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Abstract Various methods have been tried to prevent cell
mortality during dehydration, but the reasons why
microorganisms die when submitted to dehydration and
rehydration are not well understood. The aim of this study
was to further investigate the reasons for yeast mortality
during dehydration. Osmotic dehydration and rehydration
of Saccharomyces cerevisiae W303-1A were performed
at different temperatures. Two different approaches were
used: isothermic treatments (dehydration and rehydration
at the same temperature), and cyclic treatments (dehy-
dration at an experimental temperature and rehydration at
25�C), with significant differences in viability found
between the different treatments. Dehydration at lower
and higher temperatures gave higher viability results.
These experiments allowed us to propose a hypothesis
that relates mortality to a high water flow through an
unstable membrane during phase transition.

Introduction

Dehydration of Saccharomyces cerevisiae has been
widely studied for many years, because of the use of this
yeast in industry. Many researchers have tried to find
ways to prevent cell mortality during dehydration, but
mechanisms involved in this type of cell death are still not
well understood. Experiments have shown that cell
viability depends strongly on the osmotic pressure of
the medium (Scott 1957; Esener et al. 1981), and that the
kinetics of dehydration and rehydration are very impor-
tant in prevention of cell death (Gervais et al. 1992;
Gervais and Marechal 1994). Indeed, an optimum viabil-
ity for a particular kinetic of progressive hyperosmotic
modification on S. cerevisiae (Marechal and Gervais

1994) and lactic bacteria (Poirier et al. 1997) has been
determined.

The increase in the osmotic pressure of the medium
may have damaging effects on membranes, leading to
structural modifications. Many authors have studied these
changes, mostly on model membranes (Webb et al. 1993;
Chapman 1994). At physiological temperature and hy-
dration, the phospholipid bilayer of biological membranes
is in a fluid lamellar liquid-crystalline phase. During
dehydration, water molecules are removed, and phospho-
lipid headgroups are forced close together, leading to an
increase in van der Waals interactions between the fatty
acyl chains, and the membrane is forced into a gel phase
(Crowe et al. 1984a). During rehydration, the membrane
must go through another phase transition, which returns it
to the liquid-crystalline state. The phase transition
temperature (Tm) of phospholipids varies with the water
activity of the surrounding medium and with membrane
composition (fatty acid chain length, level of unsaturated
fatty acids, and level of sterols). Biological membranes,
which contain a heterogeneous mixture of lipids, could
present domains where gel phase and liquid-crystalline
phase lipid coexist, and could cause packing defects at
boundaries between liquid-crystalline and gel phase
domains (Cameron and Dluhy 1987). Membranes in such
a state would not provide adequate barrier properties, as
shown by Hammoudah et al. (1981), who observed
significant changes in membrane permeability around the
phase transition temperature. In these conditions, leakage
of cytoplasmic content could occur, resulting in cell death
(Crowe et al. 1989a, 1989b; Leslie et al. 1994, 1995). To
prevent leakage, dehydration must be effected in the
presence of sugars such as trehalose or saccharose
(Eleutherio et al. 1993; Leslie et al. 1995; Crowe et al.
1996), or amino acids (Kets and De Bont 1994). As the
water is removed, sugar molecules are thought to insert
into the membrane and interact directly with the lipid
headgroups by hydrogen bonding (Crowe et al. 1984b).
Some studies have also shown that the temperature of the
medium must be controlled to preserve cell viability
(Walton and Pringle 1980; Hottiger et al. 1987; Suutari et
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al. 1990) and that rehydration temperature is also
important, as shown for S. cerevisiae by Becker and
Rapoport (1987). Viability seems to be preserved if
rehydration is carried out at a temperature higher than the
phase transition temperature, as proposed by Leslie et al.
(1994) for S. cerevisiae, and Leslie et al. (1995) for
Escherichia coli and Bacillus thuringiensis.

Experiments carried out previously in our laboratory
(Gervais et al. 1992; Marechal and Gervais 1994; Poirier
et al. 1997, 1999, Gervais and Beney 2001) have allowed
us to propose a hypothesis for understanding yeast cell
viability after osmotic shock. Membrane permeabilization
seems to be the most important element of cell death or
survival during dehydration or rehydration. Moreover,
Beney et al. (2001a) have shown that viability of the cells
after osmotic shock is higher if experiments are carried
out at low temperature, and that the high water flow rate
cannot by itself explain the cell mortality following an
osmotic shock (Beney et al. 2001b). It is well known that
the phase transition of lipids is a function of the
temperature and osmotic pressure of the medium. If we
accept that cell mortality is related to membrane phase
transition, then the combined effect of these two param-
eters is of great interest. The membrane phase transition
temperature of S. cerevisiae W303-1A, as a function of
the osmotic pressure, has already been studied by
fluorescence polarization measurements (Laroche et al.
2001) at a wide range of temperatures (6–35�C) and at
seven levels of osmotic pressure between 1.38 and
133.12 MPa. The aim of this study was to estimate yeast
viability after combined thermal and osmotic treatments,
and to verify, if possible, the relationship between the
phase transition and the mortality observed.

