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The role of trehalose synthesis for the acquisition of thermotolerance in yeast 
I. Genetic evidence that trehalose is a thermoprotectant 
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In the yeast Saccharomyces cerevisiae, accumulation of the non-reducing disaccharide trehalose 
is triggered by various stimuli that activate the heat-schock response. Several studies have shown a 
close correlation between trehalose levels and tolerance to heat stress, suggesting that trehalose may 
be a protectant which contributes to thermotolerance. In this study, we have examined mutants 
defective in genes coding for key enzymes involved in trehalose metabolism with respect to the 
heat-induced and stationary-phase-induced accumulation of trehalose and the acquisition of thermo- 
tolerance. Inactivation of either TPSl or TPS2, encoding subunits of the trehalose-6-phosphate 
synthase/phosphatase complex, caused an inability to accumulate trehalose upon a mild heat-shock 
or upon initiation of the stationary phase and significantly reduced the levels of heat-induced and 
stationary-phase-induced thermotolerance. Deletion of NTHZ, the gene coding for the neutral treha- 
lase, resulted in a defect in trehalose mobilization during recovery from a heat shock which was 
paralleled by an abnormally slow decrease of thermotolerance. Our results provide strong genetic 
evidence that heat-induced synthesis of trehalose is an important factor for thermotolerance induc- 
tion. In an accompanying study [Hottiger, T., De Virgilio, C., Hall, M. N., Boller, T. & Wiemken, 
A. (1993) Eul: J. Biochem. 219, 187-1931, we present evidence that the function of heat-induced 
trehalose accumulation may be to increase the thermal stability of proteins. 

Upon exposure to a mild heat shock, cells of virtually 
all organisms exhibit an adaptive response, the heat-shock 
response. This response leads to the induction of thermotol- 
erance, i.e. the ability to survive a subsequent severe heat 
stress that would be lethal in the absence of the precondition- 
ing heat treatment. One of the key events of the heat-shock 
response is a dramatic increase in rates of synthesis of a 
small set of highly conserved proteins, the heat-shock pro- 
teins (hsp), while the synthesis of most other proteins is re- 
duced (Lindquist and Craig, 1988; Schlesinger, 1990). 

Whilst the mechanism of hsp induction has been eluci- 
dated in considerable detail (Craig and Gross, 1991 ; Sorger, 
1991), the functions of hsp have been a matter for specula- 
tion for a long time. One of the most exciting concepts to 
emerge from the study of hsp was their role as molecular 
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Abbreviations. Tre6P, trehalose-6-phosphate; hsp, heat-shock 
protein(s) ; TPSl ,56-kDa subunit of trehalose-6-phosphate synthase/ 
phosphatase complex; TPS2, 102-kDa subunit of trehalose-6-phos- 
phate synthase/phosphatase complex ; TSLl, 123-kDa subunit of tre- 
halose-6-phosphate synthase/phosphatase complex ; TPS3, homolog 
of TSLl ; NTHl , neutral trehalase. 

Enzymes. Trehalose-6-P synthase [UDP-glucose : ~-glucose-6- 
phosphate-1-glucosyltransferase] (EC 2.4.1.1 5 )  ; trehalose-6-P phos- 
phatase [trehalose-6-phosphate phosphohydrolase] (EC 3.1.3.12) ; 
neutral trehalase (EC 3.2.1.28). 

chaperones (Ellis, 1987); hsp have been found to play a vital 
role even in unstressed cells by associating with newly syn- 
thesized proteins (Beckman et al., 1990), assisting in their 
folding (Gething and Sambrook, 1992; Ang et a]., 1991) and 
allowing these proteins to cross membranes (Deshaies et al., 
1988; Cheng et al., 1989; Kang et al., 1990). Under condi- 
tions of heat stress, hsp are suggested to be involved in facili- 
tating the disaggregation and refolding of heat-denatured 
proteins. In agreement with this concept, a close correlation 
between hsp synthesis and the induction of thermotolerance 
was established in many studies, providing indirect evidence 
for hsp involvement in the latter process (Lindquist and 
Craig, 1988). In yeast, it was shown that the induction of a 
particular hsp, Hspl04, which is not expressed during growth 
at normal temperatures, is required for the full development 
of induced thermotolerance (Sanchez and Lindquist, 1990). 
Nevertheless, whilst the function of hsp as molecular chaper- 
ones during growth at normal conditions is beyond doubt, 
the general conclusion of a causal relationship between heat- 
shock acquisition of thermotolerance and the synthesis of hsp 
is still a matter of debate. Moreover, in contradiction with 
the generally accepted concept of hsp-mediated thermotoler- 
ance, an increasing number of studies are providing evidence 
for hsp synthesis being neither sufficient (Finkelstein and 
Strausberg, 1983; Petko and Lindquist, 1986; Susek and 
Lindquist, 1989; Praekelt and Meacock, 1990) nor necessary 
(Hall, 1983; Watson et al., 1984; Wiedelitz et al., 1986; Van- 
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Bogelen et al., 1987; Lee and Dewey, 1988; Smith and Yaffe, 
1991 a,b) for the development of induced thermotolerance. 

