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Abstract
Saccharomyces cerevisiae has evolved diverse mechanisms to osmotic changes: the cell wall, ion and water transport systems,
and signaling cascades. At the present time, little is known about the mechanisms involved in short-term responses of osmotic
stress in yeast or their physiological state during this process. We conducted studies of flow cytometry, wet weight measure-
ments, and electron microscopy to evaluate the modifications in cell volume and the cell wall induced by osmotic stress. In
response to osmotic challenges, we show very fast and drastic changes in cell volume (up to 60%), which were completed in less
than eight seconds. This dramatic change was completely reversible approximately 16 s after returning to an isosmotic solution.
Cell volume changes were also accompanied by adaptations in yeast metabolism observed as a reduction by 50% in the
respiratory rate, measured as oxygen consumption. This effect was also fully reversible upon returning to an isosmotic solution.
It is noteworthy that we observed a significant recovery in oxygen consumption during the first 10 min of the osmotic shock. The
rapid adjustment of the cellular volume may represent an evolutionary advantage, allowing greater flexibility for survival.
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Introduction

Yeast has developed a cell wall as a barrier to isolate and
protect itself from noxious changes in the extracellular milieu,
primarily to survive in the absence of external solutes while
maintaining a high internal concentration. Until recently, the

cell wall was considered a rigid structure, capable of
protecting cells from mechanical damage and osmotic stress,
preventing volume changes induced by internal osmotic pres-
sure. This last assumption is striking, considering that the
internal osmolarity in resting yeast is nearly 0.59 M (equiva-
lent to 13 atm), but the internal osmolarity of fermenting yeast
is close to 0.9 M (equivalent to 21 atm). This increase in the
internal osmolarity of fermenting yeast is due to the accumu-
lation of several metabolites and ions, mainly K+ [1].

A relevant question arising from these facts concerns how
yeast responds to changes in external osmolarity. In incuba-
tion periods of several minutes, Saccharomyces cerevisiae can
modify its cell wall and change its volume quickly in response
to mild osmotic shocks [2].

The mechanism regulating long-term volume adaptation in
yeast is known as the high osmotic glycerol pathway (HOG)
[3–6]. HOG activation takes place over several hours and
includes the activation of more than 100 genes. Among these
is GPD1, glycerol phosphate dehydrogenase, whose expres-
sion also results in glycerol synthesis and accumulation inside
the cell [5–7].

Short-term (in seconds) volume alterations have been stud-
ied in yeast protoplasts, in relation to the role of aquaporins
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[8]. Rapid adaptive changes taking place a few seconds after
the onset of temperature changes, including water efflux, have
been previously documented [9]. Changes of the internal wa-
ter content in intact cells, indicating shrinkage of the cells in
the presence of high concentrations of sorbitol [10] and a
decrease of the internal pH during shrinkage in hyperosmotic
buffers [11] have been shown. It has been proposed that yeast
can balance water efflux by extracting water from its vacuole
[12, 13]. The important question remains whether the volume
changes in hyperosmotic media are produced by the contrac-
tion of the cell within the cell wall (plasmolysis), by the exis-
tence of a rigid cell wall, or that this structure is more flexible
than originally thought, capable of undergoing substantial re-
versible and rapid modifications. However, detailed studies
documenting rapid cell volume changes in real time are
lacking.

In an attempt to characterize the rapid changes that yeast
undergoes after osmotic challenges, we conducted studies to
characterize changes in cell volume and morphology during
the first few seconds after osmotic shock.

Materials and methods

Yeast strain, growth, and stress conditions

S. cerevisiae strain W3031-B (Mat α, ade2, his3, ura3, leu2,
and trp1) was used in this study. The strain was grown in a
YPD medium (1% yeast extract, 1% bacto peptone, and 2%
glucose). One liter of the YPD medium was inoculated with
20 mL of a previous culture that had grown overnight at 30 °C
in an oscillatory shaker at 260 rpm. Yeast cells were harvested
by centrifugation and washed twice with distilled water,
suspended at w/v, and kept on ice until used. Cells were ex-
posed to distilled water or the hyperosmotic solutions indicat-
ed below.

