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SUMMARY

The effects of heat shock and ethanol stress on the viability of a lager brewing yeast strain during fermentation of high gravity wort were studied. These
stress effects resulted in reduced cell viability and inhibition of cell growth during fermentation. Cells were observed to be less tolerant to heat shock dur-
ing the fermentation of 25°P {degree Plato) wort than cells fermenting 16°P wort. Degree Plato (°P) is the weight of extract (sugar) equivalent to the weight
of sucrose in a 100 g solution at 20 °C. Relieving the stress effects of ethanol by washing the cells free of culture medium, improved their tolerance to heat
shock. Cellular changes in yeast protein composition were observed after 24 h of fermentation at which time more than 2% (v/v) ethanol was present in
the growth medium. The synthesis of these proteins was either induced by ethanol or was the result of the transition of cells from exponential phase to
stationary phase of growth. No differences were observed in the protein composition of cells fermenting 16°P wort compared to those fermenting 25°P wort.
Thus, the differences in the tolerance of these cells to heat shock may be due to the higher ethanol concentration produced in 25°P wort which enhanced

their sensitivity to heat shock.

INTRODUCTION

Ethanol and temperature exact a number of inhibitory
effects on yeasts during fermentation. These include inhi-
bition of cell growth, cell viability and fermentation per-
formance [18,23,30,31]. A decrease in the rate of ethanol
production has been correlated with loss of cell viability
[22]. Cell growth and cell viability are inhibited at rela-
tively low ethanol concentrations, whereas inhibition of
fermentative capacity occurs at higher ethanol concentra-
tions [1,3,24,37]. It has been suggested that these inhibi-
tory effects result from ethanol- and temperature-induced
alterations in cell membrane structure and permeability
[12], inhibition of sugar and amino acid transport [37],
inhibition of glycolytic enzymes [23] and glucose-induced
protein fluxes [15], enhancement of thermal death [17],
and petite mutations in yeasts [4]. It has also been dem-
onstrated that the plasma membrane is a major target site
of ethanol in yeasts [8,34,35].

Recently, there has been an increasing interest in high
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gravity brewing involving high substrate concentrations, in
an attempt to improve ethanol yields. However, under the
conditions of high gravity fermentation, yeasts are exposed
to a variety of environmental stresses resulting from the
high osmotic pressure and high ethanol concentration pro-
duced [26]. How these stress conditions affect yeast per-
formance during high gravity fermentation is of prime con-
cern. This paper examines the effects of heat shock and
ethanol stress on the viability of a lager brewing yeast
strain during fermentation. The effect of ethanol stress on
the protein composition of this strain during fermentation
was also examined.

MATERIALS AND METHODS

Yeast strain

The yeast strain employed in this study was
Saccharomyces uvarum (carlsbergensis) brewing lager strain
3021 which was obtained from the Labatt culture collec-
tion.

Growth and fermentation medium
The yeast cells were subcultured in PYN medium which
consisted of: 3.5¢g peptone; 3.0g yeast extract; 2.0g
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Fig. 1. Viability (A) and biomass (B) of lager strain 3021 during fermentation of 16°P (O) and 25°P (@) worts. Fermentations were
conducted in shake flasks at 21 °C, inoculum 0.35% (w/v), and percent viability was determined by methylene blue stain method. The
results are the average of three separate experiments.

KH,PO,; 1.0 g (NH,),SO,; 1.0 g MgSO,-7H,0; 20 g glu-
cose; all dissolved in 11 of distilled water and adjusted to
pH 5.6. Fermentations were conducted in production 16°
Plato wort and 25° Plato wort (prepared by addition of
corn syrup to 16°P wort) at 21 °C with constant agitation
at 150 rpm. Degree Plato (°P) is the weight of extract
(sugar) equivalent to the weight of sucrose in a 100 g so-
lution at 20°C (e.g., 10% (w/w) sucrose=10°P). The
yeast inoculum employed was 3.5 g wet weight of cells/l.

