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Abstract Mid-exponential cultures of two traditional bio-
technological yeast species, winery Saccharomyces cerevi-
siae and the less ethanol tolerant bottom-fermenting brew-
ery Saccharomyces pastorianus, were exposed to different
concentrations of added ethanol (3, 5 and 8%) The degree
of ethanol-induced cell stress was assessed by measuring
the cellular activity of superoxide dismutase (SOD), level
of lipid peroxidation products, changes in cell lipid content
and fatty acid profile. The resveratrol as an antioxidant was
found to decrease the ethanol-induced rise of SOD activ-
ity and suppress the ethanol-induced decrease in cell lipids.
A lower resveratrol concentration (0.5 mg/l) even reduced
the extent of lipid peroxidation in cells. Resveratrol also
alleviated ethanol-induced changes in cell lipid composi-
tion in both species by strongly enhancing the proportion of
saturated fatty acids and contributing thereby to membrane
stabilization. Lower resveratrol concentrations could thus
diminish the negative effects of ethanol stress on yeast cells
and improve their physiological state. These effects may be
utilized to enhance yeast vitality in high-ethanol-producing
fermentations or to increase the number of yeast generations
in brewery.
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Introduction

The yeast Saccharomyces cerevisiae has been utilized
by mankind for centuries for the production of bread and
alcoholic beverages. Nowadays the application of yeast is
widespread and plays an important role not only in food and
chemical industry, but also in biomedical and environmental
research. Nonetheless, ethanol remains the most valuable
yeast-derived commodity (Stanley et al. 2010). The viability
and fermentation performance of yeast depend on their abil-
ity to adapt to the ever-changing environment and maintain
the equilibrium of intracellular physiological and chemi-
cal processes (Bauer and Pretorius 2000). This balance is
threatened by multiple stressors affecting yeast cells during
the fermentation process, including substrate and/or product
inhibition, heat shock, oxidative stress, hyperosmolarity and
exposure to toxic by-products (Zhao et al. 2014).

Among these factors, ethanol stress is a bottleneck for
complete fermentation. S. cerevisiae is able to resist rela-
tively high ethanol concentration (up to 20%) (Yamaoka
et al. 2014). However, when the limit concentration is
exceeded, ethanol negatively affects the growth rate of yeast,
fermentation rate, and cell viability. In addition, high level
of ethanol enhances other stresses, such as oxidative stress
via increased production of ROS (reactive oxygen species)
(Bleoanca et al. 2013; Ma and Liu 2010; Perez-Gallardo
et al. 2013). ROS accumulation may lead to serious damage
of basic cell biomolecules, such as nucleic acids, proteins
(Cabiscol et al. 2000), and lipids (Bilinski et al. 1989).

Yeasts have developed a plethora of mechanisms in
order to deal with the effects of high ethanol concentra-
tion. The negative effect of ethanol on cell membranes can
be reduced by an adjustment of the membrane lipid com-
position. The ability of cells to alter the level of unsatu-
ration of their membrane lipids is an important factor in
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cellular adaptation to environmental conditions. Reduction
of membrane fluidity is associated with a higher content
of saturated fatty acids, stronger hydrophobic interactions
and increased content of phospholipids (Watson 1987).
It has been reported by multiple authors that the increase
in unsaturated/saturated fatty acids (UFAs/SFAs) ratio is
instrumental for enhancing the ethanol tolerance in yeast
(Ding et al. 2009; Henderson and Block 2014; You et al.
2003). However, according to Viegas et al. (2005), a high
UFASs/SFAs ratio in cell lipids causes the loss of mem-
brane integrity under stress conditions, as UFAs are sus-
ceptible to lipid peroxidation by ROS.