Materials and methods

Yeast strain

S. cerevisiae W303-1A (MATa leu2-3,112 his3-11,15 trp1-1 can1-
100 ade2-1 ura3-1) (Thomas and Rothstein 1989) was a gift from
Laboratorium voor Moleculaire Celbiologie, Katholieke Univer-
siteit Leuven.

Cultivation conditions

Cells were maintained on Petri dishes with a Malt Wickerman
medium supplemented with 20 g l-1 agar (VWR International,
Fontenay-sous-bois, France). S. cerevisiae W303-1A was grown
aerobically as previously described (Gervais and Mart�nez de
Mara�on 1995) in 250-ml conical flasks containing 100 ml
modified Malt Wickerman medium, composed of 10 g glucose
(VWR International), 3 g pancreatic peptone (VWR International),
3 g yeast extract (Institut Pasteur, Paris, France), and 1.5 g
NaH2PO4 (VWR International), in 1 l of a binary water/glycerol
solution corresponding to an osmotic pressure of 1.38 MPa (51.09 g
glycerol per 1 l water). This osmotic pressure corresponds to the
optimal growth conditions for S. cerevisiae (Anand and Brown
1968). The pH was adjusted to 5.35 by addition of orthophosphoric
acid (Sigma, Saint Quenti Fallavier, France) before sterilization by
autoclaving at 121�C for 20 min. The flasks were shaken at 250 rpm
on a rotary shaker (New Brunswick Scientific, Edison, N.J.) at
25�C for 48 h. One milliliter of a subculture was transferred into a

conical flask containing the same medium and allowed to grow to
early stationary phase (48 h, final population: 1�108 cells ml-1).

Preparation of binary water/glycerol solutions

The Norrish equation (Norrish 1966) was used to determine the
mass of solute to be added to 1,000 g distilled water to obtain good
osmotic pressure. The solute used in all these experiments was
glycerol (Sigma) for which k is 1.16 (Chirife and Ferro-Fontan
1980), and Xs =92.09 g mol-1. The osmotic pressure of all solutions
was verified with a dew point osmometer (Decagon Devices,
Pullman, Wash.).

Stress treatments

Cultures were centrifuged (5 min, 4,000 rpm) and washed twice in a
binary water/glycerol solution (osmotic pressure: 1.38 MPa); the
pellet was resuspended in 10 ml of the same medium. Cell
suspensions and shock solutions were placed in a refrigerated bath
(Huber, Bioblock Scientific, Illkirch, France) for 30 min at
temperatures between 5�C and 25�C, or in a heating bath (Memert,
Bioblock Scientific) for higher temperatures. The temperature of
each solution was controlled during manipulations using a
thermocouple. When the temperature was constant, an osmotic
shock was obtained by the rapid introduction of 0.5 ml cell
suspension into 10 ml binary water/glycerol solution (final osmotic
pressure: 13.43 / 26.63 / 43.67 / 61.83 / 102.13 / 133.12 MPa). Cells
were rehydrated by adding the appropriate quantity of distilled
water to achieve an osmotic pressure of 1.38 MPa. Two types of
routes were studied in the (T, P) diagram: isotherms and cycles.
Isotherm treatment corresponds to dehydration and rehydration at
the same temperature, whereas cycles correspond to dehydration at
an experimental temperature, changes in temperature up to 25�C,
and then rehydration at 25�C. Sixty isotherms and 54 cycles were
realized in the temperature range 5–35�C, and osmotic pressure
range 13–133 MPa. Each experiment was repeated at least six
times. Before measuring cell viability, samples were maintained at
25�C in order to perform cell viability measurements under the
same conditions regardless of which experimental treatment had
been applied to the cells.