Wet weight of yeast cells

A 5-min osmotic shock was applied to 250mg of yeast cells in
1.6-mL microtubes. Later, the microtubes were centrifuged,
the supernatant was discarded, and the wet weight was deter-
mined using a scale. The solutions tested in these experiments
were 0.05, 0.5, 1.0, and 1.33 M of KCl. Distilled water was
used as a control in each trial or YPD.

Fluorescence-activated cell sorter (FACS)

After a 30-h growth period, yeast cells were sorted using a
florescence-activated cell sorter apparatus (FACS;
FACScalibur, Becton Dickinson). Acquisition and analysis
of the FACS data were performed using CELLQUEST soft-
ware (Becton Dickinson).

We monitored the changes in morphology and volume
undergone by yeast when exposed to hyperosmotic shock,
as well as the rate at which these changes occurred.
Changes in cell volume were studied to explore the time it
takes yeast to change its cell size when it is transferred from
a hyperosmotic media to a hypo-osmotic media, and vice
versa. To conduct these experiments, yeast was placed in
either distilled water or 1 M KCl. A yeast aliquot from one
of these conditions was placed in a plastic tube containing
either distilled water or 1 M KCl. Data acquisition was
initiated immediately after placement and maintained for
the next 30 s. The acquired data were separated into files
containing 5000 events each. The time resolution between
each file was 4 s.

Light microscopy and scanning electron microscopy
(SEM)

The yeast cells were fixed in 3% glutaraldehyde for 2 h in
either H2O or 1 M KCl [14]. The cells were then covered with
a thin coat of gold using an Ion Sputter FC 1100 (Jeol) oper-
ating at 1200 kV and 5 mA for 10 min. Samples were ana-
lyzed and micrographs were taken with scanning electron mi-
croscopy (SEM; JSM-54110LV, Jeol) at a magnification of
10,000x.

Respiration measurements

The rate of oxygen consumption was monitored using a Clark
oxygen electrode (Yellow Springs Instr. Co., Ohio, U.S.A.)
with a polarization device and a recorder.

Wemeasured the rate of consumed oxygen in experimental
conditions with an oxygen meter, as described by Schatz [15].
The east was suspended in a buffer solution composed of
MES-TEA 3 mM pH 6.0 and glucose 50 mM to stimulate
breathing at 30 °C. One hundred milligrams of yeast
(200 μL) was added to 5 mL of buffer and placed in the
experimental chamber.

Potassium determination

A flame photometer (Zeiss PF5) was used to monitor ion
concentrations, as previously described [16]. After incubation
under different concentrations, the cells (500 mg wet weight)
were suspended in 5 mL of 10 mM MES-TEA (pH 6.0) and
disrupted by boiling in a heating bath for 20 min and centri-
fuged for 5 min. Potassium was measured in an adequate
dilution of the supernatant. The flame photometer was cali-
brated using a solution of 1 mM KCl or NaCl, as previously
described [17].
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Results

Morphological changes to different osmolarities

Observing the yeast under the phase contrast microscope
allowed us to detect the cells’ morphologic changes when
exposed to external solutions with different osmolarities. In
distilled water, the cells showed a spherical appearance with a
smooth surface (Fig. 1a). This morphology was similar to that
displayed in the YPD culture medium (180 mOsm). In con-
trast, in the medium with 1 M KCl, the yeast showed an
evident reduction in cell volume (Fig. 1c). Cell morphology
was also altered under these experimental conditions; a rough
cellular surface was observed, and the cells no longer main-
tained a spherical form (Fig. 1c).

SEM studies conducted with yeast exposed to water
(Fig. 1b) or 1 M KCl external solutions highlighted the
dramatic morphological changes in higher detail (Fig. 1d).

In water, the cells showed an ellipsoidal morphology with a
smooth surface. In contrast, yeast in 1 M KCl acquiring a
wrinkled and shrunken surface, and the collapse of the cell
wall was evident in many cells (Fig. 1d). These morpholog-
ical changes were completely reversible upon return to wa-
ter or YPD media (not shown).