Oxidative damage to lipid molecules leads to lipid per-
oxidation and oxidation of polyunsaturated fatty acids to
unstable lipid hydroperoxides, which cause oxidative dam-
age to cell biomolecules (Halliwell and Gutteridge 2007).
Even though S. cerevisiae are not capable of polyunsaturated
fatty acid (PUFA) synthesis, if they are cultivated in a culti-
vation broth containing PUFAs, they can incorporate these
molecules into their membrane structures, which increases
the risk of lipid peroxidation (Bilinski et al. 1989; Farru-
gia and Balzan 2012). During fermentation, ethanol levels
increase and cells are exposed to toxic levels of ethanol.
Traditionally, the ethanol tolerance in the genus Saccharo-
myces is ordered from the most tolerant sake yeasts, trough
wine and distillers’ yeasts to the least tolerant brewers’
yeasts (Casey and Ingledew 1986). The complex stresses
which wine yeast face during the fermentation process have
already been reviewed by Matallana and Aranda (2017). In
the brewing process, normal fermentation conditions result
in ethanol content of 3—6%, but in the case of high gravity
fermentation, the ethanol level goes up to over 10%, simi-
lar to wine production (Briggs et al. 2004). The consequent
ethanol stress may cause growth inhibition, reduced cell size
(Canetta et al. 2006), reduced viability, reduced respiration
and glucose uptake (Pascual et al. 1988), reduced fermen-
tation (Fernandes et al. 1997), enzyme inactivation, lipid
modification, and increased membrane permeability (Marza
et al. 2002).

The aim of the present study was to investigate the effect
of resveratrol on two yeast species, S. cerevisiae and Sac-
charomyces pastorianus, exposed to various concentrations
of ethanol. Resveratrol is a phenolic compound naturally
occurring in grapevines. It is known for its biological activi-
ties; particularly free-radical scavenging (Fremont 2000).
Resveratrol has also been shown to chelate metal ions and
keep them from reacting with ROS, as well as increase anti-
oxidant enzyme activity, consequently preventing lipid per-
oxidation (Silva et al. 2015).

The effect of resveratrol on the modulation of ethanol
stress was evaluated by measuring changes in fatty acid
composition, the degree of oxidative damage (indicated by
lipid peroxidation), and activity of superoxide dismutase,
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an important enzyme in antioxidant defense mechanism of
cells.

Materials and methods
Yeast strains

Two yeast strains were used in this study: winery strain S.
cerevisiae STHA and bottom-fermenting brewery lager yeast
strain S. pastorianus 95. Both strains were provided by Col-
lection of Yeasts and Industrial Microorganisms (DBM),
Department of Biochemistry and Microbiology, UCT Prague
and were maintained in 50% glycerol solution at — 75 °C
prior to use.

Cultivation conditions

The yeast inocula were cultivated in 100 ml of YPD medium
(g/1): peptone, 20; yeast extract, 10; glucose, 20; initial pH
6.0. The cultivations were conducted in Erlenmeyer flasks
on a rotary shaker at 150 rpm at 28 °C to the late exponential
growth phase.

For determining the effect of resveratrol (Sigma-Aldrich),
the medium was amended by resveratrol in the total con-
centration of 0.5 mg/l (R1) or 5 mg/l (R2) and ethanol con-
centration in the range of 0-8%. To prepare an inoculum
the cells were harvested by centrifugation (9000g, 10 min,
15 °C), washed with phosphate buffer solution (67 mM; pH
7.0) and resuspended in the phosphate buffer.

For fatty acid analysis and biomass yield determination,
superoxide dismutase and lipid peroxidation analysis, the
cells were transferred into 500 ml Erlenmeyer flasks contain-
ing 200 ml YPD medium supplemented with ethanol rang-
ing from O to 8% concentration or resveratrol and ethanol
and incubated at temperature 28 °C and 100 rpm until they
reached the late exponential growth phase.

Fatty acid composition analysis

The cells were harvested by centrifugation (9000g, 20 min,
25 °C), washed with phosphate buffer, frozen at —75 °C
and lyophilized.

The extraction and isolation of total lipids from yeast sus-
pension was based on the method of Bligh and Dyer (1959).
Briefly, the yeast suspension was ground with glass beads
under liquid nitrogen and the crushed yeast was extracted
according to Bligh and Dyer (1959).

