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REVIEW

fects of hydrostatic pressure in the course of research in a
new experimental field, baro- (piezo-) physiology.

Key words Hydrostatic pressure · Fluorescene analysis ·
Yeast vacuole · Vacuolar acidification · Cytoplasmic pH
homeostasis · Baro-(piezo-) physiology

Introduction

Hydrostatic pressure is a thermodynamic parameter that
has recently received further consideration in various ex-
perimental fields. This parameter acts to decrease the total
volume of a system at equilibrium in the case of liquids and
solutions. The pressure effects in biological systems have
been analyzed from two perspectives: (i) the physiology of
deep-sea organisms and (ii) biochemical reactions as a func-
tion of pressure. Although the physicochemical basis of
pressure effects is well established (Heremans 1982; Balny
et al. 1989), the pressure-induced phenomena that occur in
living microorganisms have not been fully defined. Many
bacteria adapted to deep-sea environments, called
“barophiles,” have been reported, and these organisms can
grow under high hydrostatic pressure conditions below
100MPa, the pressure at the deepest point in the ocean.
Gene expression under elevated hydrostatic pressure condi-
tions has been explored extensively in barophilic bacteria in
recent studies (Bartlett et al. 1995; Kato and Horikoshi
1995; Kato and Bartlett 1997).

In the yeast Saccharomyces cerevisiae, high hydrostatic
pressure, above 100MPa, induces cytoplasmic petite muta-
tion (Rosin and Zimmerman 1977) and tetraploid or ho-
mozygous diploid forms (Hamada et al. 1992), or disrupts
the ultrastructure of the cells (Kobori et al. 1995). Based on
the latter observation, high hydrostatic pressure has been
applied to food processing for sterilizing food materials
without significant loss of nutrients or flavor. A short dura-
tion of heat shock induces barotolerance, allowing cells to
survive at 150MPa (Iwahashi et al. 1991). Intracellular tre-
halose and Hsp104 have a role in heat-shock-induced
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Abstract Hydrostatic pressure is a distinctive feature of
deep-sea environments, and this thermodynamic parameter
has potentially inhibitory effects on organisms adapted to
living at atmospheric pressure. In the yeast Saccharomyces
cerevisiae, hydrostatic pressure causes a delay in or cessa-
tion of growth. The vacuole is a large acidic organelle in-
volved in degradation of cellular proteins or storage of ions
and various metabolites. Vacuolar pH, as determined using
the pH-sensitive fluorescent dye 6-carboxyfluorescein, was
analyzed in a hydrostatic chamber with transparent win-
dows under elevated hydrostatic pressure conditions. A
pressure of 40–60MPa transiently reduced the vacuolar pH
by approximately 0.33. A vma3 mutant defective in vacu-
olar acidification showed no reduction of vacuolar pH after
application of hydrostatic pressure, indicating that the tran-
sient acidification is mediated through the function of vacu-
olar H1-ATPase. The vacuolar acidification was observed
only in the presence of fermentable sugars, and never
observed in the presence of ethanol, glycerol, or 3-o-
methyl-glucose as the carbon source. Analysis of a glycoly-
sis-defective mutant suggested that glycolysis or CO2 pro-
duction is involved in the pressure-induced acidification.
Hydration and ionization of CO2 is facilitated by elevated
hydrostatic pressure because a negative volume change
(∆V , 0) accompanies the chemical reaction. Moreover the
glucose-induced cytoplasmic alkalization is inhibited by el-
evated hydrostatic pressure, probably because of inhibition
of the plasma membrane H1-ATPase. Therefore, the cyto-
plasm tends to become acidic under elevated hydrostatic
pressure conditions, and this could be crucial for cell sur-
vival. To maintain a favorable cytoplasmic pH, the yeast
vacuoles may serve as proton sequestrants under hydro-
static pressure. We are investigating the physiological ef-
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barotolerance (Fujii et al. 1996; Iwahashi et al. 1997). We
have been analyzing the physiological effects of nonlethal
levels of hydrostatic pressure below 100MPa in yeast, focus-
ing on cell growth, cellular metabolism, and the functions of
organelles. Our recent results showed that hydrostatic pres-
sure promotes the acidification of vacuoles (Abe and
Horikoshi 1995a,b, 1996, 1997a,b) and affects hydration and
ionization of carbon dioxide (CO2) generated through etha-
nol fermentation, which leads to the accumulation of large
numbers of protons in the cytoplasm (Abe and Horikoshi
1997a,b). Considering this background, we discuss the
physiological effects of elevated hydrostatic pressure in liv-
ing yeast cells focusing on intracellular pH regulation, and
propose to establish a new research field “baro- (piezo-)
physiology” in the area of high-pressure bioscience and
biotechnology.

Hydrostatic pressure promotes the acidification
of yeast vacuoles

Application of hydrostatic pressure to a logarithmic-phase
culture of strain IFO2347 causes a delay in cell growth, and
pressures above 40 MPa completely inhibit cell proliferation
(Abe and Horikoshi 1995a). However, there is no substan-
tial decrease in cell viability as determined by monitoring
colony-forming units (CFU) when hydrostatic pressure is
applied at pressures up to 60MPa for 1h. The pressure-
induced repression of cell growth may be ascribed to inhibi-
tion of DNA replication, alteration of RNA transcription or
protein synthesis, disorganization of microtubules, or deac-
tivation of several enzymes.

