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An ethanol-tolerant strain of Saccharomyces cerevisiae, used for cider manufacture, when grown

aerobically in the presence of either 1.7 M ethanol (10%, v/v), 3.35 mM hexan-1-ol (0.05%), or 25 mM

2-phenylethanol (0.25%), showed decreased growth rates (about 60%, 60% and 75%) and diminished

viability. The normal changes in medium pH (increased acidity over the first 24 h from pH 6.0 to 5.4

followed by a decreased acidity to pH 7.8 by 70 h) were altered in the presence of an added alcohol.

"Acidification power" (glucose-driven pH change) was also markedly reduced by growth with the

alcohols from a value of 1.77 for control cultures, to 0.5, 1.35 or 0.6 respectively after 48 h. Adenyiate

energy charge values were decreased from 0.8 to 0, 0.3 and 0.2 respectively after 115 h; control

cultures without an added alcohol showed a final value of 0.4. Ethanol plus either hexan-1-ol or 2-

phenylethanol gave much more pronounced decreases in viability, medium pH changes during growth,

acidification power, and adenyiate energy change values than predicted by summation of individual

effects. It is concluded that synergy between ethanol and the higher alkanol or aryl-alcohol occurs to
produce membrane-associated lesions with deleterious effects during cider fermentation.
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Introduction

The increasing concentrations of potentially toxic products

which accumulate during fermentation can lead to the limita

tion of commercially useful processes. For instance, the pro

duction of cider involves the conversion of apple juice to a

complex product mixture containing, not only cthanol, but also

a wide range of higher alcohols, acids, aldehydes and esters17.

The yeast fermentation is accompanied by a malo-lactate fer

mentation in the later stages; ethanol accumulation lasts for

about a month and reaches approximately 11% (v/v).

It has previously been shown that the toxicity of an alkanol

is correlated with its hydrophobicity"1319. Thus constituents

with increasing chain lengths in the "fusel oil" fraction give

more pronounced inhibition of CO2 production and respira

tion3, membrane fluidity24 and viability of yeast15. The prime

site of action of inhibitory concentrations of alkanols is un

doubtedly associated with a membrane13 and the most suscep

tible locale appears to be the plasma membrane31. Thus the

passive proton permeability23, as well as the proton motive

force across the plasma membrane4 and the glucose transport

systems22-30 are all deleteriously affected by concentrations of
ethanol within those ranges produced in the final stages of

fermentation processes. The sensitivities of yeast functions vary

in a strain-dependent manner5-7; e.g. yeasts used for cider

manufacture are selected to continue fermenting to high

ethanol concentrations.

Although present at much lower concentrations, more toxic

minor products may have marked effects. In this paper we

demonstrate that 6.7 mM hexan-1-ol and 25 mM 2-phenyl

ethanol are approximately equivalent to 1.87 M ethanol in

terms of their effects on viability, acidification power (glucose-

driven pH change) and energy status (as measured by adenyiate

energy charge6. More significantly, combinations of 1.87 M

ethanol with either of the other alcohols show synergistic

effects.

Methods

Maintenance, growth and harvesting of the organism

S. cerevisiae was an Australian wine-yeast originally selected

to grow and ferment with high ethanol and used by H. P.

Bulmer (Hereford) for cider production. It was maintained on

YEPD agar at 4°C and grown on (YEPD) media containing

% (w/v) yeast extract 1, proteosc peptone 2, and glucose 2,

and various concentrations of ethanol, hexan-1-ol and 2-

phenylethanol. Growth was at 30°C on a rotary shaker at

120 rpm in unbafHed flasks containing 10% of their volume of

culture; absorbancc at 600 nm against medium blanks after

suitable dilution was used to follow growth.

Measurement ofviable cell numbers

Viable numbers of organisms were determined by using the

mcthylene blue staining procedure18 whereby viable organisms

appear unstained, whereas dead yeasts stain blue.