On the basis of these contradictory findings, it is plausi- 
ble to assume that there may exist alternative ways to acquire 
thermotolerance that are independent of (heat-shock) protein 
synthesis. This is also supported by the general conceptual 
view that induction of thermotolerance may involve both 
protection from and repair of initial heat damage (De Virgilio 
et al., 1991a; Laszlo, 1992). One factor potentially important 
for the development of induced thermotolerance in yeast, is 
the heat-induced accumulation of the non-reducing disaccha- 
ride trehalose (a-D-glucopyranosyl-1,l-a-D-glucopyrano- 
side). In previous studies, we have shown that trehalose lev- 
els and thermotolerance are correlated under a variety of ex- 
perimental conditions in both wild-type strains and regula- 
tory mutants with altered pools of trehalose (Hottiger et al., 
1987a,b, 1989; De Virgilio et al., 1990, 1991a; Hottiger et 
al., 1992). Also, we have shown that trehalose accumulation 
and the acquisition of thermotolerance during heat shock are 
partially independent of protein synthesis in Saccharomyces 
cerevisiae (De Virgilio et al., 1991a) and completely inde- 
pendent of protein synthesis in Schizosaccharomyces pombe 
(De Virgilio et al., 1990). Therefore, we suggested that treha- 
lose, which was originally thought to function as a storage 
carbohydrate in yeast, may actually be a stress protectant 
involved in induced thermotolerance and other phenomena 
of stress protection (Wiemken, 1990). 

The suggestion that trehalose has a role in thermotoler- 
ance has recently been substantiated by new independent 
lines of evidence: (a) TPSl as well as TPS2, both subunits 
of the trehalose-6-phosphate (Tre6P) synthase/phosphatase 
complex with molecular masses of 56 kDa and 102 kDa, re- 
spectively, have been shown to be heat-shock proteins (Bell 
et al., 1992; De Virgilio et al., 1993); (b) consistent with 
these findings, TPSl, TPS2, as well as TSLl, encoding a third 
123-kDa subunit of the Tre6P synthase/phosphatase com- 
plex, were found to contain canonical GAANNTTC heat- 
shock elements or the newly identified C,T sequence (Vuorio 
et al., 1993); (c) deletion of the otsA and otsB genes of Esch- 
erickia coli, which encode Tre6P synthase and Tre6P phos- 
phatase, respectively, resulted in a significant decrease of 
thermotolerance in stationary-phase E. coli cells (Hengge- 
Aronis et al., 1991). 

In contrast to the situation in E. coli, genetic evidence for 
a contribution of trehalose to the thermotolerance of baker’s 
yeast is still lacking. However, the recent cloning of three 
genes coding for subunits of the Tre6P synthase/phosphatase 
complex (Vuorio et al., 1992, 1993; Bell et al., 1992; De 
Virgilio et al., 1993) and the cloning of the gene encoding 
the neutral trehalase (Kopp et al., 1993) have provided tools 
to study the role of trehalose in the development of thermo- 
tolerance in s. cerevisiae also at the genetic level. 

The present study was undertaken in order to clarify the 
relative contribution of heat-induced and stationary-phase- 
induced accumulation of trehalose to the acquisition of 
thermotolerance in yeast. Our studies show that specific dele- 
tions in either of two genes coding for subunits of the Tre6P 
synthaselphosphatase complex (TPSl and TPS2) cause an in- 
ability to accumulate trehalose either upon a mild heat shock 
or upon initiation of the stationary phase, and in both cases 
significantly reduce levels of thermotolerance. Our studies 
also show that the deletion of NTHl, the gene coding for the 
neutral trehalase, results in a defect in trehalose mobilization 
during recovery from a heat shock, which is paralleled by a 
slower decrease in thermotolerance. 

