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SUMMARY. The experiments reported here show that heat shock 

treatment of a number of dif ferent strains of Saccharomyces 

results in a marked increase in ethanol tolerance as compared 

to control cells. Our observations thus imply a relationship 

between the synthesis of heat shock proteins and the acquisit- 

ion of ethanol tolerance in yeast. 

INTRODUCTION 

Strains of Saccharomyces cerevisiae are recognized as being among the most 

ethanol tolerant of microorganisms. However, the physiological basis for 

high ethanol tolerance is not known (Rose, 1980). The plasma membrane l ip id  

composition has been shown to influence the inhibi tory effect of ethanol on 

the transport of amino acids and sugars into yeast (Thomas and Rose, 1979) 

and the v iab i l i t y  of cells in media containing ethanol (Thomas et a l . ,  1978). 

Furthermore, l ip id  enhanced ethanol production has been observed in 

Saccharomyces (Hayashida and Ohta, 1981) and Kluveromyces lactis (Janssens 

et a l . ,  1983). More speci f ical ly,  we have reported (Watson, 1982) that 

unsaturated fa t ty  acids in membrane phospholipids are essential for the 

production of high ethanol concentrations, up to 15.5% w/v, by Saccharomyoes. 

Studies on ethanol enhanced thermal death in yeast have also led to the 

suggestion that membrane l ip ids are the target sites for ethanol inhibi t ion 

(Leao and van Uden, 1982). I t  is generally concluded that the higher the 

fermentation temperature the greater is the inhibi tory effect of both 

exogenous and endogenous ethanol (Nagodawithana and Steinkraus, 1976; 

Navarro and Durand, 1978). 

A clue as to the involvement of protein moieties in ethanol tolerance 

comes from studies on a causative relationship between heat shock protein 

synthesis and development of thermotolerance (Li et a l . ,  1980; Li ,  1983). 
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These studies have shown that agents, apart from heat, known to induce 

thermotolerance induce the synthesis of heat shock proteins and conversely, 

agents known to induce synthesis of heat shock proteins also induce 

thermotolerance. One of these agents is ethanol. The present studies 

report that heat shock treatment of Saoo~omyees results in a marked 

increase in ethanol tolerance as compared to control ce l ls .  

MATERIALS AND METHODS 

Yeast cultures. Saoohc~omyces oerevisiae CBS 1171,1242 and 1237 were 

obtained from the Centraalbureau voor Schimmelcultures, Del f t ,  The 

Netherlands. S. sake ATCC 26422 was obtained from the American Type Culture 

Col lect ion, Rockvil le, USA. Cells were grown to early log phase in I% 

yeast extract ,  0.5% peptone and salts (Watson, 1982) containing 10% w/v 

glucose (YE media). Cultures were grown at 23°C on an orb i ta l  shaker 

(180 rpm). Heat shock treatment of cel ls  was as described in legends to 

the f igures. 

V i a b i l i t y .  Cell v i a b i l i t y w a s  determined by staining with methylene blue 

(0.01% w/v) and by standard d i lu t ion  plate counts on YE media containing 

2% glucose and 2% agar. Colonies were counted a f te r  growth at 23°C for  

3-5 days. There was good agreement between the staining and d i lu t ion  plate 

count methods for the determination of cell v i a b i l i t y .  

RESULTS 

Exponentially growing yeast cel ls are much more sensit ive to heat k i l l i n g  

than stat ionary phase cel ls (Schenberg-Frascino and Moustacchi, 1972). The 

previous growth temperature of the exponential ce l ls ,  subject to heat stress, 

is an important factor  contr ibut ing to cell survival .  Cells grown 

exponential ly for  a period at 36-37 ° are re la t i ve l y  res istant  to heat stress 

(52°C) in comparison to cel ls grown exponential ly at 23°C (McAlister and 

Finkelstein,  1980; Walton and Pringle, 1980). We have exploited th is 

acquired thermotolerance to examine the re lat ionship between the synthesis 

of heat shock proteins and ethanol tolerance in yeast. 

Fig. 1 i l l us t ra tes  the ef fect  of exogenous ethanol on the v i a b i l i t y  of 

exponential cel ls grown at 23°C and cel ls heat shocked at 37°C and 52°C. 

Heat stressed (52°C, 5 min) cel ls were most susceptible to ethanol and 

100% cell death occurred a f te r  6-8 h exposure to high ethanol concentrations 

(14% w/v). Control cel ls i n i t i a l l y  showed a marked decrease in v i a b i l i t y ,  
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down to 40% viable a f te r  6 h, followed by a gradual decrease in v i a b i l i t y  

and f i n a l l y  100% cell  death at around 24-32 h. By contrast, cel ls grown 

at 23°C, heat shocked at 37°C for  30 min, and then exposed to exogenous 

ethanol retained the i r  v i a b i l i t y  for  prolonged periods. Af ter  an i n i t i a l  

10-20% cell  death a f ter  5 h exposure to ethanol, cel ls  remained 60% 

viable a f te r  24 h before decreasing to about 40% viable a f te r  36 h. 