Measurement ofproton efflux and calculation ofacidification

powers

Organisms were harvested by centrifugation at 2500 rpm for

5 min, washed and rccentrifuged twice; 0.9 g wet wt. washed

cells were suspended in 10 ml of "AnalaR" water (pH 6.3).

During equilibration for 10 min the pH was measured at 1 min

intervals. Measurements were continued after addition of

50 mM glucose. The acidification power is then given by the

sum of the pH changes over the 10 min intervals before and

after glucose addition27. We have found the glucose-driven

component the most useful and refer to that throughout this

work.

Measurement ofculture adenylates and calculations of

adenyiate energy charge values

Cellular adcnylates were extracted by rapidly removing 5

volumes of culture into 1 volume of cold 35% (v/v) perchloric

acid. The extract was kept on ice for 30 min, neutralised using

2.5 N-KOH, and stored at -20°C until assayed. ATP was

measured using the firefly luciferase assay using a luminometer
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Fig. 1. Specific growth rate of S. cerevisiae in culture containing

alcohols: (A) cthanol; (•) hexan-1-ol; (O) phenylethanol; (A) 11%

v/v ethanol+hcxan-1-ol; (•) 1 l%ethanol+phenylethanol. The data

arc obtained from exponential growth phase measurements (A«wnm)

or shaken batch cultures.

(LKB 1251 computer-interfaced luminometer, Bio-Orbit)26,

ADP and AMP were converted to ATP enzymatically as des

cribed. Calculation of the adenylate energy charge values

(ATP+ADP/2 divided by adenylates) was as recommended by

Atkinson1.

Results

Growth and viability ofS. cerevisiae in the presence ofalcohols

Fig. 1 shows that 0.1% (6.7 mM) hexan-1-ol decreased the

specific growth rate from 0.13 h"1 to 0.05 h"' in a batch

culture; the stationary phase population was decreased from

8.2 to 3.9xlO7 organisms. At this stage (72.5 h) the total

protein of the culture was decreased from 118 to 80 ug/ml.

After a further 27.5 h the control culture contained 7xlO7
colony-forming units, whereas the count in the presence of

hexan-1-ol had decreased to 2.5 x 107 per ml. Corresponding

values using the methylene blue method were 2.8 and l.5x I06

viable organisms per mi. Fig. 1 also shows the inhibitory effects

of phenylethanol and ethanol on specific growth rates; values

are decreased to less than half by 0.25% phenylethanol or by

10% (v/v) ethanol. The combined effects of either hexan-1-ol or

phenylethanol with 11% (v/v) ethanol have markedly

synergistic effects; severe growth inhibition occurred even at the

lowest concentrations tested (0.01 and 0.05% respectively).

Effects ofgrowth ofS. cerevisiae with hexan-1-ol

Fig. 2a shows the progressive loss of viability of yeasts during

culture with various concentrations of hexan-1-ol as measured

by methylene blue reduction; after 24 h 0.1% hexan-1-ol gave

75% loss of viability. The energetic status as assessed by the

adenylate energy charge values in control cultures (Fig. 2b)

were 0.8 after 5 h, increasing to 0.9 after 65 h and then

decreasing to 0.43. With 0.1% hexan-1-ol corresponding values

were 0.61 and 0.61, decreasing to 0.3. The deleterious effect of

the higher alcohol was even more pronounced at 0.5%; these

very low values (<0.2) corresponded to the very low viabilities

observed by both plate counts and in the methylene blue assay

)

Fig. 3 shows typical progress curves for changes in pH in

washed yeast suspensions before and after addition of 50 mM

glucose. The glucose-driven component of the "acidification

power" of yeasts harvested at 48 h from culture containing

various concentrations of hexan-1-ol is diminished. Fig. 2c

shows that at increased hexan-1-ol concentrations these

0 10 20 30 40 SO 60 70 60 SO 100

Adenylate Energy Charge

O.2

95 105 115

TIME (hours)

ACIDIFICATION POWER

0 0.01 0.02 0.03 0.04 0.05 0.O6 0.07 0.08 0.09 0.1

% HEXAN-1-OL CONCENTRATION (v/v)

Fig. 2. Effects of growth with hexan-1-ol on (a) viability, (b) adenylate

energy charge, and (c) "acidification power" values of S. cerevisiae.