MATERIALS AND METHODS 
Yeast strains 

The strain CJM169 (MATa, ura3, his3-11,15, ade2-1, 
cijl : :URA3) and its isogenic wild-type parent CJM162 
(MATa, ura3, his3-11,15, ade2-1) have been described pre- 
viously (GonzBles et al., 1992) and were kindly provided by 
C. Gancedo, Instituto de Investigaciones Biomkdicas, Ma- 
drid. It is now well established that the mutations bypl, cijl, 
fdpl, ggsl, glc6, tpsl and tssl are all alleles of the same 
gene (Bell et al., 1992; Cannon et al., 1992; Vuorio et al., 
1992; Stucka and Blizquez, 1993; Van Aelst et al., 1993). 
For the sake of lucidity, we use the common name TPSl for 
the designation of this gene. This is justified by the finding 
that the gene product of TPSl was found to be a subunit of 
the Tre6P synthase/phosphatase complex (Bell et al., 1992; 
Vuorio et al., 1992). Therefore, in this study we refer to the 
cijl deletion mutant as the Atpsl mutant. The tps2 disruption 
mutant CDV64 (MATa, his4, ura3, leu2, burl-I, 
tps2: :URA3) and its isogenic wild-type parent RH 144-3A 
(MATa, his4, ura3, leu2, burl-1) have also been described 
previously (De Virgilio et al., 1993). The diploid strain 
GRD11-21, derived from the parental strains X2180-1 A 
(MATa, SUC2, mal, ga12, CUPl) and MC333 (MATa, leu2, 
trpl, met@, was obtained from Gist Brocades, Delft, NL. 

Yeast strains containing a deletion of NTHl were kindly 
supplied by P. Schoppink, P. Klaassen and K. Osinga (Gist- 
Brocades). They were prepared according to the following 
procedure. A yeast cDNA library in lg t l l  (Clontech) was 
screened by the immunological technique described by 
Young and Davies (1983), using a monoclonal antibody 
against purified neutral trehalase from yeast. 300000 plaques 
were screened with the antibody, resulting in 22 positive 
plaques. Eight randomly picked plaques were purified and 
their inserts were amplified by polymerase-chain reaction in 
a Perkin-Elmer Cetus thermal cycler according to the manu- 
facturers instructions, using primers complementary to the 
l g t l l  sequence beside the EcoRI cloning site of the inserts. 
Isolation and manipulation of DNA was performed using 
standard procedures as previously described (Sambrook et 
al., 1989). One amplified insert, carrying the putative se- 
quence of the neutral trehalase, was cloned at the EcoRI site 
of the multicloning site of the plasmid pTZ19R (Pharmacia), 
which additionally contained a cloned BglII-BglII fragment 
at the BamHI site with the ADHl promotor sequence coupled 
to the (3-418 resistance gene. The resulting plasmid pTRE16 
(3418-2 was treated with NsiI to remove an internal part of 
the putative NTHl sequence and was subsequently trans- 
formed into strain GRD11-21 (Rothstein, 1983). Diploid 
transformants had approximately half of the neutral-trehalase 
activity when compared with wild-type cells (data not 
shown). Sporulation of the diploid transformant and tetrad 
analysis revealed that all four ascospores were viable and that 
G-418 resistance segregated in the ratio 2 : 2.  As expected, all 
G-418-resistant segregants had no detectable neutral-treha- 
lase activity, indicating that the (3-41 8-resistance gene was 
integrated at the NTHl locus. The diploid strain PKC8 was 
constructed by crossing two G418 resistant, trehalase-nega- 
tive segregants of the opposite mating type. 

Culture conditions 
Cells were grown in 1% yeast extract 2% bactopeptone 

media supplemented with either 2% maltose (YPM) for the 
strains CJM162 and CJM169 or 2% glucose (YPD) for all 
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other strains. Stock cultures were kept on YPD or YPM agar 
(strains CJM162 and CJM169) either with (PKCS) or without 
300 pglml G-418 sulphate. Cell cultures were cultivated on 
a rotary shaker (140 rpm) at 27"C, transferred into fresh me- 
dium and allowed to grow under the same conditions for at 
least six generations, taking care that the cell densities were 
below 3x10" cells/ml at the beginning of the heat-shock ex- 
periments. Stationary phase cultures were obtained by grow- 
ing cells for three days in YPM or YPD medium. 