The yeast vacuole is an acidic organelle and plays an
important role in (i) degradation of cellular proteins, (ii)
storage of amino acids and carbohydrates, and (iii) storage
of cytoplasmic calcium. Acidic vacuolar pH (pH , 6.0) is
maintained through the function of vacuolar H1-ATPase
(V-H1-ATPase) on the vacuolar membrane (Kakinuma et
al. 1981; Nelson and Taiz 1989). The V-H1-ATPase is a N9,
N9-dicyclohexylcarbodiimide- (DCCD-) sensitive electro-

genic proton pump that generates a proton motive force of
180mV, inside positive and acidic, in vacuolar membrane
vesicles. The low vacuolar pH is particularly important for
all cellular functions mentioned. A number of biochemical
and genetic studies of vacuolar functions have been re-
ported; these have been reviewed by Anraku et al.
(1992a,b). Exposure to a pressure of 40–60MPa for 1h
reduces the vacuolar pH, as determined using the pH-
sensitive fluorescent dye 6-carboxyfluorescein (6-CF)
(Preston et al. 1989), from 6.05 to 5.88 in strain IFO2347
(Abe and Horikoshi 1995a) and in other Saccharomyces
strains (Abe and Horikoshi 1995b, 1996). The pressure-
induced acidification of vacuoles has been confirmed by
measuring the vacuolar accumulation of the weak base
quinacrine, which was known to accumulate in acidic or-
ganelles by a mechanism dependent on the pH gradient
across the membrane. Bafilomycin A1, a specific inhibitor of
V-H1-ATPase, markedly inhibited the pressure-induced
acidification, indicating that the process is mediated by V-
H1-ATPase (Abe and Horikoshi 1995a).

Fluorescence analysis under high hydrostatic pressure
reveals a transient acidification of vacuoles

Our next challenge was the analysis of vacuolar pH under
elevated hydrostatic pressure conditions, i.e., the vacuolar
pH of 6-CF-labeled cells was determined when high hydro-
static pressure was applied to the cells. Two items of equip-
ment required were made: (i) a hydrostatic chamber with
transparent windows originally designed by Morita (1957)
(Fig. 1A) was slightly modified (Abe and Horikoshi 1997a)
by connecting an optical cable to one of the windows to
detect the fluorescence emission, and (ii) a hydrostatic
chamber with three transparent windows (Fig. 1B) (Abe
1998). Fluorescence was emitted through the windows at a
right angle. The early time course of changes in vacuolar pH
in response to elevated hydrostatic pressure was examined.
The vacuolar pH was transiently reduced by approximately
0.33 within 4 min after a pressure of 40–60MPa was applied

Fig. 1A,B. Diagrams of hydrostatic chambers
for fluorescence analysis under elevated hydro-
static pressure conditions. Labeled cells are
placed in the hydrostatic chamber, and
fluorescence is emitted through the window at
the same angle (A) or at a right angle (B)
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(Fig. 2) (Abe and Horikoshi 1997a). After decompression,
the pH gradually recovered to its original level. The vma3
mutant lacks subunit-c of the V-H1-ATPase, and this defi-
ciency results in a vacuolar acidification defect (Umemoto
et al. 1990; Tanida et al. 1995). Consequently, the mutant
cells never show vacuolar acidification when hydrostatic
pressure is applied (Abe and Horikoshi 1997a). This obser-
vation indicates that transient vacuolar acidification is me-
diated through the function of the V-H1-ATPase and is not
caused by simple changes in equilibrium of the vacuolar
medium.

What primary factors influence vacuolar acidification
induced by elevated hydrostatic pressure?

Transient vacuolar acidification was found to occur in the
presence of fermentable sugars such as glucose, fructose, or
mannose, but never when ethanol or glycerol was supplied
as the carbon source (Fig. 3) (Abe and Horikoshi 1997a).
Pressure-induced vacuolar acidification was examined in a
glycolysis-defective mutant, ATCC90946 (DFY568; hxk1,
hxk2, GLK) (Vojtek and Fraenkel 1990), in the presence of
different hexoses. Glucose and fructose are known to be

Fig. 2. Time course of vacuolar acidification after the application of
hydrostatic pressure. Cells of strain X2180 were exposed to hydrostatic
pressures of 10, 20, 40, and 60MPa at P and subsequently removed at
R. ∆pHmax, maximal change in vacuolar acidification; ∆pHst, steady
level of acidification

Fig. 3. Time course of vacuolar acidification, the concentration of etha-
nol, and the amount of cellular ATP in the presence of various carbo-
hydrates (100mM) after the application of hydrostatic pressure. Cells

were exposed to a pressure of 40 MPa at P and subsequently removed
at R. Open circles, cellular ATP at atmospheric pressure; closed circles,
cellular ATP at 40 MPa
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partly dissociates to give H1, HCO3
2, and CO3

22. The reac-
tion volume of the reaction H2CO3 → H1 1 HCO3

2 is
negative (226.0ml/mol), which means that the dissociation
of the weak acid is facilitated by elevated hydrostatic pres-
sure. Therefore, large numbers of protons are likely to accu-
mulate in the cytoplasm under elevated hydrostatic
pressure conditions. It is possible that the yeast vacuole
serves to take up these protons from the cytoplasm, which
results in vacuolar acidification.

