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Abstract The effects of dehydration/rehydration on two
strains of Saccharomyces cerevisiae: S600, a metaboli-
cally engineered xylose-utilising strain, and H158, the
non-xylose-utilising host strain; and on the naturally
xylose-utilising yeast Pachysolen tannophilus CBS 4044,
were compared after glucose and xylose utilisation
respectively. The yeast strains differed in their ability to
excrete and accumulate intracellular xylitol. A high
intracellular xylitol content before and after dehydration
coincided with a higher viability after a dehydration/
rehydration cycle. The intracellular trehalose content
increased during dehydration in all three yeast strains,
but this did not correspond to enhanced cell viability
after dehydration/rehydration. The results are discussed
in relation to the ability of xylitol and trehalose to
structure water.

Introduction

Yeasts respond in different ways to dehydration: chro-
matin and mitochondrial DNA condensation has been
observed, and the solubility of proteins, the activities of
enzymes and the adenine nucleotide content are altered
(Krallish et al. 1986, 1989; Beker and Rapoport 1987).
An increase in unsaturated fatty acids (Zikmanis et al.
1982) and an accumulation of trehalose (Beker and
Rapoport 1987; Wiemken 1990) have also been ob-
served. The trehalose content correlated with the resis-
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tance of the yeast cells to extreme temperatures,
dehydration/rehydration and freeze/thawing cycles
(Hottiger et al. 1987; Wiemken 1990). Under conditions
of reduced water activity, polyols accumulate in yeasts
cells (Van Eck et al. 1989, 1993) and this has been sug-
gested to increase their dry resistance (Rapoport and
Beker 1984; Rapoport et al. 1988).

In the present study, the viability of the yeasts
Saccharomyces cerevisiae S600, S. cerevisiae H158 and
Pachysolen tannophilus CBS 4044 after dehydration/re-
hydration was compared in relation to the intracellular
accumulation of xylitol and trehalose. The yeasts differ
in xylitol formation, so that S. cerevisiae S600, a re-
combinant xylose-utilising strain derived from S. cere-
visiae H158, and P.tannophilus, a natural xylose-utilising
strain, form xylitol during xylose utilisation (Kotter
et al. 1990; Kotter and Ciriacy 1993; Tantirungkij et al.
1993; Meinander et al. 1994; Walfridsson et al. 1995;
Neirinck et al. 1985; Slininger et al. 1987), whereas none
of the three yeasts form xylitol during glucose utilisat-
ion.

Materials and methods

Yeast strains and maintenance conditions

Saccharomyces cerevisiae H158, which originated from Gregg
Payne (University of California, Berkely, Calif. USA) as
S. cerevisiae GPY55-15Bo. (leu2-3 leu2-112 ura3-52 trpl-289
his4-519 prbl cir") was used as a host for transformation. The
strain was maintained at 4 °C on agar plates containing (I""): 10 g
yeast extract, 20 g Bacto-peptone, 18 g Bacto-agar and 20 g glu-
cose. Pachysolen tannophilus CBS 4044 was maintained at 4 °C on
the same medium but with glucose replaced by xylose. S. cerevisiae
S600 (Walfridsson, personal communication), a strain derived from
S. cerevisiae H158, contained a multicopy yeast expression vector
with genes for xylose reductase (XYLI) (Hallborn et al. 1991) and
xylitol dehydrogenase (XYL2) (Kotter et al. 1990). S.cerevisiae
S600 was maintained on synthetic complete medium (Sherman et
al. 1983) [0.67% Difco yeast nitrogen base without amino acids
supplemented with adenine (13.5 mg 17'), arginine (348 mg 1I7"),
aspartic acid (266 mg 17), histidine (58 mg 17!), inositol (36 mg
1Y), isoleucine (525 mg 17Y), leucine (262 mg 17Y), Iysine (91 mg17Y),
methionine (149 mg 17'), phenylalanine (83 mg 17!), serine
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(105 mg 1Y), threonme (119 mg 17"), tryptophan (82 mg 17"), ty-
rosine (18 mg 1 Y, uracil (22 mg 17!) and valine (117 mg 1Yy with
20 g glucose 17! as the carbon source and 18 g agar 17]. For se-
lection of S.cerevisiae S600 leucine was omitted from the medium.