Morphological and physiological changes were
reversible

These dramatic changes in cell volume were also evident by
weighing the pellets obtained after centrifuging the cells ex-
posed to water or different KCl concentrations. As illustrated
in Fig. 2a, an increasing reduction in wet weight was observed
in higher KCl concentrations. The maximum reduction was
observed with 1 M KCl; no further reduction was observed
with 1.33 M KCl. Changes in wet weight were also fully
reversible; it was possible to subject the same sample several

Fig. 1 Micrographs of yeast cells in response to osmotic stress. Comparative micrographs of light microscopy of yeast cells in water (a) and 1MKCl (c)
and scanning electron microscopy in water (b) and KCl (d)
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times to changes in the extracellular solution repeatedly, from
water to 1 M KCl and vice versa, with indistinguishable re-
sults. In the same way, the data had single exponential decay
fits in wet weight

y ¼ A1 −x=t1ð Þ þ y0 ð1Þ
where y0 = 0.109 ± 0.001, A1 = 0.14 ± 0.002, t1 = 0.29 ±
0.014, Chi2 = 0.00003, and R2 = 0.99. Fitted data shows that
yeast under the same challenge always responds with the same
magnitude of shrinkage due to the osmotic shock (Fig. 2b). If
the cells are placed in 1 M KCl and returned to water, the cell
volume recovers. A similar series of experiments were per-
formed using glycerol as the osmolyte instead of KCl; we
observed a similar tendency, but the magnitude of the re-
sponse was not comparable to that observed in cells grown
with KCl.

Volume changes are reversible after osmotic
challenges

With the purpose of exploring changes in response to hyper-
tonicity of the external media in greater detail and in real time,
experiments were conducted using a flow cytometer. In this
type of experiment, frontal dispersion reflects the single cell
volume, and lateral dispersion reflects the roughness of the
cellular surface.

As illustrated, cells exposed to 1 MKCl (Fig. 3a) showed a
reduction in cell size, compared to those exposed to water
(Fig. 3b) or YPD (Fig. 3c).

To evaluate the rapid changes in cell volume, we conducted
experiments in which cells in 1 M KCl were rapidly exposed
to water, while measuring cell size over time. Immediately
after exposing the cells to water, an increase in frontal disper-
sion was observed, reflecting an increase of cell volume. This
was accompanied by a reduction in lateral dispersion,
reflecting a transition to a smoother cell surface. This result
agrees with our observations via SEM (Fig. 3c and d), in
which cell roughness was dramatically increased upon expo-
sure to 1 M KCl.

The increase of cell volume and surface roughness after
exposing yeast previously incubated in KCl to water was com-
pleted within 16 s after changing the extracellular medium
(Fig. 3d).

The opposite experiment yielded somewhat different re-
sults. Yeast maintained in water and rapidly exposed to 1 M
KCl reduced its volume to a steady state within 8 s after KCl
application. The exact time required for volume reduction was
not possible to determine because of limitations in the sam-
pling speed of the machine. However, no statistically signifi-
cant differences in frontal dispersion were observed between 8
and 12 s (Fig. 3e). These results suggest that cell volume
reduction was about twice as fast as the cell volume increase.
Cell volume reduction was also accompanied by an increase
in the roughness of the cellular surface, as expected from the
electron microscopy results.

The reversibility of the observed phenomena was verified
by repeating the changes from water to KCl and vice versa in
the same yeast sample. To this purpose, yeast samples were
centrifuged and washed to remove the extracellular solution.
The bar plot obtained from repeated flow cytometry experi-
ments was indistinguishable from that of fresh cells, indicating
that the time series obtainedwere reproducible among osmotic
stress challenges in the same sample (Fig. 3f).

Potassium ion was responsible for osmotic and
volume changes

To evaluate modifications in the yeast’s ionic content as a
result of osmotic stress, we measured intracellular K+, the
most abundant intracellular ion. In order to do so, the yeast

Fig. 2 Volume changes in wet weight after different stress conditions. a
Photographs illustrating the reduction in volume of the yeast pellet after
exposing cells to different KCl concentrations or water (control). The
lower panel shows the wet weight (mg) obtained with different KCl
concentrations and the control (yeast exposed to distilled water). Lines
above bars are the error rate. b A single exponential decay fits the
reduction in wet weight
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was exposed to increasing extracellular glycerol concentra-
tions. In all cases, 5 mM KCl was present in addition to the
glycerol (Fig. 4).