Heat-shock conditions and analysis of thermotolerance 
The preconditioning heat-shock at 40 "C was performed 

as previously reported (Hottiger et al., 1987a). For determi- 
nation of thermotolerance, cultures were heated for different 
times either to 52°C (exponentially growing Atpsl cells), or 
to 50.4"C (exponentially growing tps2 cells), or to 54°C (sta- 
tionary-phase cells), rapidly cooled on ice, appropriately di- 
luted with sterile water and plated on YPD agar or YPM agar 
as described (Hall, 1983). 

Enzyme assays and determination of metabolite levels 
The activity of neutral trehalase was measured in permea- 

bilized cells (Miozzari et al., 1978). 40-ml aliquots of log- 
phase cultures were filtered (Whatman GF/C), suspended in 
1 ml 0.2 M Tricine (Na'), pH 7.0, 0.05% Triton X-100 and 
immediately frozen in liquid nitrogen. After thawing (2 min 
at 30°C), the cells were centrifuged (1 min at 3000 g), 
washed twice with ice cold 0.2 M Tricine (Na'), pH 7.0 and 
immediately used for the assay of neutral trehalase according 
to De Virgilio et al. (1991b). 

For determination of trehalose and Tre6P, 10 ml of expo- 
nentially growing cells were filtered (Whatman GF/C), 
washed four times with 5 ml distilled H20, resuspended in 
1 ml H,O and transferred to a boiling water bath for 5 min. 
After centrifugation (5 min at 15000 g), trehalose and Tre6P 
were determined in the supernatant by HPLC analysis as de- 
scribed earlier (De Virgilio et al., 1993). Protein was quanti- 
tated by the method of Lowry et al. (1951) using bovine 
serum albumin as a standard. 

RESULTS 
Heat-induced acquisition of tolerance to severe heat- 
shock and accumulation of trehalose in a Atpsl  mutant 

It has recently been reported that the product of the TPSl 
gene, encoding the 56-kDa subunit of the Tre6P synthase/ 
phosphatase complex, is essential for Tre6P synthase activity 
(Bell et al., 1992). To investigate the role of the TPSl gene 
in basal and induced thermotolerance, a Atpsl mutant and its 
isogenic parent were exposed to a temperature of 52"C, 
either after growth at 27 "C (unconditioned cells) or 
following a 60-min heat shock at 40°C (conditioned cells). 
As shown in Fig. lA,  unconditioned cells of both the wild 
type and the mutant did not contain appreciable amounts of 
trehalose. Both strains were extremely heat sensitive (less 
than 0.1% survivors after 20 min at the lethal temperature), 
with wild-type cells being significantly less susceptible to 
thermal killing (Fig. 1 B). 

After conditioning (1 h at 40"C), cells of the Atpsl strain 
were virtually free of trehalose, while the wild-type cells had 
accumulated considerable amounts of the disaccharide 
(Fig. 1A). The wild-type trehalose levels shown in Fig. 1A 
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Fig. 1. Trehalose levels (A) and thermotolerance (B) of S. cerevi- 
she strains CJM162 (wild type) and CJM169 ( d g s l )  during and 
after a preconditioning heat shock. (A) Cultures of wild-type (0) 
and Atpsl (A) cells were grown to early-exponential phase 
(< 3X106 celldml) on YPM medium and, at time zero, were sub- 
jected to a preconditioning heat shock at 40°C. Samples were taken 
for trehalose determination at the desired time points. (B) The 
thermotolerance of wild-type (0 ,O)  and Atpsl (A,A) cells without 
(0,A) or with (.,A) a preconditioning heat treatment for 60 min at 
40°C was measured as the survival following incubation at 52°C 
for the times indicated. 

are significantly lower than those reported in other studies 
from our laboratory, which is due to the use of maltose in- 
stead of glucose as the carbon source. This was necessary 
since Atpsl cells are unable to grow on glucose. The precon- 
ditioning heat shock induced thermotolerance in both the 
wild type and the Atpsl mutant. However, thermotolerance 
levels of the mutant were significantly lower than those of 
the wild type (about 100-fold less survivors after 20 min at 
52°C; Fig. 1B). A similar phenotype has been described for 
a Ahspl04 mutant (Sanchez and Lindquist, 1990). 

