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Summary

In the process of wine fermentation temperature and the amount of carbon dioxide
present represent parameters that can be easily monitored and controlled. The influence of
variation of the process temperature and the fluxes of additional inlet gaseous carbon dio-
xide in Saccharomyces bayanus fermentation of Cabernet Sauvignon grape must on the ac-
cumulation of biomass and production of metabolites was studied. All experiments with
temperature and redox potential control on-line were performed in a 10-litre laboratory
stirred tank reactor. Metabolites of Saccharomyces bayanus fermentation comprising higher
alcohols (1-propanol, 2-butanol, isoamyl alcohol), as well as reducing sugars, were measu-
red off-line by gas and high pressure liquid chromatography.
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Introduction

In living organisms oxidation-reduction systems
play so intimate and such an essential part that life itself
might be defined as a continuous oxidation-reduction
reaction. It is not surprising, therefore, that theoretical
speculations and experimental studies on oxidation and
reduction processes in animals and plants have been ac-
tively pursued since the isolation of oxygen over 150
years ago (1).

A redox potential measurement represents the sum
of the potentials of all oxido-reduction processes in a

particular fermentation. In this measurement, the meta-
bolic activity in microbial cells plays the most significant
role (2), and it is influenced by reversible oxido-reduc-
tion couples, irreversible reductors and by the activity of
free oxygen and hydrogen (3). A redox potential mea-
surement depends on the pH value, equilibrium con-
stant, oxido-reduction potentials in the substrate and the
dissolved oxygen concentration (4).

Redox potential was used as a relevant parameter
for bioprocess monitoring in several aerobic processes
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with various microorganisms: Pseudomonas (5), Actino-
myces levoris (6), Corynebacterium glutamicum (7), as well
as in anaerobic processes where the significance of the
redox potential has been defined (8–10). In the produc-
tion of xylitol by a recombinant Saccharomyces cerevisiae
containing the xyl-1 gene of Pichia stipatis, the xylitol
yield of the substrate increased with the increase of
xylose activity, which was indicated by a high value of
the redox potential (11). The redox potential was also
used as a key control parameter in the on-line estima-
tion of viable cells in a hybridoma culture at various DO
levels (12).

In citric acid fermentation by Aspergillus niger, it
was found that for a high yield production, particular
redox potential levels of fermentation are of essential
importance (13,14). The redox potential was also very
successfully used as a key parameter in the scale-up of
submerged citric acid fermentation from a 10-litre labo-
ratory scale to the 100- and 1000-litre scale in geometri-
cally non-similar stirred tank reactors, where redox time
profile regulation, over-aeration and mixing were used
(14,15).

Materials and Methods

Microorganism

Selected dry yeast (Saccharomyces bayanus, Lalvin
QA23 Lallemand Inc., Montreal, Canada, H1W2N8) was
used in all the experiments. Reactivation of 2.5 g of
yeast was done according to the producer, in 200 mL of
water diluted Cabernet Sauvignon grape must at 25 °C
for 30 min. The inoculum was equivalent to 0.3 g of dry
yeast per litre of must.

Fermentation substrate

In the present experiments grape must of Cabernet
Sauvignon, vintage 1998, from the Vipava Agroind 1894
Winery (Reg. No. GO-810/98), with the concentration of
reducing sugars of 270 g/L and total acidity of 7.8 g
(tartaric acid)/L, was used. The amount of 0.25 g/L of
Fermevit (100 g of Fermevit contains: thiaminchloride
hydrate 220 mg, ammonium phosphate 85 g and potas-
sium bicarbonate 15 g) (TOKIS, Slovenia) was added to
the substrate. A working volume of 10 L was used in all
experiments. The substrate was not sulphurized before
the beginning of the fermentation.

Fermentor

All laboratory scale experiments were performed in
the standard 10-litre working volume stirred tank reac-
tor (Bioengineering AG, Switzerland). The fermentor
was equipped with a sterilizable Ingold pH electrode,
Ingold redox electrodes (platinum as indicator and calo-
mel as reference electrode), Ingold pO2 electrodes and
pCO2 electrodes, together with an automatic tempera-
ture control unit.

For on-line measurements of pH, temperature, oxy-
gen partial pressure and redox potential in the bioreac-
tor, SHIVA control sofware (BIA d.o.o., Slovenia) was
installed. All the experiments were performed at low
stirrer speed N = 50 rpm. Carbon dioxide (Messner,

Austria), at a gas flow of Qg = 40 L/h, was injected 24 h
after the inoculation.