Fatty acids methyl esters (FAMEs) were prepared after
saponification and further esterification using BF;/MeOH.
The products were dissolved in hexane and analyzed by gas
chromatography—mass spectrometry (GC-MS). GC-MS
of FAMEs was done on a Varian GC-MS system with the
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split/splitless injector (250 °C) and a SP™-2380 Capillary
GC Column L XI.D. 60 m X 0.25 mm, df 0.20 pm capillary
column. Helium was used as carrier gas at 1.0 ml min~!.
The split/splitless injection port was maintained at 255 °C.
The split ratio was 1:90, and the injection volume was 1 pl,
the temperature program was as follows: 150 °C for 1 min,
subsequently increasing at 20 °C min~' to 180 °C and at
2 °C min~! to 250 °C, which was maintained for 1 min.
FAMEs were identified according to their mass spectra
(Dembitsky et al. 1991; Vancura et al. 1987) and using a
mixture of chemical standards obtained from Sigma-Aldrich.
All experiments concerning the analysis of FAMESs and their
derivatives were carried out by electron impact MS.

Superoxide dismutase (SOD) activity assay

The yeast cells were harvested by centrifugation (9000g,
10 min, 10 °C) and washed with phosphate buffer (67 mM;
pH 7.0). Thereafter, the cells were ground with liquid nitro-
gen, resuspended in phosphate buffer and centrifuged. SOD
activity was measured by inhibiting nitroblue tetrazolium
reduction by O, generated by the xanthine/xanthine oxidase
system using a commercial assay kit (Sigma-Aldrich).

Lipid peroxidation assay

Products of lipid peroxidation were determined accord-
ing to Gajewska and Sklodowska (2007). One millilitre of
disintegrated cell population was mixed with 1 ml of TBA
(thiobarbituric acid) solution (29 mM TBA in 8.75 M acetic
acid) and heated at 95 °C for 1 h. After cooling, 3.5 ml of
n-butanol was added and the tubes were vigorously shaken.
After centrifugation (9000g, 30 min, 15 °C) the fluorescence
of organic layer was measured at 531 nm. The concentration
of thiobarbituric acid reacting substances (TBARS) was esti-
mated by referring to a standard 1,1,3,3-tetraethoxypropane
and expressed as TBARS per milligram of protein.

Total soluble protein was determined by a modified
method described by Bradford (1976). The disintegrated cell
suspension was centrifuged (10,000g, 10 min, 15 °C), 10 pl
of supernatant was added to 200 pl of Bradford’s reagent and
after 5 min the absorbance was measured at 595 nm. Protein
content was estimated by referring to a standard curve for
bovine serum albumin. Standard deviation was calculated
from five independent measurements.

Results

The effect of ethanol stress on the yeast cells S. cerevisiae
and S. pastorianus and the ability of resveratrol to modu-
late this stress was evaluated by examining changes in fatty
acid composition of the cells, activity of the antioxidative

enzyme superoxide dismutase and the extent of peroxi-
dation of lipids, which indicated the degree of oxidative
damage.

Influence of growth phase

The added ethanol prolonged the lag and exponential
phase (Fig. 1). Figure 2 illustrates the influence of growth
phase on the degree of oxidative damage indicated by the
concentration of TBARS. Biomass of the strain S. pas-
torianus 95 from the exponential, late exponential and
stationary growth phase were collected and analyzed (7,
15 and 20 h for cells without added ethanol; 16, 24 and
33 h in case of yeast growing in 3% ethanol; and 24, 48
and 54 h in the case of cell growing in 5% ethanol). Both
concentrations of ethanol made the cells more sensitive to
oxidative damage. The level of TBARS in late exponential
and stationary phase cells growing at 3% ethanol concen-
tration was 135% lower and at 5% ethanol 318% lower than
in exponential cells. Because of this, the protective effect
of resveratrol was examined only in mid-exponential cells.