Thermotolerance and accumulation of trehalose 
in a stationary dtpsl mutant 

Stationary phase cells of the Atpsl strain (CJM169) were 
virtually free of trehalose (5 mg trehaloselg protein), while 
stationary wild-type cells (CJM162) had accumulated con- 
siderable amounts of the disaccharide (0.43 g trehaloselg 
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Fig. 2. Thermotolerance of stationary S. cerevisiae strains 
CJM162 (wild type) and CJM169 (Atpsl) .  Cultures of wi!d-type 
(0) and Atpsl (0) cells were grown to stationary phase (3 days) on 
YPM medium. Wild-type cells contained 0.43 g trehalose/g protein, 
while Atpsl cells were virtually free of trehalose (5 mg trehalose/g 
protein). Thermotolerance was measured as the survival following 
incubation at 54°C for the times indicated. 

protein). To examine whether these differences in trehalose 
contents were also reflected in different degrees of thermotol- 
erance, stationary-phase cells of both strains were subjected 
to a heat treatment at 54°C for different times. Whilst almost 
80% of the wild-type cells were viable after 4 rnin at 54°C 
only approximately 0.1% of the Atpsl cells survived the 
same heat treatment (Fig. 2). Accordingly, the absence of tre- 
halose in AtpsI cells was accompanied by a more than 800- 
fold reduction of thermotolerance after 4 rnin at 54°C when 
compared with wild-type cells (Fig. 2). 

Heat-induced acquisition of tolerance to a severe heat- 
shock and accumulation of trehalose or trehalose-6- 
phosphate in the presence and absence of TPS2 

Disruption of TPS2, the gene coding for the 102-kDa 
subunit of the Tre6P synthase/phosphatase complex, causes 
loss of Tre6P phosphatase activity. Cells of a Atps2 disrup- 
tion strain contained only approximately 8% of the trehalose 
formed in an isogenic wild-type strain after 1 h at 40°C, but 
accumulated large amounts of Tre6P at the same time 
(Fig. 3A; see also De Virgilio et al., 1993). 

To test whether the accumulation of Tre6P, instead of 
trehalose, may affect the cell's ability to acquire induced 
thermotolerance, we subjected cells of a wild-type and a tps2 
disruption strain to a heat treatment at 50.4"C for different 
times, either with or without a preconditioning heat shock 
(1 h at 40°C). Untreated cells of both strains were unable to 
survive 4 min at 50.4"C (Fig. 3B). The preconditioning heat 
shock induced thermotolerance to a considerably different 
degree in the wild-type and in the tps2 disruption strain. 
Whilst almost 100% of the wild-type cells were viable after 
20 min at 50.4"C, only approximately 1 % of the tps2 disrup- 
tion cells survived the same heat treatment (Fig. 3B). These 
data indicate an important role for the TPS2 gene in thermo- 
tolerance induction and suggest that accumulation of Tre6P 
instead of trehalose reduces thermotolerance. A possible ex- 
planation for this is provided by the fact that trehalose, but 
not Tre6P, is able to protect proteins against thermal denatu- 
ration (Hottiger et al., 1993). 

Time (min) 

Time (min) 
Fig. 3. Levels of trehalose and trehalose-6-phosphate (A) and 
thermotolerance (B) of S. cerevisiue strains RH 144-3A (wild 
type) and CDV64 (tps2 disruption mutant) during and after a 
preconditioning heat shock. (A) Cultures of wild-type (.,0) and 
tps2 disruption mutant (A,A) cells were grown to early exponential 
phase (<3X106 celldml) on YPD medium and, at time zero, were 
subjected to a preconditioning heat shock at 40°C. Samples were 
taken for trehalose (.,A) and trehalose-6-phosphate (0,A) determi- 
nation at the desired time points. (B) The thermotolerance of wild- 
type (0 ,O)  and tps2 diruption mutant (&A) cells without (0,A) or 
with (0 ,A)  a preconditioning heat treatment for 60 min at 40°C was 
measured as the survival following incubation at 50.4"C for the 
times indicated. 

Thermotolerance and accumulation of trehalose 
in a stationary tps2 disruption mutant 

While wild-type cells (RH144-3 A) entering the station- 
ary phase accumulated up to 1.0 g trehalose/g protein, cells 
of a tps2 disruption mutant (CDV64) accumulated up to 1.4 g 
Tre6Plg protein but almost no trehalose upon initiation of 
the stationary phase (data not shown). To test whether the 
accumulation of TreGP, instead of trehalose, may also affect 
the cell's ability to acquire stationary-phase-induced thermo- 
tolerance, we subjected cells of a wild-type and a tps2 disrup- 
tion strain to a heat treatment at 54°C for different times. 
Whilst almost 60% of the wild-type cells were viable after 
8 min at 54"C, only approximately 0.06% of the tps2 disrup- 
tion cells survived the same heat treatment (Fig. 4). Thus, the 
accumulation of large amounts of Tre6P instead of trehalose 
in stationary tps2 disruption cells was also paralleled by a 
significant decrease in thermotolerance. 



