metabolism, thus supporting earlier fi ndings 
(7–10) that DO is mainly consumed by lipid oxidation. On 
the other hand, since yeast viability may vary consider-
ably in practice, one cannot exclude that respiration con-
tributes to DO consumption under diff erent oenological 
conditions.

Discussion
The oxygen consumption capacity of postfermenta-

tion yeast cells has been known in both the wine and the 
beer industry for considerable time. However, it has been 
unclear how it is aff ected by oenological parameters, and 
how much DO is indeed consumed by yeast lees instead 
of reacting with intrinsic wine constituents by chemical 
binding, leading necessarily to wine oxidation.

Suspended wine yeast lees are able to consume up to 
several saturation concentrations of DO, with the exact 
extent depending primarily on their amount. Their DO 
consumption kinetics varies between a linear patt ern and 
fi rst-order kinetics. Despite their considerable total oxy-
gen consumption capacity relying mainly on lipid oxida-
tion (7–10), they are not able to consume all oxygen 
picked up by wine. Our results indicate a concomitant 
chemical oxygen binding by oxidizable wine constituents.

The rate at which yeast cells consume oxygen, report-
ed as OCR, is an essential parameter for assessing the bal-
ance between the amounts of DO consumed by the yeast 
biomass and by the wine matrix, respectively. It can be as-
sumed that the higher the OCR of the yeast lees, the less 
DO is available for the chemical oxidation of the wine. 
However, it is impossible to predict the extent to which 
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yeast contributes to total DO consumption under com-
mercial winemaking conditions for two reasons: fi rst, the 
combinations and interactions of variable oenological pa-
rameters such as yeast strain, concentration, age, wine 
matrix and free SO2 make it diffi  cult to forecast the rate at 
which DO is consumed by yeast as such; second, the rate 
of the chemical binding of DO to the wine phenolics is an 
unknown variable, thus rendering it impossible to deduce 
the percentage of DO consumed by yeast from its OCR.

It has been shown for the fi rst time that sulfur diox-
ide strongly inhibits the reactions involved in oxygen 
consumption by yeast lees, with levels of more than 20 
mg/L of free SO2 at wine pH making it almost meaning-
less. Thus, the antioxidant eff ects of both yeast lees and 
sulfur dioxide cannot be used in a complementary way. In 
wines stored with relatively high concentrations of free 
SO2, the protection against oxidation by yeast lees is less 
benefi cial than in wines with low sulfi te concentrations. 
Since the antioxidant eff ect of yeast lees is most expressed 
when free SO2 is low or absent, they are a valuable wine-
making tool when wines without the added SO2 are to be 
produced.

When wines are stored in stainless steel tanks, inad-
vertent exposure to atmospheric oxygen occurs during 
winery operations such as pumping, centrifugation, fi l-
tration, fi ning, cold stabilization and bulk wine transpor-
tation. Under these conditions, the magnitude of oxygen 
uptake is highly variable and ranging from 0.1 to 3 mg/L 
in each one of these operations (26–29). Storage under 
headspace may provide further amounts of oxygen. 
Therefore, delayed fi ltration has been proposed to make 
use of the oxygen uptake by yeast lees and mitigate the 
detrimental eff ect of uncontrolled oxygen uptake by oxy-
gen-sensitive, fruity white wines (30). However, the anti-
oxidant property of yeast lees is largely diminished by the 
presence of free SO2.

When wines are stored in standard barrels of 225 L, 
the amount of oxygen they receive varies between 10 and 
45 mg/L per year with an average of 20 mg/L per year, 
decreasing with the age of the barrels (31,32). Assuming 
an average oxygen uptake of 0.05 mg/L per day in the 
barrel, a yeast OCR of 0.002 mg/(L·h) would be required 
to remove that oxygen at the rate it dissolves in the wine 
if yeast cells were the only oxygen receptor. However, a 
simultaneous and variable chemical binding of oxygen is 
unavoidable. It increases with increasing concentrations 
of free SO2 and lowers the reductive eff ect exerted by 
yeast lees. As a practical consequence, traditional white 
wine ageing under semi-oxidative conditions in barrels is 
carried out with low concentrations of free SO2 and high 
amounts of yeast lees periodically resuspended by stir-
ring. The redox behaviour during traditional barrel age-
ing does not apply to fruity white wines usually stored in 
tanks with higher concentrations of free SO2.