Concentrations of hexan-1-ol were: (D) 0% (+) 0.01%; (*) 0.025%;

(■) 0.05%; (x) 0.075%; (♦) 0.1%; (▲) 0.5%. Acidification power

was measured on washed yeast suspensions harvested after 48 h

growth.
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Flo. 3. Determination of "acidification power" values; changes in pH

values during incubation of washed yeasts. Cells were harvested

after 48 h culture. Hcxan-1-ol concentrations were (■) 0%; (■)

0.01%; (+) 0.025%: (♦) 0.05%; (♦) 0.15%.
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decreased from a value of 1.77 in the control culture to 1.35 at

0.1% hexan-l-ol. Whereas control culture showed a decreased

pH (from 6.0 to 5.4) over the first 24 h followed by an increase to

7.8, corresponding pH values with hexan-l-ol were 4.7 and 4.8.

Viability ofS. ccrcvisiac in the presence of2-phenylethanol

Fig. 4 shows that, like hexan-l-ol, 2-phenylethanol adversely
affects viability, adenylate charge values and acidification

powers. However sensitivity to the aryl alcohol is lower; 24 mM

2-phenylethanol (0.25%) produced effects similar to those

shown by cultures containing 6.7 mM hexan-l-ol (0.1%).

Viability ofS. cerevisiae in the presence ofethanol

This ethanol-tolerant yeast is hardly affected by 5% (v/v)

ethanol as assessed by the methylene blue viability test,

adenylatc charge value or "acidification power" (Fig. 5). Effects

of 10% (v/v) ethanol (1.7 M) are similar to those previously

described for 0.1% hexan-l-ol or for 0.25% 2-phenylethanol

(Figs. 3,4). A higher concentration of added cthanol (15%) gave

almost complete inhibition of growth, loss of viability and
adenylate charge values <0.25.
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Fig. 4. Effects of growth with 2-phenylethanol on (a) viability, (b)

adcnylate energy charge, and (c) "acidification power" values of S.

cerevisiae. Concentrations of phcnylethanol were (■) 0%; (+)

0.05%; (*) 0.1; (+) 0.25%; (x) 0.05%. "Acidification power" was

measured on washed yeast suspensions after 48 h growth.
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Fig. 5. Effects of growth and ethanol on (a) viability, (b) adenylatc

energy charge, and (c) "acidification power" values of 5. cerevisiae.

Concentrations of ethanol were: (■) 0%; (+) 5%; (*) 7.5%; (■)

10% (x) 15%. "Acidification power" was measured after 48 h

growth.

In the presence of 11% (v/v) ethanol, 0.025%, hexan-l-ol

(Fig. 6a,b) or 0.05% 2-phenylethanol (Fig. 6c,d) produced

marked further inhibitory effects on viability and adenylate

charge. Synergism is indicated, i.e. the predicted effects based

on summation of individual contributions underestimates the

effects of mixed alcohols. Thus, for example (Fig. 7) the

enhancement can be as much as more than 10-fold for 2-

phenylethanol and 2'/2-fold for hexan-l-ol.

Discussion

These results indicate that growth of a highly tolerant strain of

5. cerevisiae, still able to grow slowly in the presence of 15%

(v/v) ethanol and at about one third of its maximal rate with

10% (v/v) ethanol, is much more sensitive to hexan-l-ol and

phenylethanol. Thus the higher alkanol gives similarly marked

growth inhibition at 0.02%; 2-phenylethanol is similarly in

hibitory at 0.1%. Plate counts indicated a gradual decline in the

rate of accumulation of viable cells with increasing concen

trations of any one of the three alcohols. As determined by the