The reduction in the intracellular potassiumwas insensitive
to barium (up to 60μM) and triethylammonium (up to 5 mM),
two well-known blockers of potassium channels. One potas-
sium channel has been identified thus far in S. cerevisiae
(Tok-1). We performed similar experiments with a Tok-1 null
yeast strain [14] and obtained similar results when compared
to the wild strain. This indicates that extrusion of intracellular
potassium upon hyperosmotic stress does not occur via Tok-1
potassium channels (data not shown).

Yeast respiration is regulated by osmotic changes

To evaluate a cell’s metabolic changes upon osmotic stress,
we measured oxygen consumption at different extracellular

potassium and sodium concentrations. As illustrated in
Fig. 5a, yeast showed reduced oxygen consumption when
directly exposed to osmotic stress; maximal reduction was
observed at 2 M KCl. However, pre-incubating the cells for
10 min in 1 or 2 M KCl appeared to result in rapid adaptation
to the stress, since the oxygen consumption recovered almost
to control levels, even in the continuous presence of osmotic
stress (Fig. 5a, subscript i).

Similar results were obtained when Na+ was used as the
osmolyte in the osmotic shock (Fig. 5b). However, with this
cation, the reduction of oxygen consumption was smaller than
with K+. The adaptation observed after incubating yeast for
10 min was also evident with this cation; the decreased oxy-
gen consumption was near the control levels at 1 M if the cells
were pre-incubated with the cation (Fig. 5b, subscript i).

Pre-incubating the cells for 30 min with 1 M KCl or 1 M
NaCl resulted in a marked increment in oxygen consumption,

Fig. 3 Volume changes in
response to the hypertonicity of
different external media. Typical
bar plots were obtained using a
fluorescence-activated cell sorter
apparatus. Bar plots show frontal
dispersion (reflecting cell size)
and lateral dispersion (reflecting
cell surface complexity, or
roughness). Cells were
maintained in 1 M KCl (a),
distilled water (b), or YPD (c).
Panel d illustrates the rapid
modifications of cell size and
shape when replacing the
extracellular media (1 M KCl)
with distilled water. Panel e
illustrates the opposite
experiment; cells maintained in
distilled water were rapidly
changed to 1 M KCl. (F) The
same yeast sample was exposed
to 1 M KCl then placed in
distilled water and back to KCl
and finally in distilled water.
Histograms show the
reproducibility of the response to
these extreme osmolarities
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showing values of around 1.5 times that of the control. When
cells were incubated in the presence of 1 M KCl or NaCl and
then centrifuged and washed with water, the original respira-
tion rate was recovered.

Our results show that the cell wall of yeast is a remarkably
flexible structure and can collapse under high osmotic pres-
sure, resulting in a 60% reduction of the cell volume. This
phenomenon is completed less than eight seconds after the
onset of the osmotic stress. Twice as much time is required
by the yeast to return to its original volume after replacing the
extracellular media with an isosmotic solution. Our results
show that changes in cell volume can take place immediately
after the onset of an osmotic shock. The ion content measure-
ment after a hyperosmotic shock suggests the participation of
ion channels in volume regulation and yeast osmosensitivity.
The changes in oxygen consumption rate before and after a
hyperosmotic shock indicate that yeast respiration is also in-
fluenced by osmotic changes and that this adaptation is fully
reversible.

Discussion

The plasticity of the yeast cell wall to quickly adapt to extra-
cellular osmolarity stress is demonstrated in this work. The
cells lost a great proportion of their volume (60%) after an
osmotic shock. As a result of this, the yeast underwent impor-
tant changes in size and shape during osmotic stress, a phe-
nomenon that was completely reversible upon return to an
isosmotic solution. These changes occurred within the first
few seconds after replacing the extracellular solution. That

the time points could be fitted by a single exponential rela-
tionship may suggest that the main mechanism involved is a
one-component signal transduction system. These results are
interesting, since they were observed in intact cells; most other
authors have studied the effects of osmotic shock in yeast
protoplasts [8, 9]. A steady-state study was also carried out
in intact cells of S. cerevisiae through finding an important
decrease of the cell water by incubating the cells in concen-
trations of sorbitol up to 0.5 M [10, 11].