Hydrostatic pressure inhibits glucose-induced
cytoplasmic alkalization

The plasma membrane ATPase (Pma1) is a P-type ATPase
and is a major essential protein required for establishment
of cellular membrane potential; it plays a central role in the
regulation of cytoplasmic pH (Serrano et al. 1986). This
ATPase is essential for cell viability and functions to main-
tain a suitable cytoplasmic pH (Eraso and Gancedo 1987;
Serrano 1993; Van der Rest et al. 1995). When starved cells
are challenged with glucose, the external medium is rapidly
acidified and simultaneously cytoplasmic alkalization oc-
curs (Haworth et al. 1991; Eraso and Portillo 1994). The
efflux of protons is mediated through the direct activation
of plasma membrane H1-ATPase. Hydrostatic pressure re-
duces the rate of proton extrusion to an extent dependent
on the magnitude of applied pressure (Abe and Horikoshi
1995b). The cytoplasmic pH, as determined using the pH-
sensitive fluorescent dye carboxy SNARF-1, has been ana-
lyzed under elevated hydrostatic pressure conditions. At
atmospheric pressure, glucose rapidly induces cytoplasmic
alkalization (Fig. 5A). However, a pressure of 25 or 50MPa
considerably slows down the process of cytoplasmic
alkalization (Fig. 5B,C) (Abe and Horishoki, manuscript in
preparation). This result may be ascribed to inactivation of
the plasma membrane H1-ATPase. Meanwhile, vacuolar
acidification is markedly facilitated by elevated hydrostatic
pressure up to 50MPa (Fig. 5A–C). This means that the
vacuoles are acidified when cytoplasmic alkalization is in-
hibited, and the V-H1-ATPase functions when the plasma
membrane H1-ATPase is inactivated by elevated hydro-
static pressure.

The yeast vacuole may serve as a proton sequestrant
under hydrostatic pressure

Cytoplasmic pH tends to decrease in response to elevated
hydrostatic pressure for the following reasons: (i) some of
the intracellular compounds present in large amounts, such
as inorganic phosphates, carbohydrate phosphates, or
H2CO3 (CO2 1 H2O), may release protons because negative
volume changes (∆V , 0) accompany the ionizing reac-
tions; and (ii) the plasma membrane H1-ATPase seems be
inactivated by elevated hydrostatic pressure. Low cytoplas-
mic pH could slow down glycolysis, because pH changes

transported through the plasma membrane by the same
hexose transporter. The first step in metabolism of these
hexoses is phosphorylation catalyzed by a hexokinase or
glucokinase. Because DFY568 cells completely lack both
hexokinases PI and PII, the mutant cannot metabolize fruc-
tose. As a result, this mutant displays vacuolar acidification
in the presence of glucose, but never in the presence of
fructose when hydrostatic pressure is applied (Fig. 4) (Abe
and Horikoshi, manuscript in preparation). These results
indicate that glycolysis or ethanol fermentation is involved
in the process. CO2 and glycolytic intermediates such as
glucose-6-phosphate or fructose-6-phosphate are weak
acids, and possibly release protons in solution. Alterations
in production or accumulation of these weak acids might
have a key role in the mechanism by which hydrostatic
pressure induces vacuolar acidification. The cellular content
of glycolytic intermediates was determined after exposure
to hydrostatic pressure for 1h. Preliminary results sug-
gested, however, that the content of glucose-6-phosphate,
fructose-6-phosphate, or fructose-1,6-bisphosphate in cells
cultured at 50MPa is lower, in each instance, than that of
cells cultured at atmospheric pressure (Abe and Horikoshi,
manuscript in preparation). However, CO2 generation in
the presence of glucose at 40MPa was approximately 75%
of that produced at atmospheric pressure (see Fig. 3) (Abe
and Horikoshi 1997a), which means that a considerable
amount of CO2 would be generated in the cytoplasm at
40MPa. CO2 is quite soluble in water; at atmospheric pres-
sure more than 99% of aqueous CO2 exists as the dissolved
gas and less than 1% exists as carbonic acid, H2CO3, which

Fig. 4A,B. Time course of vacuolar acidification in a glycolysis-
defective mutant after the application of hydrostatic pressure. Cells
were exposed to a pressure of 40MPa at P and subsequently removed
at R. A Parental strain DFY1; B glycolysis-defective mutant DFY568
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Fig. 5A–C. Time course of cytoplasmic
alkalization and vacuolar acidification after ad-
dition of glucose at atmospheric pressure (A) or
under elevated hydrostatic pressure (B, C).
Cells were exposed to a pressure 25 or 50 MPa
at P. Changes in cytoplasmic pH (circles) and
vacuolar pH (squares) were analyzed under hy-
drostatic pressure
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