Determination of viability

Cell viability was determined using 0.01% (w/v) me-
thylene blue stain dissolved in 2%, (w/v) sodium citrate
solution. An equal volume of the stain was added to an
aqueous suspension of the yeast to be counted. Approx.
500 cells were counted in the hemacytometer chamber for
each determination. Cells that stained blue were consid-
ered non-viable. Percent viability was then calculated.

The colony forming units per ml of growth medium
were determined by plating portions of samples diluted in
sterile physiologic saline (0.89% (w/v) NaCl) on PYN
agar plates containing 2%, (w/v) glucose and incubating at
21°C for 3 days.

Determination of biomass

Cell population densities during fermentation were de-
termined by withdrawing 5 ml of cell suspension at vari-
ous times, washing the portion twice with distilled water
and weighing the pellet after drying in an aluminum dish
at 100 °C for 4 h.

Determination of ethanol

Samples (5 ml) were taken at various times of fermen-
tation and centrifuged at 4000 x g for 5 min at 4 °C. The
supernatants were frozen for subsequent analysis. Ethanol
was determined using a Carle A GC series 100 gas chro-

matograph operated at 150 °C and equipped with a 2.0 m
long column packed with Chromosorb 102 column
(3°/100 mesh) and a Spectra-Physics SP4270 integrator.

Test for tolerance to heat shock and ethanol stress

Tolerance of yeast cells to heat shock and ethanol stress
at various times during fermentation was tested by incu-
bating samples (2 ml) in a 40 °C or 45 °C water bath for
5 min, or by adding ethanol to the sample up to 15%, (v/
v) concentration and incubating at 21 °C for 15 min. Cell
viability was determined before and after heat shock and
ethanol stress. Tolerance was measured as percentage of
viable cells that survive heat shock and ethanol stress
treatments.

Analysis of cell protein composition

Yeast cell proteins were extracted as described previ-
ously [9] and separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) [16]. Pro-
teins were visualized by an ultra sensitive silver staining
procedure [21].
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Fig. 2. Ethanol production of lager strain 3021 during fermenta-

tion of 16°P (O) and 25°P (@) worts. Fermentations were con-

ducted in shake flasks at 21 °C, inoculum 0.35%, (w/v). The re-
sults are the average of three separate experiments.
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Fig. 3. Tolerance of lager strain 3021 to heat shock at 40 °C (A) and 45 °C (B) during fermentation of 16°P and 25°P worts. Fermen-

tations were conducted in shake flasks at 21 °C, inoculum 0.35% (w/v). Cells obtained from various stages of fermentation, were heat

shocked for 5 min. Viability of cells washed free of culture medium (16°P ([7), 25°P (Ill)) prior to heat shock, was compared to that

of unwashed cells (16°P (O), 25°P (@)). Percent viable cells that survived heat shock treatment was determined by colony count method.
Each data point represents the average of three separate experiments.

RESULTS

Viability, biomass and ethanol production by lager brewing
strain 3021

Cell viability, biomass and ethanol production by lager
brewing strain 3021 during fermentation of 16°P and 25°P
worts were determined. A decline in cell viability and cell
growth was observed after 96 h of fermentation in the
25°P wort. Cells fermenting 16°P wort remained viable
(greater than 909 ) with little or no decline in cell growth
after 240 h of fermentation (Fig. 1). The decrease in cell
growth and cell viability in the 25°P wort occurred when
the concentration of ethanol approached 119%, by volume
(Fig. 2). Ethanol concentration in 16°P wort reached a
maximum of 7% volume after 48 h of fermentation. Eth-
anol at this concentration did not inhibit cell viability or
cell growth. Similar results were obtained when cell via-
bilities were determined by either methylene blue staining
or the colony count method.