It is important to point out that practically all cells showed
size and general morphology changes when observed by
phase contrast microscopy, but different types of responses

Fig. 4 Determination of potassium content after osmotic stress with
glycerol. The bar plot shows the reduction in the intracellular potassium
concentration (in mM) obtained with increments in the extracellular
osmolarity. Intracellular potassium was measured using a flame
photometer, as described under Materials and Methods. In all cases,
combined data represent the mean ± standard deviation from
independent observations (N = 9). All data points were statistically
different by a t-student test, as marked by * (p < 0.005)

Fig. 5 Cell respiration and partial metabolic adaptation to osmotic stress.
Oxygen consumption was measured with increasing concentrations of
KCl (A) and NaCl (B) in the medium. Cells were exposed to the
indicated KCl (2 M) or NaCl (2 M) concentrations, and oxygen
consumption was measured immediately after osmotic stress or 10 min
after (subscript i for incubated). Cells (100 mg wet weight) were added at
the beginning of the experiment to a medium containing 3 mM MES-
TEA buffer, pH 6.0, final volume 5 mL. Twenty millimoles glucose was
added at the beginning of each tracing. Dissolved oxygen saturation was
400 natg/mL in a final volume of 5 mL, amounting to a total of 2000 natg
in the incubation chamber. Oxygen consumption was normalized to the
consumption of oxygen in the absence of KCl or NaCl. Data show the
means of four independent observations. *Asterisks show statistical
differences among data points, compared to the values of the control
without salt in a t-test
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were observed by SEM. Under SEM, some cells appeared to
collapse, acquiring a wrinkled and shrunken surface, which
indicates a higher sensitivity to osmotic shock. One possible
explanation for this is that the more sensitive cells are the
younger ones, which may possess softer cell walls.

The rapid adjustment (in seconds) of the cellular volume
indicates that the cell wall is more flexible than originally
suspected. This may represent an evolutionary advantage,
allowing greater flexibility for survival.

The yeast cells lost more than 60% of their weight in the
presence of 1 M KCl. This loss was much smaller in the
medium containing 1M glycerol, with only 36% of the weight
lost. These differences are most likely because KCl is a solu-
ble molecule. However, they may also be due to a higher
permeability of the cells to glycerol at these high concentra-
tions, and thus, its lower efficacy as an osmolyte.

When the volume changes were produced by glycerol,
there was a significant loss of intracellular K+ ions accompa-
nying the size and shape modifications, most likely reflecting
changes in the membrane permeability to these ions induced
by the osmotic shock [18]. The loss of water, and also these
ions, is what may permit the reduction in cell volume.

In general, volume changes in eukaryotes result from the
movement of ions [19] (mainly K+, Na+, and Cl−), amino
acids, and water in and out of the cell [20]. In most eukaryotic
cells, osmotically induced changes in volume are accompa-
nied by rapid regulatory volume recovery (either regulatory
volume increase, RVI, or decrease, RVD, depending on the
osmolarity of the extracellular solution used). Conversely,
yeast does not show a rapid volume recovery, but rather a
slow response that involves the activation of several genes
associated with the HOG cascade, mainly the activation of
the GPD1 gene, which leads to the increased activity of glyc-
erol phosphate dehydrogenase [7]. Thus, yeast lacks the im-
mediate regulatory mechanisms observed in most eukaryotes,
which may help compensate and recover the original cell vol-
ume in short periods of time (minutes). These rapid compen-
satory mechanisms involve the transport of ions, water, and
amino acids in most eukaryotes, contrasting with the lower
permeability of ions and molecules reported in yeast [20].

The pathways for Na+ and K+ extrusion after the osmotic
stress induced in this study remain to be discovered. The in-
volvement of Tok1p as an ionic channel was partly ruled out
by the absence of effects of two K+-channel inhibitors, barium
ions and triethylammonium. Preliminary experiments with the
Tok-1 null strain also suggest that this channel is not involved
in potassiummovement after osmotic shock. Stretch-activated
nonselective cationic channels may be activated by osmotic
stress and could provide a pathway for both potassium and
sodium fluxes. Future experiments may help elucidate this
point.