Similar results were achieved in S. cerevisiae SIHA
(data not shown). The two strains differed in their ability to
tolerate ethanol since the winery strain S. cerevisiae STHA
grew also in the presence of 8% ethanol while S. pastori-
anus 95 failed to grow at this concentration. Therefore, the
data for S. cerevisiae STHA are given also for 8% ethanol
concentration whereas the results for S. pastorianus 95 are
shown only for 3 and 5% ethanol.

Effect of ethanol stress on superoxide dismutase activity

The effect of different ethanol concentrations and the
presence of resveratrol on SOD activity was measured
in mid-exponential cells of both strains. The strains dif-
fered in SOD activity since in the absence of ethanol and
resveratrol the basic SOD activity of S. cerevisiae STHA
was about half that in S. pastorianus 95 (Fig. 3). In both
strains the SOD activity in control cells in the absence
of resveratrol increased with increasing ethanol concen-
tration. In the presence of 0.5 mg/l resveratrol, the SOD
activity of S. cerevisiae STHA at any ethanol concentration
was not as markedly affected as at the presence of 5 mg/l
resveratrol, but both concentrations of resveratrol caused
a decrease in SOD activity in comparison to cultivations
without the presence of resveratrol. In S. pastorianus 95
the rise in SOD activity with increasing ethanol concentra-
tion was less pronounced. In general, both strains respond
to ethanol by increasing their SOD activity and resveratrol
decreases in both strains the enzyme activity.
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Fig. 2 Influence of growth phase on the degree of oxidative dam-
age indicated by the concentration of TBARS in S. pastorianus 95 as
affected by 0, 3 and 5% ethanol. Filled bar: mid-exponential phase;
open bar: early stationary phase; striped bar: late stationary phase

Effect of ethanol and resveratrol on the extent of lipid
peroxidation

With increasing ethanol concentration S. cerevisiae STHA
exhibited increasing lipid peroxidation that amounted to
a fivefold increase in TBARS level at 8% ethanol (Fig. 4).
Low concentrations of resveratrol (0.5 mg/l) significantly
decreased the TBARS level, in the strain S. cerevisiae STHA
even in the absence of ethanol. At 8% EtOH, 0.5 mg/I res-
veratrol decreased lipid peroxidation by 25% and 5 mg/l
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Fig. 3 Changes in superoxide dismutase activity in mid-exponential
cells of S. cerevisiae SIHA and S. pastorianus 95 under ethanol stress
(0, 3, 5, 8% ethanol) and addition of resveratrol (R1: 0.5 mg/l, R2:
5 mg/l)

resveratrol by 40%. S. pastorianus 95 showed higher lipid
peroxidation levels at all ethanol concentrations (Fig. 4).
Lower resveratrol concentrations slightly decreased the lipid
peroxidation in this strain cultivated with 3% of ethanol.

Effect of ethanol and resveratrol on lipid content
and fatty acid profile

Cultivation of S. cerevisiae SIHA with ethanol led to a
concentration-dependent drop of cell lipid content; with 8%
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Fig. 4 Lipid peroxidation in mid-exponential cells of S. cerevisiae
SIHA and S. pastorianus 95 under ethanol stress (0, 3, 5, 8% ethanol)
and addition of resveratrol (R1: 0.5 mg/l, R2: 5 mg/l)

ethanol this drop amounted to 20% (Table 1). In the presence
of resveratrol, the drop was reduced to a maximum of 15%
regardless of the resveratrol concentration used.

The slightly higher total lipid content of S. pastorianus 95
cells also decreased progressively with ethanol concentra-
tion (a 28% drop with 5% ethanol) (Table 2). This ethanol-
induced drop in cell lipids was again reduced by resveratrol
(10% drop with 5% ethanol plus 5 mg/l resveratrol).