Effects of heat shock and ethanol stress on cell viability
The effects of heat shock and ethanol stress on cell
viability during fermentation were examined. Culture sam-
ples were taken at various times during fermentation and
subjected to heat shock at 40 °C or 45 °C for 5 min, or to
ethanol stress by adding 159, (v/v) exogenous ethanol,
and incubating for 15 min at 21 °C. Cells fermenting 25°P
wort were observed to be less tolerant to heat shock at
40°C or 45°C than cells fermenting 16°P wort (Fig. 3).
However, when cells were washed free of culture medium
with sterile water, their tolerance to this stress condition
improved considerably. No differences were observed in
the tolerance of cells fermenting either 16°P or 25°P worts
to heat shock after washing cells free of culture medium

(Fig. 3). Similar results were obtained when cells ferment-
ing 16°P and 25°P worts were tested for their tolerance
to 139% (v/v) ethanol (Fig. 4). Thus, the stress effects of
high concentration of ethanol encountered by cells during
fermentation of 25°P wort enhanced their sensitivity to
heat shock and resulted in reduced cell viability (Fig. 1).
However, tolerance to heat shock and ethanol stress after
washing cells free of culture medium or after exposure to
non-inhibitory concentrations of ethanol producedin 16°P
wort increased with time of fermentation (Figs. 3 and 4).
Thus, exposure of yeast cells to non-inhibitory concentra-
tions of ethanol may enhance their tolerance to ethanol
and heat shock. A lag period between the time ethanol
concentration reached 7%, (v/v) ethanol (Fig. 2) and pro-
tection of cells from heat shock (Fig. 3A) was observed.
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Fig. 4. Tolerance of lager strain 3021 to ethanol stress during
fermentation of 16°P and 25°P worts. Fermentations were con-
ducted in shake flasks at 21 °C, inoculum 0.35% (w/v). Cells
obtained from various stages of fermentation were washed free of
culture medium and then exposed to exogenously added ethanol
(15%, (v/v) for 15 min at 21 °C). Percent viable cells from 16°P
(d), 25°P (M) wort, that survived 15%, (v/v) ethanol shock was
determined by colony count method. Each data point represents
the average of three separate experiments.
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Fig. 5. Cell protein composition of lager strain 3021 at indicated

hours of fermentation of 16°P and 25°P worts. SDS-solubilized

proteins (10 ug per well) were fractionated on 15% polyacryl-
amide slab gels and visualized by silver stain.

This time may represent a period of adaptation to ethanol
effects.

Analysis of cell protein composition during fermentation

The protein composition of cells during fermentation
was analyzed by SDS-PAGE. Several low molecular mass
proteins of approx. 35, 28, 26, 23 and 14 kDa appeared in
increasing amounts after 24 h of fermentation (see arrows,
Fig. 5). The concentration of ethanol in the culture me-
dium at this time of fermentation was approx. 2% (v/v).
Also, high molecular mass proteins of approx. 70, 65 and
50 kDa were present at 6 and 12 h of fermentation, but in
lower amounts after 24 h of fermentation. These sets of
proteins were probably induced in response to ethanol
stress. Comparison of the protein composition of cells
fermenting 16°P wort and those fermenting 25°P wort
showed no differences (Fig. 5). Thus, the conditions of
high gravity wort fermentation were not responsible for
changes observed in the protein composition of these cells
during fermentation.

DISCUSSION

Interest in high gravity brewing has increased consid-
erably over the years because of the economic advantages

of this type of brewing process. For example, high grav-
ity brewing produces higher ethanol yields, increases plant
efficiency, improves beer smoothness, and improves fla-
vour and haze stability [5,6,26]. However, the high os-
motic pressure encountered by yeast cells during fermen-
tation of high substrate concentrations has been shown to
inhibit cell growth and fermentation performance [10,14].
The results presented in this manuscript demonstrate that
the elevated ethanol levels encountered by cells during
fermentation of 25° P wort resulted in reduced cell viability
and inhibition of cell growth. The viability of cells ferment-
ing 16°P wort was approx. 90%, after 240 h of fermenta-
tion, while the viability of cells fermenting 25°P wort de-
clined to less than 40%,. The ethanol concentration in
16°P wort reached a maximum of 7%, (v/v) after 48 h of
fermentation, and that of 25°P wort reached a maximum
of 11%, (v/v) after 96 h of fermentation. The decline in cell
viability and growth coincide with the time the ethanol
concentration in 25°P wort peaked at 119 (v/v). Brew-
ing yeast strains are generally known to have relatively low
tolerance to high ethanol concentrations. Cell growth is
inhibited at concentrations above 109, (v/v), whereas fer-
mentation capacity is inhibited in 20% (v/v) ethanol
[13,30,32]. Although cell viability and growth are more
sensitive to the toxic effects of ethanol than the fermenta-
tion activity of cells [32], a reduction in the rate of ethanol
production has been correlated with loss of cell viability
[22].