Thereafter v i a b i l i t y  gradually decreased to less than 10% a f te r  3-4 days 

exposure to ethanol ( resul ts not shown). The retent ion of cell v i a b i l i t y  

in high ethanol concentrations was also marked in experiments in which 

heat shock at 37°C for  30-60 min was followed by heat stress at 52°C for 

5 min (Fig. I ) .  

Control or heat shocked cel ls exposed to high exogenous ethanol 

concentrations did not undergo s ign i f i cant  cell d iv is ion during the course 

of the experiments and remained in a dormant state. However, viable ce l ls ,  

as tested by methylene blue or rose bengal sta in ing,  when transferred to 

fresh growth media lacking ethanol, immediately resumed normal cel l  growth. 

Control cel ls did not resume normal cell growth a f te r  exposure to 

exogenous ethanol for  32 h, at which time the major i ty of cel ls  were dead 

(Fig. I ) .  However, even a f ter  72 h exposure to exogenous ethanol, heat 

shocked ce l ls ,  which remained viable, resumed normal cell growth a f te r  

t ransfer  to fresh growth media. 

The a b i l i t y  of yeast strains to withstand heat stress and ethanol d i f fe rs  

from st ra in  to s t ra in and i t  was important to establish that heat shock 

induction of ethanol tolerance is a general phenomenom in yeast. In 

addit ion to ATCC 26422 (Fig. I )  and CBS 1242 (Fig. 2) strains CBS 1171 and 

CBS 1237 were also used in our experiments and showed s imi la r  responses 

to heat shock. 

As shown in Fig. 2, S. cerevisiae CBS 1242, responds to heat shock in a 

s imi lar  way to ATCC 26422 (Fig. I ) .  However, in th is case, heat stress 

at 52°C/5 min resulted in 40-60% cell death before the addit ion of 

e thano l .  A pr ior  heat shock at 37°C for 30-60 min provided protect ion 

against a subsequent heat stress at 52°C/5 min and to cel l  death induced 

by exogenous ethanol. Heat shocked ce l ls ,  e i ther  37°C/30 min or 37°C/30 

min followed by 52°C/5 min, remained 70% viable a f te r  36 h in 14% w/v 
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ethanol. On the other hand, rapid cell death occurred a f te r  4-6h and 

24 h in heat stressed and control cel ls respect ively. 

DISCUSSION 

In S. cereu is iae ,  Plesset et  a/.(1982) have shown that preincubation of 

cel ls in the presence of ethanol (5-7% w/v) induces the synthesis of the 

same set of proteins that is motivated by heat shock. Protection against 

heat k i l l i n g ,  although not as ef fect ive as a preincubation at 37°C, was 

also observed af ter  ethanol pretreatment. Li and co-workers (Li et a l . ,  

1980; L i ,  1983) have examined the induction of thermotolerance and 

enhanced heat shock protein synthesis in Chinese hamster f ibroblasts by 

ethanol and other agents. These studies have shown that heat shock 

provides part ia l  protection against ethanol. I t  was concluded that a 

causal re lat ionship exists between the synthesis of heat shock proteins 

and the survival of cel ls subjected to heat shock and other environmental 

stresses. 

We report now that heat shock of yeast ce l ls ,  under conditions which are 

known to induce synthesis of heat shock proteins, results in a marked 

tolerance to ethanol. I t  is noteworthy that ,  in our experiments, cel ls 

were subject to two environmental insul ts namely, heat shock followed by 

ethanol. I t  would be tempting to speculate that there is a class of heat 

shock or heat stress proteins associated with the acquis i t ion of ethanol 

tolerance. I f  th is  was the case, our observations would suggest, for  the 

f i r s t  time, the poss ib i l i t y  of cloning ethanol to lerant  genes into micro- 

organisms. 
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Fiq. l Effect of exogenous ethanol on control, heat shocked and heat stressed cells 

of S.~oo}~Pomyoe8 oerez,~s~-~e ATCC 26422, a sak~ yeast. The final ethanol concentration 

was 14 W/v. (0) control cells maintained at 23~C without ethanol~ (0) control cells 

maintained at 23°C with exogenous ethanol; (Hi heat shocked cells: control cells 

incubated at 37°C for 30 min, cooled to 23°C and ethanol added: (a) heat stressed cells: 

control cells incubated at 37°C for 30 min followed immediately by heat stress at 52°C 

for 5 min. Cells were cooled to 23°C and ethanol added; (~) heat stressed cells: 

control cells heat stressed at 52°C for 5 min, cooled to 23°C and ethanol added. The 

experiment i l lustrated here is typical of the results obtained on ten independent 

experiments. 
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Fi 9. 2 Effect of exogenous ethanol on control, heat shocked and heat stressed cells 

of : : .~w,c:. f~.  CBS 1242. The final ethanol concentration was 14% W/v. (0) control 

cells maintained at 23°6; (0) control cells maintained at 23°C with exogenous ethanol; 

( i !  heat shocked ceils: control cells heat shocked at 37~C for 30 min, cooled to 23°C 

and ethanol added; (~) heat stressed cells: control cells heat stressed at 52°C for 

5 min, cooled to 23°C and ethanol added. The experiment i l lustrated here is typical 

of the results obtained on four independent experiments. 
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