Cell viability measurements

Cell viability after stress treatment was determined by vital staining
(methylene blue stain), as previously described (Mart�nez de
Mara�on et al. 1999). The colony forming unit method underes-
timates the true viable cell count obtained by vital staining,
especially under stress conditions (Jones 1987). The yeast suspen-
sion was suitably diluted and mixed in a 1:1 (v/v) ratio with a
methylene blue solution [0.25 g l-1 methylene blue, 10 g l-1 glucose,
9 g l-1 sodium chloride, 0.42 g l-1 potassium chloride, 0.32 g l-1

calcium chloride, and 0.2 g l-1 sodium hydrogen carbonate, in a
water/glycerol solution at 1.38 MPa (all components from VWR
International)]. At least 300 cells were counted for each aliquot in a
Malassez counting cell. The percentage of dead cells (blue-stained)
was determined and related to initial viability.

Results

The strain used in this study, S. cerevisiae W303-1A, is
quite resistant to osmotic stress. Regardless of the osmotic
treatment applied, we did not observe more than a 2-log
decrease in viability. Each experiment was repeated at
least six times in order to calculate a precise average
value. Confidence intervals of the mean at the 95% level
were determined to be around €5% of the viability, except
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for a few treatments where the maximal value was €12%
of the viability. The confidence interval values allowed us
to discriminate significant differences between the results.

Two types of experiments were performed (cycles and
isotherms), and viability was always determined at 25�C.

Isotherms

Isotherms correspond to dehydration and rehydration at
the same temperature, both in shock. Results are present-
ed in Figs. 1 and 2a. The first observation made from
these results was that shock intensity influences viability,
and for final osmotic pressures higher than 100 MPa, the
maximum viability obtained was around 50 or 60% of the
initial viability. Viability decreased as the osmotic shock
intensity increased. The second observation was that
viability obtained for sudden osmotic modification
(shock) varies with the temperature at which the exper-
iment was carried out.

For low osmotic pressure shifts, we did not observe
significant viability differences with temperature. Never-
theless, for osmotic pressure levels higher than 100 MPa,
viability varied with temperature. For 102.13 MPa
(Fig. 1a), we observed viabilities around 60–70% when

the experiment took place at a temperature lower than
10�C, or higher than 22�C. Between these two temper-
atures, cell viability decreased to 45%. For a more drastic
stress (133.12 MPa; Fig. 1b), maximum viability obtained
for temperatures lower than 10�C or higher than 22�C was
around 55–65%, and decreased to just less than 40% for
intermediate temperatures.

Mathematical treatment of viabilities obtained after
shocks (MATLAB 6.1) allowed us to represent iso-
mortality curves as a function of temperature and osmotic
pressure (Fig. 2a). For low osmotic pressure shifts, we did
not observe significant variations in viability with tem-
perature. For high osmotic pressure, iso-mortality curves
became strongly dependent upon temperature. For exam-
ple, at an osmotic pressure of 75 MPa (Fig. 2a), viability
was around 75%, whatever experimental temperature was
used. However, for an osmotic pressure of 95 MPa,
viability was around 60%, except for temperatures lower
than 8�C or greater than 25�C, for which the viability was
higher. For greater osmotic pressure shift (100 MPa), iso-
mortality curves show an area for which viability is lower
and dependent upon temperature. In fact, we can deter-
mine a specific range of temperatures, between 10�C and
22�C, for which viability is lower when osmotic shocks of
more than 100 MPa were applied.

Fig. 1a, b Viability related to references is a function of
temperature (final osmotic pressure: a 102.13 MPa, b 133.12 MPa).
l Viability after cycle treatment (rehydration at 25�C, after a
hyperosmotic shock at temperature experiment), m viabilities after
isotherm treatment (dehydration and rehydration at the same
temperature). After rehydration, viability was measured at 25�C by
vital staining (methylene blue stain). Each point corresponds to the
average of at least six experiments, and confidence intervals of the
mean at the 95% level were determined

Fig. 2a, b Iso-mortality curves as a function of temperature and
osmotic pressure, obtained after mathematical treatment of viability
results for a isotherm treatment, or b cycles treatment
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Cycles

We also measured the cell viability after cycles, i.e.,
dehydration at experimental temperature and rehydration
at 25�C. Viability results obtained after cycles are
presented in Figs. 1 and 2b. For both treatments (isotherm
or cycle), we obtained the same profile when we plotted
viability as a function of temperature. However, for high
osmotic pressure shifts (>100 MPa) the mortality after
cycle application is more important than that found with
isotherms. In fact, the maximum viability obtained for a
shock intensity of 102.13 MPa was around 45–50% (i.e.,
10–20% less than for isotherms), with a decrease to 25–
30% between 10�C and 22�C (Fig. 1a). For 133.12 MPa,
(Fig. 1b) we also observed a decrease in viability, with the
maximum about 40%, and minimum around 15%.
Mathematical treatment of viabilities obtained after
shocks has allowed us to represent iso-mortality curves
as a function of temperature and osmotic pressure
(Fig. 2b). As was the case for isotherms, for cycles we
observed the highest mortality for osmotic shocks of more
than 100 MPa, and similarly for temperatures in the range
10–22�C.