Cultivation conditions

S. cerevisiae H158 and S. cerevisiae S600 were grown in synthetlc
complete medium without leucine containing, in addition (1),
0.8 g K,HPO,, 12.8 g KH,PO,, 20 g glucose and 20 g glucose in
combination with 10 g xylose, respectively. The pH of the medium
was adjusted to 5.5. The cultivation medium for P. tannophilus CBS
4044 consisted of (I™!) 10 g yeast extract, 20 g Bacto-peptone and
20 g xylose or glucose. The pH of the medium was adjusted to 6.5.
The sugar solutions were autoclaved separately and the amino acid
solution was filtered under sterile conditions. Yeast cells from an
agar plate were transferred to 250 ml appropriate medium and the
yeast cells were incubated for 24 h at 30 °C, in a 500-ml flask at
150 rpm in a water rotary shaker. A 10-ml sample of inoculum was
transferred to 1-1 flasks containing 500 ml appropriate medium and
incubated under the same conditions as above until the yeast cells
had reached the stationary phase of growth.

Dehydration of yeast cells

The cells were harvested by centrifugation (4000 g, 10 min, 4°C;
Beckman J2-21), washed twice with distilled water and filtered
using a membrane filter (pore size 0.45 um, Schleicher & Schiill,
Dassel, Germany). The thin layer of biomass collected on the
membrane filter was air-dried at 30 °C until 8%—12% of the residual
moisture remained, usually 14-16 h.

Rehydration of yeast cells and viability measurement

Rehydration of dried yeast cells was performed at room tempera-
ture by suspending 30-50 mg dry weight of cells in 5 ml sterile
distilled water for 10 min. The number of living cells was deter-
mined using a fluorescence microscopy method (Rapoport and
Meysel 1985). The yeast cell suspension was mixed Wlth an equal
volume of fluorochrome primuline solution (1 mg ml™"), stained for
3-5 min and then examined with fluorescence microscopy. In living
cells only the cell wall is fluorescent while dead cells have a bright
yellow-green fluorescence.

Preparation of cell extract for analysis
of intracellular polyol content

Yeast biomass was suspended in 0.1 M potassium phosphate
buffer (pH 7.5) and the cells were immediately broken using glass
beads during intensive shaking for 20 min at 4 °C. The cell debris
was removed by centrifugation (15 000 g, 20 min, 4 °C, Beckman
J2-21). The cell-free extracts were collected and stored at —80 °C
until analysed.

Analytical methods

Growth was monitored by absorbance measurements at 620 nm.
For the dry weight of the biomass (g 17!) 5 ml yeast suspension was
filtered through a membrane filter (pore size 0.45 pm, Schleicher &
Schiill, Dassel, Germany), washed with 10 ml distilled water and
dried in a microwave oven for 10 min at full power. For the re-
hydrated biomass, the dry weight and the residual moisture content
were determined after drying in a conventional oven at 105 °C until
constant weight was observed.

Glucose, xylose, xylitol, glycerol, acetic acid and ethanol were
analysed with column liquid chromatography (CLC). A Varian
CLC system equipped with one or two Aminex HPX 87-H columns
(each 300 mm x 7.8 mm) coupled in series (BioRad Laboratories,

Richmond, Calif.) was used at 45 °C with a Tecator 590 differential
refractive index detector (Hoganis, Sweden). The mobile phase was
5 mM H,SO, administered at a flow rate of 0.6 ml min~' and
0.5 ml min~! respectively. The two-column system was used for the
separation of sugar alcohols (Jeppsson et al. 1995)

The intracellular xylitol content in the cell-free extract was de-
termined enzymatically using sorbitol dehydrogendse as described
by Bissler (1974) and expressed as pg mg ' dry weight.

Trehalose was assayed by the antron method (Stewart 1975) in
acid extracts prepared by mixing a biomass sample (50 mg dry
weight) with 5 ml 0.5 M trichloroacetic acid and incubating at
room temperature for 30 min with occasional shaking (Trevelyan
and Harrison 1956). The samples were centrifuged (2000 g,
10 min), the extraction was repeated twice and the supernatants
were combined. The extracts were collected and stored at —80 °C
until analysed The intracellular trehalose content was expressed as
pg mg! dry weight.

Reproducibility of the results

All experiments were repeated at least three times. Representative
results are reported.