Yeast cells fermenting 25°P wort were found to be less
tolerant to heat shock at 40°C or 45°C than cells fer-
menting 16°P wort. Relieving the stress effects of ethanol
by washing the cells free of culture medium improved their
tolerance to heat shock at these temperatures. Similar
results were obtained when cells fermenting 16°P and
25°P worts were washed free of culture media and then
tested for tolerance to 15% (v/v) ethanol. These results
indicate that the ethanol level encountered by cells during
fermentation of 25°P wort enhanced their sensitivity to
heat shock and reduced cell viability. Ethanol has been
shown to enhance the lethal effects of high temperatures
(thermal death) and decrease the maximal temperature
permitting growth [4,36]. Thus, cells in the presence of
high concentrations of ethanol develop increased sensitiv-
ity to heat shock.

A relationship between tolerance to heat shock and the
cell cycle of Saccharomyces cerevisiae has been reported
[25,28]. Exponentially growing cells were shown to be
more sensitive than stationary phase cells to a thermal
shock. It is believed that thermotolerance is acquired as
cells pass from exponential phase to stationary phase of
growth. Thus, cells in stationary phase are more thermo-
tolerant than actively growing cells. This is confirmed by
our results which demonstrate that cells become more



tolerant to heat shock and ethanol stress at later stages of
fermentation (Figs. 3 and 4). This may be due to the tran-
sition of cells to stationary growth phase or the exposure
of cells to non-lethal concentrations of ethanol which in-
duces tolerance of cells to heat and ethanol stress. It has
been shown that exposure of yeast cells to low concen-
trations of ethanol induced synthesis of heat shock pro-
teins (HSPs), which may serve to protect the cell from the
lethal effect of high concentrations of ethanol and elevated
temperatures [20,27,38]. A lag period between the time
ethanol concentration reached 7%, (v/v) and the subse-
quent protection of cells from heat shock, was observed.
Although the basis for this is unclear, the time may repre-
sent a period of adaptation to ethanol effects.

In an attempt to determine whether changes in yeast
cellular proteins occur during fermentation, cells obtained
during various stages of fermentation were lysed and cel-
lular proteins in the lysate analyzed by SDS-PAGE. Al-
though no differences were observed in the protein profiles
of yeasts fermenting 25°P wort compared to those fer-
menting 16°P wort, changes in yeast protein composition
were observed during fermentation. Increase in the syn-
theses of several low molecular mass proteins of approx.
35, 28, 26, 23 and 14 kDa proteins were observed after
24 h of fermentation, at which time more than 2%, (v/v)
ethanol was produced. Also, high molecular mass proteins
of approx. 70, 65 and 50 kDa were present at 6 and 12 h
of fermentation, but in lower amounts after 24 h of fer-
mentation. Some of these proteins (70, 35, 23, 26 and
14 kDa), have been shown to be heat and ethanol induc-
ible [2,7,11,19,29,33]. Also, there are reports that the syn-
theses of these proteins are growth phase dependent
[29,31,39]. The syntheses of proteins identified in the
present study were either induced in response to ethanol
stress during fermentation or were the results of the tran-
sition of cells from exponential phase to stationary phase
of growth. The role of these proteins in yeast ethanol and
thermotolerance is currently under investigation.
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