Continuous oxygen supply comparable to barrel age-
ing also takes place when red wines are submitt ed to mi-
cro-oxygenation in tanks. Yeast lees compete for oxygen 
with red wine phenols and hinder the wine ageing pro-
cess (8). This fi nding explains why young red wines with-
stand more oxygen uptake than aged ones aft er clarifi ca-
tion. However, these relationships are further complicated 
by a partial adsorption of polyphenols on yeast cell mem-
branes, which lowers the overall reactivity of both yeast 

and polyphenols towards oxygen (23). Our results indi-
cate that a typical yeast concentration of 100 NTU in 
young red wines is able to consume DO at a rate of 0.1 to 
1 mg/(L·h) during the fi rst month aft er primary fermenta-
tion (Table 2). Thereby, they were only slightly less eff ec-
tive than in white wines where they consumed up to 47 % 
of total DO. These fi ndings indicate that yeast lees can 
consume a substantial amount of DO provided during 
micro-oxygenation and withdraw it from reactions with 
red wine phenols as intended by this treatment.

The quantifi cation of yeast biomass is essential for 
properly working with yeast lees. Suspended yeast cells 
cause turbidity that varies as some function of the num-
ber of yeast cells per volume unit. In contrast to cell count-
ing, turbidity measurement is an easily manageable pro-
cedure implemented in many wineries. However, despite 
its feasibility for evaluating yeast concentrations in beer 
(33) or aft er fermentation of fi ltered grape juices, it has 
some limitations when applied to real wines. It is not fea-
sible aft er malolactic fermentation or in wines obtained 
from poorly clarifi ed juices due to sources of turbidity 
other than yeast. For white wines, a stringent juice clarifi -
cation using pectolytic enzymes is considered a major fac-
tor determining wine quality. A residual juice turbidity of 
between 50 and 100 NTU has been recommended (34,35). 
This residual turbidity consists predominantly of fruit tis-
sue particles tending to sett le by the end of primary fer-
mentation. Under these conditions, the use of nephelo-
metric turbidimeters may allow for an assessment of 
suspended yeast cell density in white wines. However, 
proper calibration procedures must account for the non- 
-linearity of the calibration curve and for diff erent mea-
suring principles (36,37).

Conclusions
The novel concept of monitoring DO consumption in 

wine containing yeast lees in comparison with that of a 
fi ltered aliquot used as a blank allowed to diff erentiate 
precisely between the amounts of DO consumed by yeast 
cells and by the wine matrix, respectively. Postfermenta-
tion yeast cells signifi cantly accelerate the DO consump-
tion rate in white and red wines by consuming variable 
amounts of DO. Thereby, they protect the wine against re-
actions of chemical oxidation to a certain extent without 
producing acetaldehyde. The rate and extent of this oxy-
gen consumption depend on the amount of suspended 
yeast lees, free sulfur dioxide, wine matrix, temperature, 
age and yeast strain. The various combinations and inter-
actions of these parameters do not allow for predicting 
the DO consumption and the antioxidant eff ect of yeast 
lees under commercial winemaking conditions. At best, it 
can be stated that this eff ect increases with increasing 
concentrations of suspended yeast cells, although not al-
ways in a linear way. On the other hand, the level of free 
sulfur dioxide is of major importance, decreasing drasti-
cally the oxygen consumption rate of yeast lees and their 
ability to protect wine against oxidation. Thus, sulfur di-
oxide and yeast lees do not act as antioxidants in a com-
plementary way. The use of yeast lees to prevent oxida-
tion is most effi  cient in wines with low or no free sulfi tes. 
Their presence during micro-oxygenation of red wines is 
able to quench a substantial percentage of the added oxy-
gen and requires more consideration.
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