To prevent the oxidation of the substrate, in all ex-
periments the fermentor headspace was aerated with ni-
trogen (Qg = 0.1 L/min). To check for anaerobic condi-
tions or the absence of air/oxygen leakage into the
fermentation broth, pO2 control was applied, and the
value of pO2 = 0 was maintained.

Biomass

The volume of 20 mL of the sample was centrifuged
at 4000 rpm for 5 min. The sediment was washed twice
with deionized water. Biomass was determined as dry
weight after filtering and drying at 105 °C for 24 h.

Analysis

Saccharomyces bayanus metabolites as higher alcohols
(1-propanol, 2-butanol, isoamyl alcohol) as well as re-
ducing sugars were determined off-line by gas chroma-
tography according to Ough and Amerine (16). A GC
Varian Model GC 3700, Austria, was used, with
n-butanol as internal standard. An HPLC isochratic sys-
tem including an HPLC type 64 pump, an injection
valve with 20-�L injection loop, a UV-VIS spectrophoto-
meter no. A0293 with 10-�L flow cell (0.1 response time)
with Eurochrom 2000 software and data processing sys-
tem were applied. All instruments were obtained from
Knauer, Germany.

Organic acids, reducing sugars, ethanol and higher
alcohols (1-propanol, 2-butanol, isoamyl alcohol) in
grape must and wine were analysed by HPLC in accor-
dance with the validated methods proposed by BIO-
-RAD (17). Samples were filtered through 0.45-�m mem-
branes and analysed using a 300 × 7.8 mm Aminex
HPX-87H organic acid analysis cation exchange column
(Bio-Rad Laboratories). Elution was performed at 65 °C.
The mobile phase was 0.005 M H2SO4 in Milli-Q water.
The pump was operated at a flow rate of 0.5 mL/min
(0.008·10–3 L/s). The injection volume was 20 �L. The
eluting compounds were monitored by a fixed wave-
length ultraviolet (UV-VIS) detector at 210 nm. This de-
tector was connected in series with a refractive index
(RI) detector. Glucose, fructose and ethanol were de-
tected by RI. The peaks were quantified using external
standard calibration. The components were identified by
a comparison of their retention times with those of the
standards. Quantification was performed using external
standards prepared from pure compounds.

Each experiment was performed in triplicate and
the average result of each series is presented. A mixing
speed of 50 rpm was applied in all experiments.

Results and Discussion

In wine technology the redox potential might repre-
sent a fast, accurate and reliable measurement which
also gives very important information related to the oxi-
dation and reduction ability of the wine, its alteration
and its influence on quality and stability (18). Several
process parameters influence wine yeast metabolism
and therefore the final quality of the products. The pro-
cess temperature and the amount of carbon dioxide
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present are two parameters that significantly influence
the rate of yeast metabolism and the intensity of the for-
mation of the product. In this sense redox potential rep-
resents an important insight into the metabolic activity
of a microbial culture. The influence of temperature and
carbon dioxide on yeast metabolism could be well re-
flected in the on-line measurement of redox potential,
which can also be applied as a tool for efficient regula-
tion of the process and fermentation control (19).

In this research the influence of temperature and of
the inlet flux of gaseous carbon dioxide on S. bayanus
wine yeast fermentation metabolism of Cabernet Sauvi-
gnon grape must was studied.

Temperature represents one of the most significant
parameters affecting the rate of the fermentation process
and the production of various metabolic products that
are reflected in the final wine quality. According to the
Arrhenius equation, higher fermentation temperature,
up to 35 °C, increases the rate of metabolic reactions.
This change is also significantly reflected in the ratio be-
tween the activities of oxidants and reductants pre-
sented in the Nernst equation /1/.

E = Ecalomel + RT/nF ln aox/ared /1/

where Ecalomel = 244 mV E0

In the first part of our experiments fermentation
temperatures of 18, 22 and 26 °C were applied. Ethanol
and higher alcohols (1-propanol, 2-butanol, isoamyl al-
cohol), as the products of Saccharomyces bayanus metabo-
lism, were measured off-line. The highest biomass and
ethanol production were detected at 26 °C (Figs. 1 and
2). Yeast multiplication occurred much faster at higher
temperature compared to that at lower temperature. The
amount of ethanol production could also indicate the in-
tensity of primary metabolism. In relation to the anaero-
bic conditions of the biosynthesis, available glucose and
fructose were converted to ethanol, higher alcohols,
CO2, water and the reaction free energy was converted
to ATP.