Discussion

The mortality of S. cerevisiae during osmotic shock as
observed in this work could be related to the occurrence
of a water flow through an unstable membrane in phase
transition. Indeed, at Tm (temperature of the main
membrane phase transition, i.e., gel phase to liquid-
crystalline phase), a portion of the phospholipid species is
in a gel state, and the rest is in a liquid-crystalline state

(due to the heterogeneous nature of lipids in the
membrane). These domains could cause packing defects
at boundaries between the liquid-crystalline and gel
phases (Cameron and Dluhy 1987), so that the membrane
would not provide adequate barrier properties as shown
by Hammoudah et al. (1981), who observed changes in
membrane permeability around Tm. By modifying osmot-
ic pressure, a water flow is created and, if a conforma-
tional change of phospholipids occurs simultaneously,
with a low barrier property as a consequence, this water
flow would result in membrane injury and leakage of the
cytoplasm constituents into the surrounding medium
leading to cell death. Conversely, if Tm is crossed by
modifying only temperature and not the hydration state of
the cells, such water flow will not exist, because
intracellular and extracellular concentrations are bal-
anced; viability will then be preserved. Hence, mortality
would only occur if there were conformational changes to
the phospholipids during dehydration. Thus, mortality
should occur only at particular temperatures, and for
treatment temperatures that are outside the phase transi-
tion zone, cell viability should be preserved. Our results
are in total agreement with this hypothesis. For isotherms,
we observed a decrease in viability for temperatures
between 10�C and 22�C, for a final osmotic pressure of
102.13 MPa. For this osmotic shock intensity, phase
transition should then occur between 10�C and 22�C.

Some studies have shown that in a fully hydrated
medium, phase transition occurred at around 10�C in
yeast membranes (Crowe and Crowe 1992), and at more
than 30�C in dried S. cerevisiae cells (Crowe et al. 1989b;
Leslie et al. 1994). The Tm of S. cerevisiae W303-1A has
already been determined in the laboratory by fluorescence
polarization using 1,6-diphenyl-1,3,5-hexatriene as a
probe (Laroche et al. 2001), in the range 1.38–
133.12 MPa and 5–30�C. Our results are in total
agreement with these previous works and the hypotheses
proposed. Tm as a function of osmotic pressure already
determined (Laroche et al. 2001) is reported in Fig. 3. For
a hyperosmotic shock of more than 100 MPa, we
observed viability to be significantly reduced between
10�C and 22�C, i.e., for treatments during which phase
transition occurred.

Nevertheless, for osmotic pressure variations lower
than 100 MPa, we did not observe significant mortality. In
the range of temperature studied (5–30�C), and according
to the S. cerevisiae membrane phase transition curve
obtained by fluorescence polarization proposed on Fig. 3,
the yeast passed through phase transition also for low
shifts in osmotic pressure, even if we did not observe
significant mortality. Thus, we can propose that, for low
osmotic pressure shifts, the water flow resulting from the
osmotic shock does not induce extensive damage to the
membrane because of its low intensity, and that the cell
can survive such a stress.

When dehydration and rehydration treatments took
place at the same temperature (isotherms), viability was
higher than for two different temperatures (cycles). In
isotherms experiments, phase transition would have

Fig. 3 Schematic representation of osmotic treatments and
mortality observed. Curve corresponds to phase transition as
previously determined by fluorescence polarization (Laroche et
al. 2001), and the gray area shows treatments for which mortality
was found to be high. Arrows Schematic representation of isotherm
treatments performed during the study
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occurred twice: once during dehydration, and a second
time during rehydration, whereas in cycle treatment,
phase transition would have occurred only once. Never-
theless, when we performed cycles, we observed a lower
viability than for isotherms, but for high osmotic pressure
only. So, changing temperature when cells are in a high
osmotic pressure medium may have dramatic effects on
yeast cell viability during further rehydration, and to
understand why will require further investigation.

This study has shown that viability of S. cerevisiae
subjected to hyperosmotic shock is strongly dependent
not only on the shock intensity, but also on the
temperature at which it takes place. Results are in
agreement with the proposed hypothesis, which relates
mortality following rapid dehydration, or rehydration, to
water flow through an unstable membrane in phase
transition. Nevertheless, further experiments will be
required to explain why viability after cycles treatment
is lower than for isotherms treatment.
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