Results

The concentration of extracellular metabolites,
and the intracellular glycerol and trehalose content

Substrate consumption and product formation during
fermentation of glucose and xylose, respectively, with
S. cerevisiae H158, S. cerevisiae S600 and P. tannophilus
CBS 4044 were first determined. S. cerevisiae H158 can
only ferment glucose since it lacks the xylose-metaboli-
sing enzymes xylose reductase and xylitol dehydrogenase
(Hallborn et al. 1991). Xylose fermentation with the
recombinant xylose-utilising S. cerevisiae S600 was car-
ried out in the presence of glucose since this had earlier
been observed to be more efficient (Walfridsson et al.
1995). A representative fermentation of a glucose-con-
taining medium with S.cerevisiae H158 is shown in
Fig. 1. During glucose consumption, cell mass and
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Fig. 1 Fermentation of glucose by Saccharomyces cerevisiae H
158. B Biomass as absorbance at 620 nm, @ glucose, A ethanol,
@ glycerol



ethanol were formed and, at the very end of the fer-
mentation, small amounts of glycerol were observed in
the medium. The pattern was similar for the three in-
vestigated strains fermenting the two carbon sources
with some difference in the rate of substrate consump-
tion and formation of products. Table 1 summarises the
concentrations of extracellular metabolites at the end of
the fermentations. When glucose was fermented by S.
cerevisiae H158 and P. tannophilus CBS 4044, glycerol,
ethanol and acetic acid were formed, whereas when
S. cerevisiae S600 and P. tannophilus CBS 4044 fer-
mented a xylose-containing medium, xylitol was formed
in addition to these products. S. cerevisiae S600 formed
about three times more xylitol than glycerol. With
P. tannophilus CBS 4044 no glycerol formation was
detected.

At the end of the fermentation the cells were har-
vested and the intracellular xylitol and trehalose con-
tents were determined before dehydration (Fig. 2). In
cells of S. cerevisiae S600 derived from a glucose/xylose
mixture the intracellular xylitol content was 1.4 times
higher than cells of S. cerevisiae H158 derived from
glucose (75 pg mg™' dry weight and 53 pg mg™' dry
weight, respectively). Similarly, a higher intracellular
xylitol content was found for xylose-derived cells of P.
tannophilus CBS 4044 compared with glucose-derived
cells (64 pg mg™' dry weight and 40 ug mg™' dry weight,
respectively). The intracellular trehalose content was
lower in xylose-derived cells of S. cerevisiae S600 com-
pared with $lucose-derived cells of S. cerevisiae HI158
(50 pg mg™" dry weight and 80 pug mg™' dry weight,
respectively). The same was found when the trehalose
contents of xylose-derived and glucose-derived cells of
P. tannophilus CBS 4044 were compared (39 pg mg™"' dry
weight and 127 pg mg™' dry weight, respectively). The
intracellular trehalose content for P. tannophilus CBS
4044 cells represented both the lowest and the highest
values obtained.

The intracellular content of xylitol
and trehalose after dehydration

After dehydration the intracellular xylitol and trehalose
contents in the yeast cells were determined (Fig. 2). In
glucose-derived S. cerevisiae H158 the intracellular xy-
litol content increased marginally from 53 pg mg™' dry
weight to 67 pg mg~' dry weight, whereas the trehalose
content by almost a factor of two from 80 pg mg™' dry
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Fig. 2 Intracellular trehalose and xylitol content in yeast cells
before and after dehydration and viability after a dehydration/
rehydration cycle. I S. cerevisiae H 158 grown on glucose; 2
S. cerevisiae S 600 grown on glucose+ xylose; 3 P. tannophilus CBS
4044 grown on gluclose; 4 P. tannophilus CBS 4044 grown on
xylose

weight to 151 pg mg™' dry weight after dehydration. In
contrast, both the xylitol and the trehalose contents in
xylose-derived cells of S. cerevisiae S600 increased ap-
proximately by a factor of two from 75 pg mg™' dry
weight to 154 ug mg™! dry weight and from 50 y g mg™"
dry weight to 92 pg mg™' dry weight, respectively.
However, in these cells the trehalose content was still
only 2/3 of the content in the glucose-derived cells of
S. cerevisiae H158 after dehydration. Similarly, in both
glucose- and xylose-derived cells of P. tannophilus CBS
4044, the intracellular xylitol content increased by a
factor of two (from 40 pg mg ~' dry weight to 88
pg mg~! dry weight and from 64 pg mg™! dry weight to
110 ug mg™' dry weight, respectively). On the other
hand, dehydration only marginally changed the intra-
cellular content of trehalose in these cells.