The increase of fermentation temperature also influ-
ences the production of 1-propanol, 2-butanol and
isoamyl alcohol (Figs. 3a, b and c). In the case of
1-propanol, a maximum of 18 mg/L was detected at
26 °C after 92 h, while at 22 °C the same amount was
found 52 h later, after 142 h of fermentation. At 18 °C,
16 mg/L of 1-propanol was detected after 142 h (Fig.
3a).

In the case of 2-butanol, fermentation produced 25
mg/L at 26 °C after 118 h, 17 mg/L at 22 °C after 164 h
and 15 mg/L at 18 °C after 140 h of fermentation (Fig.
3b).

Similar results were found related to the production
of isoamyl alcohol. A maximum of 345 mg/L was de-
tected at 26 °C after 90 h, while at 22 °C nearly the same
amount (348 mg/L) was found after a delay of 32 h, af-
ter 122 h of fermentation (Fig. 3c). At the temperature of
18 °C, 290 mg/L of isoamyl alcohol was detected after
140 h.

Similarly to the growth of biomass and ethanol,
higher alcohol production is also related to the activa-
tion of the enzymes involved in ammonia anabolism
that takes place during the growth of biomass. A higher

process temperature induces an increase in the enzyme
activity by the reduction of the activation energy of the
bioprocess. Fermentation temperature lower than 18 °C
reduces the rate of Saccharomyces bayanus metabolism
and therefore the production of ethanol and higher alco-
hols (Figs. 3a, b and c).

Of the available sugars in the must, consumption of
glucose started first. At a temperature of 26 °C, glucose
was totally consumed after 120 h, while at 22 °C this oc-
curred after 140 h and at 18 °C after 164 h. The con-
sumption of fructose at various temperatures paralleled
that of glucose, while the rates of consumption de-
creased with the decrease of the fermentation tempera-
ture. In fermentation at 18 °C 20 g/L of residual fructose
were detected after 168 h. The highest temperature of
fermentation resulted in faster yeast metabolism, related
to faster glucose and fructose uptake (Fig. 4). This was
also indicated in a faster decrease in redox potential
(Fig. 5).

Wine fermentation generally shows a growth pat-
tern consisting of four phases – lag, exponential growth,
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Fig. 1. Biomass accumulation (�T = 18 °C, � T = 22 °C, � T =
26 °C)
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stationary and decline phases. During the lag phase a
pseudo-aerobic fermentation process occurs, which is
significantly important. In this phase a significant

amount of biomass is produced and most of the
acetaldehyde is synthesized (20,21). High levels of
acetaldehyde may cause the inhibition of the yeast
growth and could significantly diminish the glucose
consumption rate. In the next phase the activation of the
enzyme alcohol dehydrogenase starts. This enzyme con-
verts acetaldehyde into ethanol and the reductive condi-
tions in the system are achieved.

During the exponential phase of yeast growth,
larger amounts of ethanol production are achieved. This
phase is followed by an abrupt decrease of redox poten-
tial. Soon after that the stationary phase follows, when
the accumulated ethanol finally blocks microbial growth
and prevents yeast metabolism. In this phase the redox
potential reaches a steady value, which stays unchanged
until the end of fermentation. The inhibiting effect of
ethanol concentration on the yeast growth rate depends
strongly on the fermentation temperature (22).

Redox potential changes are well related to the pro-
duction of ethanol. At the minimum measured value of
redox potential, the concentration of ethanol reaches its
maximal value and becomes constant until the end of
fermentation. The results of this process are also re-
flected in the experimental changes of on-line redox po-
tential values (Fig. 5).

At 18 °C the lag phase extended from 0 to 24 h. The
exponential phase, from 24 to 35 h, followed and then
from 35 to 155 h of fermentation it turned to the station-
ary phase. At the temperature of 22 °C the lag phase
was 10 h shorter, from 0 to 14 h, and after a somewhat
more extended exponential growth phase from 14 to 24
h, it turned from 24 to 155 h into the stationary phase.
In the last run at 26 °C the lag phase took only 4 h.
From 4 to 24 h it turned into a more extended exponen-
tial growth phase, which after 24 up to 155 h turned
into the stationary phase. At the fermentation tempera-
ture of 26 °C, the minimum redox potential value of
–150 mV was obtained after only 20 h. After this, the re-
dox potential slowly decreased again and at 120 h it be-
came constant at its minimal value of –240 mV.

The difference between the initial measured redox
potential value and the minimal one (�E) was 430 mV at
26 °C, while at 18 °C it was only 280 mV. This means
that the process at 26 °C was converted into a more sta-
ble and reductive environment (Fig. 5).