183 

.I ? 

5 m 

10 r 

1 

.I 

.01 r 

.001' ' ' . ' . ' ' ' ' 
0 S 10 1s 20  

Time (min) 
Fig. 4. Therrnotolerance of stationary S. cerevisiae strains 
RH144-3A (wild type) and CDV64 (4x2) .  Cultures of wild-type 
(0) and Atps2 (0) cells were grown to stationary phase (3 days) on 
YPD medium. Wild-type cells contained 1 .O g trehalose/g protein, 
while Atps2 cells contained only traces of trehalose but high 
amounts of Tre6P (up to 1.4 g Tre6Plg protein). Thennotolerance 
was measured as the survival following incubation at 54°C for the 
times indicated. 
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Deletion of the gene coding for the neutral trehalase 
affects trehalose metabolism 
and the heat-induced acquisition of thermotolerance 

The mobilization of trehalose in wild-type yeast strains 
recovering from a heat shock is brought about by a rapid 
activation of the neutral trehalase (De Virgilio et al., 1991 b). 
As a consequence, a strain harbouring a deletion in the gene 
coding for the neutral trehalase (NTHI) is supposed to lack 
trehalose mobilization when allowed to recover from a heat 
shock. As this provides another means to manipulate treha- 
lose levels, trehalose accumulation and mobilization as well 
as induction and decay of thermotolerance were studied in a 
Anthl strain. As shown in Fig. 5A, a Anthl mutant accumu- 
lated slightly more trehalose during a 1-h heat shock at 40°C 
when compared with its wild-type parent. Shifting the culture 
back to 27°C after 1 h at 40°C resulted in a rapid mobiliza- 
tion of trehalose in cells of the wild-type strain but not of 
the Anthl mutant (Fig. 5A). The slow decrease in trehalose 
content observed in recovering dnthl  cells could be fully 
explained on the basis of dilution by growth (data not 
shown). 

The observed differences in trehalose accumulation and 
mobilization patterns between the Anrhl strain and its wild 
type were paralleled by a different ability to acquire or to 
lose thermotolerance ; without a preconditioning heat shock, 
cells of both strains were equally sensitive to thermal killing 
(Fig. 5B). A preconditioning heat shock for 1 h at 40°C in- 
duced thermotolerance to a slightly larger extent in the Anthl 
strain than in the wild-type strain, reflecting the slightly 
higher amount of trehalose formed in the Anthl strain after 
1 h at 40°C. Having recovered for 30 min from the initial 
heat shock, cells of both strains began to lose their acquired 
thermotolerance (Fig. 5 B). Remarkably, however, the decay 
of thermotolerance was less pronounced for Anthl cells, sur- 
vival rates being 10-20-fold higher than those of the wild- 
type cells after 20 min at 50.4"C. 

To obtain a statistically reliable value for this observed 
difference and to circumvent any problems eventually arising 
from slight differences in the genetic backgrounds of the 

0 5 10 15 20 
Time (min) 

Fig.5. Trehalose level (A) and thermotolerance (B) of S. cerevi- 
siae strains GRD11-21 (wild type) and PKCS (dnthl) during a 
heat shock at 40°C followed by recovery at 27°C. (A) Cultures 
of wild-type (0) and Anthl (0) cells were grown to early exponen- 
tial phase (<3X106 cells/ml) on YPD medium and, at time zero, 
were subjected to a preconditioning heat shock. After 1 h at 4 0 T ,  
the cultures were returned to 27°C (arrow). Samples were taken for 
trehalose determination at the desired time points. (B) Thermotoler- 
ance of wild-type (.,.,A) and Anthl (O,O,A) cells without a pre- 
conditioning heat shock (0,0), after a preconditioning heat shock 
of 60 min at 40°C (.,0), or after a preconditioning heat shock of 
60 min followed by a recovery at 27°C for 30 min @,A). Therrno- 
tolerance was measured as the survival following incubation at 
50.4"C for the times indicated. 