Ethanol and resveratrol also caused changes in the fatty
acid profile of both species. Under the effect of 8% etha-
nol the saturated fatty acids content of S. cerevisiae STHA
decreased (palmitic acid decreased by 52%, stearic acid by
63%) while the content of monounsaturated palmitoleic
acid and oleic acid, which made up some 85% of total FA,
increased (palmitoleic acid by 10%, oleic acid by 15%)
(Table 1). In the presence of resveratrol, these changes in the
fatty acid profile were reduced two- to five-fold. The content
of the less abundant arachidic acid was affected neither by
ethanol nor by resveratrol.

The brewery strain S. pastorianus 95 (Table 2) showed
similar changes in fatty acid pattern. The most abundant
fatty acids in S. pastorianus 95 were oleic acid, which made
up around 46%, and palmitoleic acid around 38% of the total

Table 1 Fatty acid profile

. S. cerevisiae STHA
and total lipid content of S.

Fatty acids (%)

Lipid content

(% dry matter)

cerevisiae STHA as affected P Po S (¢] A

by 0, 3, 5, 8% ethanol in (16:0) (16:1) (18:0) (18:1) (20:0)

the absence and presence of

resveratrol (R1: 0.5 mg/l, R2: 0% 14.3 40.9 4.1 39.6 1.1 2.9

5 mg/l) 3% 10.9 43.1 2.3 42.8 0.9 2.8
5% 8.5 41.0 24 46.7 14 22
8% 6.8 45.1 1.5 45.7 0.9 23
0% +R1 13.9 41.0 3.8 40.2 1.1 29
3%+R1 12.9 40.2 3.6 423 1.0 3.0
5%+R1 13.1 40.7 3.7 41.6 0.9 29
8%+R1 11.9 414 33 42.6 0.8 2.6
0%+R2 13.8 40.7 3.6 40.8 1.1 2.8
3%+R2 12.8 40.9 34 419 1.0 2.7
5%+R2 13.0 41.3 35 41.2 1.0 2.6
8% +R2 12.2 41.9 3.1 419 0.9 2.5

Table 2 Fatty acid profile

< S. pastorianus 95
and total lipid content of S.

Fatty acids (%)

Lipid content

(% dry matter)

pastorianus 95 as affected by 0, P Po S (6] A

3 and 5% ethanol in the absence (16:0) (16:1) (18:0) (18:1) (20:0)

and presence of resveratrol (R1:

0.5 mg/l, R2: 5 mg/l) 0% 12.1 36.8 4.8 43.0 33 32
3% 9.3 40.1 2.3 48.2 0.1 2.8
5% 8.1 39.8 22 48.9 1.0 2.3
0%+R1 11.9 36.9 44 44.1 2.7 3.0
3%+R1 10.9 359 43 46.6 23 3.0
5% +R1 10.2 374 39 46.1 24 29
0%+R2 11.8 37.0 43 442 2.7 3.1
3%+R2 10.6 36.1 4.0 46.8 2.5 3.1
5%+R2 9.9 37.3 3.8 46.6 2.4 2.8
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FA. In the presence of 5% ethanol the content of saturated
FAs in the lipids again significantly decreased (33% drop in
palmitic acid, 54% drop in stearic and 70% drop in arachidic
acid content) while that of monounsaturated FAs increased
(8% rise in palmitoleic and 14% rise in oleic acid). Resvera-
trol reduced both the drop in saturated FAs (10-14% drop)
and the rise in monounsaturated ones (1-5% increase).
Resveratrol lowered the UFA/SFA ration in both strain
when grown in the presence of ethanol (Fig. 5). Net res-
veratrol-induced changes in the total content of SFAs and
UFAs at different ethanol concentrations relative to controls
without resveratrol were evaluated in both species by sum-
ming up the values for SFAs and UFAs from Tables 1, 2
(see Fig. 6). In ethanol-free controls both concentrations of
resveratrol slightly reduced the sum of SFAs and negligibly
increased UFAs. However, in the presence of ethanol, res-
veratrol decreased the content of unsaturated FAs in both
species by as much as 10% while it strongly (by as much
as 80% in S. cerevisiae STHA and by 40% in S. pastorianus
95) increased the content of saturated FAs. This increase
in the level of saturated FAs caused by resveratrol in the
presence of ethanol is likely to counteract the ROS-induced

fluidization of cell membranes and cause thereby membrane
stabilization.