A model has been published in an attempt to integrate the
response of yeast to osmotic shock [21]. However, the model

concentrates on the HOG signaling cascade without consider-
ing the very fast responses produced after the onset of osmotic
shock because of the lack of studies exploring these rapid
responses [22].

Currently, the HOG pathway is frequently studied to un-
derstand the responses of yeast to osmotic stress. We can see
that in recent years, the literature has indicated the activation
of translation as well as transcription.

The HOG signal pathway involves a large number of cellu-
lar events in S. cereviseae, such as the pheromone response in
high osmolarity [23] and temperature stress [24]. In Candida
albicans, Hog1 regulates the cell cycle progression in response
to oxidative stress [25]; HOG has been classically related to the
response to osmostress, and several of the proteins that partic-
ipate in this response have been identified [see 26–30].

Yeast continually detects changes in the environment via
osmosensors located on the cell surface. Environmental modi-
fication is finely modulated by receptors and transduced by
GTPases into MAPK phosphorylation cascades [26, 31, 32].
Once these cascades are activated, the transcriptional process of
the specific genes begins, and the production of osmoadaptive
proteins follows [27]. Hog1 defines the response through mo-
lecular and nuclear targets [26]. In detail, activated Hog1 trans-
locates to the nucleus and induces transcription of
osmosensitive genes, adjusting the cell’s metabolism to pro-
duce glycerol essential for lasting osmotic adaptation [32].
Activation of the HOG pathway takes around 30 min and in-
cludes more than hundreds of genes [27, 30, 31]. However,
there is evidence that adaptation to stress occurs differently at
the transcriptional and translational levels [33, 34]. The trans-
lational response is fast because it allows the preferential use of
pre-existing transcripts and avoids the need for a time-
consuming gene transcription. The latter is the most durable,
and it activates in approximately 30 min for the HOG pathway.
In contrast, we show in this study that yeast is capable of trig-
gering physiological responses in short times. This response
probably involves translation mechanisms, as demonstrated
by the activation of translation in short response times to
0.4MNaCl; the cell contains polyribosomes that are preloaded
and that synthesize proteins necessary to activate processes that
respond quickly [33]. Subsequently, the HOG pathway is acti-
vated and culminates with the transcription of the proteins nec-
essary to coordinate the HOG pathway in a coordinated man-
ner. This precedes the initial changes required to respond to
environmental fluctuations that do not involve gene transcrip-
tion and that are necessary for the yeast tomake decisions about
its molecular response.

Conclusions

Our results on the effects of osmotic shock on yeast cellular
respiration are also interesting, since the cells appear able to
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partially adapt in short periods of time (10 min). One possible
explanation for this result might be related to the HOG signal-
ing cascade, which directs the expression of many genes,
resulting in profound alterations in yeast metabolism [7, 35].
However, it is improbable that this signaling cascade would
act in such short periods of time. Rapid water movement at
low temperatures may require aquaporins [8]; however, these
experiments were performed with protoplasts at different con-
centrations of sorbitol. In our experiments, the permeability of
yeast cells to high concentrations of K+ and Na+ is not known.
With glycerol, it may be expected that the exit of potassium
will be accompanied by water extrusion, most likely through
aquaporins; the role of aquaporins in this phenomenon might
be explored in future work. It is also possible that the effects
on respiration may be due to internal pH changes in the cells
[11]. Since different results were obtained with NaCl or KCl
besides water movement, the involvement of monovalent cat-
ion transporters is possible. Yeast monovalent transport sys-
tems are much more specific for K+ than for Na+ [36].
Although it is not known if this specificity is still valid at high
concentrations of the cations used, some discrimination may
exist between both cations, and a preferential uptake of K+

may favor K+ over Na+.
Although this is the first of such studies, many questions

remain unanswered that require further experimentation.
However, our results underline the powerful mechanisms
displayed by yeast to contend with rapid and extreme changes
in external osmolarity.
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