Anthl and wild-type diploids (see also the Materials and 
Methods section), we examined ten spores of both diploid 
strains (PKC-8 and GRD11-21). Having recovered for 
30min from the initial heat shock, Anthl spores had still 
0.419 2 0.03 g trehalose/g protein and 15.8 ? 4.8% of the 
cells survived the subsequent heat shock for 20min at 
50.4"C (Table 1). Under the same conditions, wild-type cells 
were already virtually free of trehalose (0.041 2 0.02 g treha- 
lose/g protein) and only 2 .02  1.0% of the cells were able 
to withstand the lethal heat shock for 20min at 50.4"C 
(Table 1). 

DISCUSSION 
It is now well documented that heat shock leads to a 

dramatic increase in trehalose levels in yeast and a number 
of other microorganisms (Hottiger et al., 1993 and references 
therein). In the case of yeast, two lines of circumstantial evi- 
dence indicate that this response has a thermoprotective func- 
tion. Firstly, a close correlation between trehalose levels and 
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Table 1. Trehalose content and thermotolerance of ten ascospores of the AnthZ (PKC-8) and wild-type (GKD11-21) diploids. Trehalose 
and thermotolerance (survival after 20min at 50.4"C) were measured after a heat shock of 60min at 40°C and a subsequent recovery 
phase at 27°C for 30 min. 

Ascospore Trehalose content and thennotolerance for 

spores of the dnthl mutant PKC-8 

trehalose thermotolerance t r e h al o s e thermotolerance 

spores of the wild-type GRD11-21 

1A 
1B 
1 c  
1D 
2A 
2B 
2 c  
2D 
3A 
3B 
Mean value 

g trehaloselg protein 
0.427 
0.423 
0.423 
0.407 
0.460 
0.441 
0.375 
0.384 
0.407 
0.439 
0.419 ? 0.03 

% 

11.6 
10.0 
13.0 
9.5 

19.0 
16.6 
22.1 
16.0 
24.6 
15.4 
15.8 t 4.8 

g trehaloselg protein 
0.061 
0.064 
0.057 
0.047 
0.048 
0.030 
0.028 
0.01 6 
0.01 7 
0.043 
0.041 i- 0.02 

% 

0.8 
2.1 
3.1 
3.5 
1.1 
2.8 
1.1 
3.3 
1 .0 u 
2.0 2 1.0 

thermotolerance has been found under a wide variety of ex- 
perimental conditions (Wiemken, 1990). Secondly, at least 
two of the subunits of the Tre6P synthase/phosphatase com- 
plex have been shown to be hsp (Bell et al., 1992; De Vir- 
gilio et al., 1993) and three subunits of the complex contain 
the canonical GAANNTTC or the newly identified C,T heat- 
shock elements (Vuorio et al., 1993). In this study, we pro- 
vide direct genetic evidence supporting the view that treha- 
lose acts as a thermoprotectant. 

In a first set of experiments, we studied trehalose accu- 
mulation and thermotolerance induction in a Atpsl mutant. 
Disruption of the TPSl gene, that is essential for Tre6P syn- 
thase activity (Bell et al., 1992), abolished trehalose synthesis 
in response to heat shock and upon initiation of the stationary 
phase. In parallel, inactivation of TPSl resulted in a signifi- 
cant reduction of heat-induced thermotolerance (100-fold 
less survivors after 20 min at 52°C as compared to the wild 
type; Fig. 1) as well as of the intrinsic thermotolerance of 
stationary-phase cells (800-fold less survivors after 4 min at 
54°C as compared to the wild type; Fig. 2). This is consistent 
with trehalose being required for full thermotolerance 
acquisition. There is, however, a caveat. The TPSl gene is 
allelic to the genes defined by the f d p l ,  bypl ,  ggs l ,  cijl 
and glc6 mutations (Bell et al., 1992; Thevelein, 1992). The 
phenotype of the latter mutants is complex (Thevelein, 1992) 
and it was therefore suggested that the TPSl gene product, 
whilst being a component of the Tre6P synthase/phosphatase 
complex, has a primarily regulatory function (Bell et al., 
1992). However, recent evidence indicates that TPSl may in 
fact be the structural gene for the Tre6P synthase. It has been 
reported that E. coli mutants lacking Tre6P synthase activity 
are able to accumulate trehalose when transformed with 
TPSl (McDougall et al., 1993). Also, a model has been pre- 
sented that explains the pleiotropic phenotype of Atpsl mu- 
tants solely on the basis of their inability to synthesize treha- 
lose (Hohmann et al., 1993). Regardless of whether TPSl is 
indeed the Tre6P synthase structural gene, its inactivation is 
expected to have far-reaching metabolic consequences. 
Therefore, our finding that Atpsl cells are defective in the 
induction of normal thermotolerance levels is not easily in- 
terpreted. This is further emphasized by the fact that uncon- 

ditioned Atpsl cells were more heat sensitive than controls 
although both of them contained virtually no trehalose 
(Fig. 1). 