In the second group of experiments the influence of
additional gaseous CO2 was studied. The presence of
higher CO2 partial pressure reduces the cell activities,
resulting in lower ethanol production as well as in the
biosynthesis of higher alcohols. Introducing additional
carbon dioxide to the fermentation broth, it was possible
to reduce the transport of metabolites from the yeast
cells towards the liquid phase. A higher concentration of
CO2 in the cell decreases cell activities and is also signif-
icantly reflected in the product synthesis (Figs. 6a, b and
c).

Introduction of carbon dioxide results in additional
resistance against pyruvate decarboxylation towards
acetaldehyde, since a change in the balance between
carboxylation and decarboxylation reactions was ob-
tained (23). The major inhibitory effects of CO2 result in
changes of yeast membrane composition and its perme-
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ability (24). As a possible consequence limited reoxidati-
on of NADH and dehydrogenase enzymes may occur.
The yeast metabolism is therefore much slower and re-
sults mostly in reduced production of ethanol and other
higher alcohols.

Increased production of ethanol, as a reductive sub-
stance, is also reflected in a decrease of redox potential.

By introduction of additional CO2 it was possible to re-
duce the rates of enzyme activities and ethanol biosyn-
thesis (Fig. 7). In contrast, the introduction of CO2 does
not inhibit lactic acid biosynthesis (Fig. 8). The flux of
carbon dioxide inhibits the metabolic activities of the
yeast cell, which has the consequence of a slower de-
crease of redox potential compared to the case without
the application of CO2 (Fig. 9).

Conclusions

The first lag phase or pseudo-aerobic phase was
found to be a period of significant importance. In this
phase the essential amount of biomass needed for the
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further fermentation process was produced and most of
the acetaldehyde was excreted.

At a higher fermentation temperature of 26 °C, this
phase was the shortest, while in the experiments at 18
and 22 °C it was much more prolonged and the tran-
sient phase where microbial growth turns from aerobic
to anaerobic growth was much more pronounced. These
changes were well indicated by redox potential mea-
surements. A low oxygen concentration at the start of
the fermentation was found to be of essential impor-
tance for the establishment of the quantity of yeast bio-
mass needed for further fruitful fermentation process. In
the exponential growth phase that follows, the enzyme
alcohol dehydrogenase, reducing acetaldehyde into eth-
anol, was activated. The rate of its activity also in-
creased at higher fermentation temperatures.

Additional input of carbon dioxide also influenced
the reduction of Saccharomyces bayanus metabolic activ-
ity, which was reflected in lower ethanol and 2-butanol
biosynthesis, while the production of 1-propanol, isoamyl
alcohol as well as of lactic acid was not affected (25).

Variation of the process temperature, as well as ad-
ditional input of carbon dioxide could be applied as
useful regulatory parameters controlling the rate of the
fermentation process, and the production of Saccharomy-
ces bayanus metabolites.

Finally, there are also some new remarkable find-
ings, related to the agreement of the redox potential
with the measurements themselves, which have to be
considered in further investigations. According to the
version of the Nernst equation /2/, it is likely that the
platinum electrode provides a catalytic surface upon
which the oxidation of ethanol (and/or some other oxi-
dizable components) is coupled with the reduction of
oxygen (or protons).

Eh = E0 + RT/nF ln aoxidants / areductants /2/

So it seems that the potential established at the elec-
trode is the one at which the anodic current matches the
cathodic current for these processes. Instead it appears
that the platinum redox electrode is somewhat selective
in those compounds which significantly affect the mea-
surements, so different readings could be obtained if
other supposedly »inert« electrodes such as gold or
glassy carbon were used (26).
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Utjecaj temperature i uglji~nog dioksida

na fermentaciju mo{ta Cabernet Sauvignon

Sa`etak

Temperaturu i koli~inu uglji~nog dioksida u procesu fermentacije lako je pratiti i kon-
tolirati. Istra`ivan je utjecaj promjena temperature vrenja i protjecanja plinovitog uglji~nog
dioksida pri fermentaciji mo{ta Cabernet Sauvignon sa Saccharomyces bayanus nakuplja-
njem biomase i proizvodnjom metabolita. Svi su pokusi provedeni u laboratorijskom reak-
toru od 10 L s mije{alicom uz stalno pra}enje temperature i redoks-potencijala. Metaboliti
dobiveni fermentacijom S. bayanus, tj. vi{i alkoholi (1-propanol, 2-butanol, izoamilni alko-
hol), kao i reduciraju}i {e}eri odre|eni su tijekom fermentacije plinskom i teku}inskom
kromatografijom.
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