Discussion

The aim of this study was to assess the effect of the poly-
phenolic antioxidant resveratrol on the extent of the stress
caused by increased ethanol concentration in two biotech-
nologically important yeast strains, the winery S. cerevisiae
SIHA and the bottom-fermenting brewery S. pastorianus 95.
In gauging the stress intensity and the protective effects of
resveratrol against it, we focused on two features, changes in
cell lipids and variations in antioxidative enzyme superoxide
dismutase.

The cells of our two strains cultivated at 0, 3, 5 and 8%
ethanol were exposed to two concentrations of resveratrol
(0.5 and 5 mg/l) to assess its protective effect against the
ethanol stress. Polyphenols such as resveratrol are preferen-
tially incorporated into membrane lipid bilayers and act as
hydrogen donors inhibiting the formation of lipid radicals
(Dani et al. 2008).
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Fig. 6 Net resveratrol-induced changes in the content of UFAs and
SFAs in S. cerevisiae SIHA (a) and S. pastorianus 95 (b) at at 0, 3,
5, 8% ethanol related to control cultivations without the addition of
resveratrol (R1: 0.5 mg/l, R2: 5 mg/l)

In mammalian tissues such as rat liver or horse blood,
resveratrol has been reported to reduce lipid peroxidation
and diminish the effects of oxidative stress (Dani et al. 2008;
Ememe et al. 2015; Kasdallah-Grissa et al. 2007; Silva et al.
2015). We found a similar lipid peroxidation reducing effect
of resveratrol in yeast S. cerevisiae STHA. In both yeast
strains increasing ethanol concentration brought about a
significantly increasing level of lipid peroxidation products,
8% ethanol increasing the TBARS level in mid-exponential
cells of S. cerevisiae STHA about fivefold while 5% ethanol
caused the TBARS levels to double in both strains. In the
presence of 0.5 mg/1 of resveratrol, the lipid peroxidation
levels in S. cerevisiae STHA decreased and similar results
were obtained for S. pastorianus 95 grown in 3% of ethanol.
This concentration of resveratrol had no significant effect on
S. pastorianus 95 grown in media without ethanol and with
5% of ethanol. This phenomenon can be explained, e.g., by
the fact that the protective action of resveratrol in S. cerevi-
siae STHA shows a hormetic dependence on ethanol concen-
tration (Ahmad et al. 2003; Escote et al. 2012). Hormesis is a
phenomena in which an organism responds biphasic (mostly
as an “inverted U” curve) to a substance which is mostly
toxic at higher doses (Chadwick and Maudsley 2010).

Higher levels of resveratrol (5 mg/l) seemed to have quite
the opposite effect on lipid peroxidation (except for 8% of
ethanol in S. cerevisiae STHA). The antioxidant effects are
in some cases dose dependent and thus might cause more
oxidative damage to the cells at higher concentrations. Sev-
eral studies (Cillard et al. 1980; Chen et al. 2014; Rietjens
et al. 2002) already showed that the prooxidant activity of
some antioxidants is dose dependent and might increase with
higher concentrations.

Resveratrol exerts a protective effect against the ethanol-
induced drop of total cell lipid content. With increasing etha-
nol concentration the percent fraction of lipids in cell dry
weight in both yeast strains decreased by as much as 30%
(Tables 1, 2) and even the lower resveratrol concentration
used (0.5 mg/l) reduced this ethanol-induced drop to about
half in S. cerevisiae STHA and even more strongly in the
more ethanol susceptible S. pastorianus 95.