In a second approach, we studied thermotolerance induc- 
tion in a strain disrupted in the TPS2 gene coding for Tre6P 
phosphatase. After a conditioning heat shock and also in the 
stationary phase, tps2 disruption cells showed a significantly 
reduced ability to withstand exposure to either 50.4"C (60- 
100-fold less survivors after 20 min as compared to the wild 
type in heat conditioned cells) or 54 "C (1 000-fold less survi- 
vors after 8 min as compared to the wild type in stationary 
phase cells). Although the defect in full acquisition of 
thermotolerance in the tps2 disruption mutant is most easily 
explained by the failure of the mutant to accumulate ade- 
quate amounts of trehalose, a point of caution again has to 
be made. The data shown in the accompanying paper (Hot- 
tiger et al., 1993) show that, in contrast to trehalose, Tre6P 
is apparently not a compatible solute, i.e. its accumulation in 
the cytosol is expected to be inhibitory to normal metabo- 
lism. This is also emphasised by the finding that tps2 cells, 
in contrast to wild-type cells, are not able to resume growth 
under prolonged heat shock conditions at 40°C (possibly due 
to P, depletion; De Virgilio et al., 1993). Therefore, the de- 
creased thermotolerance of the tps2 disruption mutant might 
simply reflect the toxicity of Tre6P. 

The above considerations show that it is difficult to in- 
hibit trehalose biosynthesis with sufficient specificity. We 
therefore chose to manipulate trehalose levels by inhibiting 
trehalose degradation. A mutant in the NTHl gene encoding 
neutral trehalase (Kopp et al., 1993) was used for this pur- 
pose. Disruption of NTHl resulted in a slight hyperaccumula- 
tion of trehalose during mild heat shock which is consistent 
with our previous finding of trehalose being subject to futile 
cycling under heat shock conditions (Hottiger et al., 1987a). 
Trehalose overproduction in Anthl cells was paralleled by a 
small increase in thermotolerance as compared to the control 
(Fig. 3). During recovery from heat shock, the nthl mutant 
showed the expected defect in trehalose degradation (De Vir- 
gilio et al., 1991b) and a concomitant delay in the decay 
of thermotolerance, strongly suggesting that trehalose is a 
thermoprotective agent. Interestingly, a similar phenotype as 
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the one described here for the nthl strain was previously 
reported for a strain mutated in three genes of the SSAl sub- 
family of 70-kDa hsp (Hottiger et al., 1992). ssa- cells 
overproduced trehalose during mild heat shock and showed 
an abnormally slow decay of trehalose levels and of thermo- 
tolerance upon decreasing the temperature. This defect was 
ascribed mainly to the inability of ssa- cells to normally acti- 
vate neutral trehalase during recovery from heat shock (Hot- 
tiger et al., 1992). The results presented in Fig.4 are in 
agreement with this interpretation and suggest that the de- 
layed decay of thermotolerance in ssa- cells may be a direct 
consequence of their altered trehalose metabolism. 

To conclude, the data presented in this study strongly 
support the hypothesis that trehalose accumulation in yeast 
serves a thermoprotective function. However, our results also 
very clearly demonstrate the limitations of a genetic ap- 
proach to establish the function of trehalose. In the case of 
the experiments involving the tpsl and tps2 mutants, we have 
shown that possible problems in the interpretation of results 
arise due to the complexity of the mutant phenotype. Similar 
restrictions may, in principle, apply to the experiments in- 
volving the izthl mutant strain. Finally, although trehalose 
synthesis is shown to be an important element of thermotol- 
erance, our results suggest that trehalose accumulation is not 
the only mechanism by which yeast cells acquire thermotol- 
erance and indeed a large number of alternatives have been 
suggested (Hottiger et al., 1993). 

We thank Peter Schoppink, Paul Klaassen and Klaas Osinga 
(Gist-Brocades) for providing us the dnthl mutant. This study was 
supported by the Swiss National Science Foundation 
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