Viability of yeast cells after dehydration/rehydration

The viability of the yeast cells was determined immedi-
ately after the dried cells had been resuspended in dis-

Table 1 Extracellular substrate and product concentrations after completed fermentation. ND not detectable, N4 not applicable

Yeast strain Carbon source

Extracellular metabolites (g/1)

Glucose  Xylose Xylitol Glycerol  Ethanol  Acetic acid
Saccharomyces cerevisiae H158 Glucose ND NA ND 0.5 33 1.2
Saccharomyces cerevisiae S600 Glucose+xylose ND 34 3.8 1.2 4.3 0.3
Pachysolen tannophilus CBS 4044 Glucose 0.52 NA ND 0.1 4.5 0.1
Xylose ND 2.4 0.5 ND 0.3 0.4
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tilled water at room temperature. Under these condi-
tions, self-protective intracellular reactions do not occur
(Beker and Rapoport 1987). The viability of the xylose-
derived cells of S. cerevisiae S600 and of P. tannophilus
CBS 4044 was 68% and 57% respectively, compared with
41% and 37% for glucose-derived cells of S. cerevisiae
H158 and of P. tannophilus CBS 4044 respectively. The
viability of the differently derived yeast cells correlated
positively with the intracellular xylitol content both be-
fore and after dehydration (Fig. 2). No correlation was
found between the viability and the intracellular treha-
lose content, either before or after dehydration, nor was
there any correlation between the viability and the sum
of the xylitol and trehalose contents before or after de-
hydration.

Discussion

The present study showed that the intracellular accu-
mulation of xylitol can enhance the dry resistance of
yeast cells as determined by the viability after a dehy-
dration/rehydration cycle. On the other hand, the in-
tracellular accumulation of trehalose had no such effect
under the experimental conditions chosen in the present
investigation.

Compatible solutes, such as glycerol, sorbitol, glycol,
arabitol, betaine and xylitol, accumulate intracellularly
to maintain the intracellular osmotic pressure in salt-
induced stress (Adler et al.1985; Albertyn et al. 1994;
Blomberg and Adler 1992; Kets et al. 1996). These sol-
utes can also increase the thermostability of enzymes (Ye
and Combes 1991; Erarslan 1995), which has been sug-
gested to be due to direct interactions between enzymes
and polyols (Erarslan 1995), to indirect action on the
water structure (Hégerdal and Martens 1976; Hagerdal
1978; Kelkar and Deshpande 1991) and to a combina-
tion of both (Hahn-Hégerdal 1986; Ye and Combes
1991). The protective function of trehalose has been
interpreted similarly as the function of compatible sol-
utes: through indirect interactions with water (Crowe
et al. 1984a; b, 1985, 1987; Rudolph et al. 1986; Car-
penter and Crowe 1989; Wiemken 1990) and through
direct interactions with macromolecular structures such
as membranes (Crowe et al.1986; Leslie et al. 1994).

When xylitol accumulates intracellularly it may pre-
serve cellular functions during dehydration/rehydration
by interacting with the macromolecules, but probably to
a greater extent, by structuring intracellular water so
that it is not available for the denaturation of macro-
molecular structures such as enzymes and membranes
(Hégerdal and Martens 1976; Hagerdal 1978). This in-
terpretation is consistent with the present observation
that there was no correlation between the accumulation
of intracellular trehalose and viability. Trehalose, having
more than twice the molecular mass (342 Da) of xylitol
(150 Da), has to be present at a higher concentration
than xylitol to structure water to the same extent
(Norrish 1966; Chirife and Ferro Fontan 1980; And-

ersson and Hahn-Hégerdal 1987). In all cases in the
present study, the intracellular content of trehalose was
in the same range as the content of xylitol. High levels of
trehalose (up to 20%-35% dry weight) stabilise intra-
cellular membranes in anhydrobiotic organisms, which
are capable of surviving complete dehydration (Crowe
et al. 1984a). However, intracellular levels of trehalose
around 10% of the dry weight — the range observed in
the present investigation — were not sufficient to main-
tain the viability of yeast cells freeze/thawing cycles
(Gélinas et al. 1989).

When the yeast cells are air-dried at 30 °C, slow de-
hydration at physiological temperatures permits xylitol
and trehalose synthesis during the initial dehydration
phase, when sufficient free water is available for meta-
bolic processes to proceed. Xylitol and trehalose can be
synthesised from metabolites of the glycolytic and the
pentose phosphate pathways and from storage car-
bohydrates such as glycogen, so that the intracellular
glycogen content decreases during dehydration of
S. cerevisiae (Beker and Rapoport 1987). The present
study indicates that, when a xylose-utilising pathway is
present, the yeasts S. cerevisiae and P. tannophilus
preferentially synthesise xylitol when exposed to dehy-
dration.
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