As expected (Tables 1, 2), ethanol stress entailed a rise
in the overall content of major UFAs in both yeast strains
while the content of SFAs decreased. S. cerevisiae STHA
cultivated in the absence of ethanol had a UFA/SFA ratio on
4.1; this ratio rose to 9.8 in the presence of 8% ethanol and
dropped back to 5.1 in the presence of resveratrol (5 mg/l)
and 5.2 (0.5 mg/l) grown in 8% of ethanol. Similar data
were obtained with S. pastorianus 95 (Fig. 5). The reason
was that, in the presence of ethanol, resveratrol strongly (by
as much as 80% in S. cerevisiae STHA and by 40% in S.
pastorianus 95) increased the content of SFAs relative to
control samples without resveratrol, while hardly affecting
the content of UFAs in both species (Fig. 6). This means that
this increase in the level of SFAs caused by resveratrol in
the presence of ethanol might counteract the ROS-induced
fluidization of cell membranes caused by high UFAs/SFAs
rations (Viegas et al. 2005) and aid in membrane stabiliza-
tion. Furthermore, as seen in Tables 1, 2, in both species,
resveratrol lowered the ethanol-induced rise in the content of
oleic acid by more than 50%. According to You et al. (2003),
oleic acid (C18:1) plays an important role in counteracting
ethanol toxicity in S. cerevisiae. Palmitoleic and especially
oleic acids prevent cell damage caused by increased mem-
brane fluidity in yeast exposed to stressful levels of ethanol
(Sajbidor et al. 1994; You et al. 2003). Apart from decreas-
ing membrane fluidity by increasing the proportion of SFAs,
resveratrol thus decreases the ethanol-enhanced fluidity of
cell lipids by reducing the content of oleic acid.

The defences against oxidative stress include the action
of antioxidant enzymes such as superoxide dismutase (Gille
and Sigler 1995; Sigler et al. 1999). Loss of superoxide dis-
mutase activity leads to a significant increase in the sensitiv-
ity of yeast cells to ethanol (Kitagaki et al. 2007). Exposure
of S. cerevisiae to 7.5% ethanol has been found to result
in a sixfold rise in SOD1 gene expression compared to the
control (Bleoanca et al. 2013).
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Consistent with these data, we found increased SOD
activity in cells of both species exposed to increased ethanol
concentrations (Fig. 3). Our data are at variance with these
findings since S. pastorianus 95, a lager yeast strain that has
a limited ability to withstand ethanol stress since lager beer
contains less than 5% of ethanol, showed generally higher
SOD activity than S. cerevisiae STHA, a winery strain that
is more resistant to ethanol.

Studies on different animal models showed that resvera-
trol increases the activity of antioxidant enzymes includ-
ing SOD (Cenesiz et al. 2007; Dani et al. 2008; Kasdallah-
Grissa et al. 2007; Rivera et al. 2009; Silva et al. 2015; Yang
et al. 2005). In our study, both concentrations of resveratrol
decreased the SOD activity of S. pastorianus 95 and S. cer-
evisiae STHA cultivated in the presence of ethanol compared
to cultivation without resveratrol. These findings could be
explained by a possible indirect protective effect of resvera-
trol that could cause a lower induction of the enzyme in yeast
cells. Similarly, Estruch et al. (2011) observed a decrease in
SOD activity in healthy men after red wine intake, which
shows that in order to save energy, the body reduces the
enzyme activity when not necessary.

Resveratrol has a great potential as an antifungal and anti-
microbial agent in biotechnologies. Previous studies showed
that resveratrol inhibits the growth of wine spoilage yeasts,
acetic acid bacteria (Pastorkova et al. 2013) and lactic acid
bacteria (Garcia-Ruiz et al. 2011), which indicates that res-
veratrol could be a prospective agent to control the growth of
wine spoilage microorganisms without the need for sulfites
in winemaking. Our results suggest that low concentrations
of resveratrol could be beneficial also in breweries. The pro-
tective action of resveratrol against ethanol stress improves
the physiological state of yeast cells and resveratrol can
thus be utilized to enhance yeast vitality in high-ethanol-
producing fermentations or to increase the number of yeast
generations in brewery.
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