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pH and Cell Viability

CRISTINA A. VIEGAS, PAULO F. ALMEIDA, MIGUEL CAVACO,
AND ISABEL SA-CORREIA*

Centro de Engenharia Biologica e Quimica, Sec¢ao de Biotecnologia, Instituto Superior Técnico, Lisbon, Portugal

Received 7 August 1997/Accepted 22 November 1997

Saccharomyces cerevisiae plasma membrane H*-ATPase activity was stimulated during octanoic acid-induced
latency, reaching maximal values at the early stages of exponential growth. The time-dependent pattern of
ATPase activation correlated with the decrease of cytosolic pH (pH;). The cell population used as inoculum
exhibited a significant heterogeneity of pH;, and the fall of pH, correlated with the loss of cell viability as
determined by plate counts. When exponential growth started, only a fraction of the initial population was still
viable, consistent with the role of the physiology and number of viable cells in the inoculum in the duration of

latency under acid stress.

The biological target sites of octanoic acid in Saccharomyces
cerevisiae may be related to processes of transport across mem-
branes, particularly the plasma membrane (21). Like other
weak acids at low pH, octanoic acid, a highly toxic by-product
of yeast alcoholic fermentation (23) and an antimicrobial food
additive (6), leads to the reduction of cytosolic pH (pH;) due to
its dissociation in the approximately neutral cytoplasm follow-
ing the entrance of the undissociated toxic form into the cell by
passive diffusion (5, 20, 23). It is likely that this highly liposol-
uble weak acid significantly affects the spatial organization of
the plasma membrane, affecting its function as a matrix for
enzymes and as a selective barrier, thereby leading to the
dissipation of the proton motive force across the plasma mem-
brane and to intracellular acidification (16, 18). Significantly,
the H*-ATPase in the plasma membrane in yeast, which cre-
ates the electrochemical proton gradient that drives the sec-
ondary transport of solutes and is implicated in the mainte-
nance of pH; around neutrality, has been pointed out as a
critical component of yeast adaptation to weak acids (8, 19,
24). Indeed, yeast plasma membrane H*-ATPase is activated
during exponential growth with octanoic acid (19, 24), and the
duration of lag phase before yeast cells enter exponential
growth in the presence of sorbic acid is significantly extended
in a mutant with reduced levels of plasma membrane ATPase
activity (8). The activation of the H"-ATPase in the plasma
membrane in yeast cells exposed to other stresses that also lead
to the dissipation of the H* gradient and intracellular acidifi-
cation (such as subcritical inhibitory concentrations of ethanol
[12, 14, 15], supraoptimal temperatures below 40°C [25], pres-
ence of other organic acids at low pH [1, 5, 8], and deprivation
of nitrogen source [2]) have also been observed. Several lines
of evidence indicate that ATPase activation is due to posttrans-
lational modifications of the PMA1 ATPase (2, 12, 24, 25).
Considerable information has been obtained on the variation
of plasma membrane ATPase activity during exponential
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growth and early stationary phase of yeast cells cultivated in
media, at low pH, supplemented or not with octanoic acid (24).
However, this is not the case during the period of latency
preceding exponential growth at concentrations of octanoic
acid close to the maximal concentration allowing growth. The
main objective of the present work was to obtain information
about the pattern of ATPase activity and the changes in pH;
and cell viability during the lag phase necessary for yeast ad-
aptation to the physiological effects of octanoic acid before
exponential growth.

Duration of yeast growth latency in octanoic acid-supple-
mented media. When cells of S. cerevisiae IGC350711I grown,
at 30°C, in medium that had not been supplemented with
octanoic acid were used to inoculate buffered YG media (30 g
of glucose liter ', 6.7 g of Yeast Nitrogen Base [Difco] liter ')
(pH 4.0) supplemented with increasing concentrations of this
toxic acid up to around 0.35 mM total acid (19, 23), exponen-
tial growth was initiated without significant delay (Fig. 1a),
although a dose-dependent decrease in specific growth rate
was observed (Fig. 1b). However, for higher concentrations up
to the maximal that allowed growth (0.42 mM), a lag phase was
observed and its duration strongly increased with the severity
of octanoic acid stress (Fig. 1a). The duration of latency was
drastically reduced when exponential cells used as inoculum
were grown in medium with an identical concentration of oc-
tanoic acid (Fig. 1a), but the specific growth rate was not
modified (Fig. 1b). At a concentration of total octanoic acid of
0.39 mM, a lag phase of around 55 h was necessary for yeast
cells, which had been cultivated under nonstressing conditions,
to adapt to the deleterious effects of octanoic acid and to
initiate inhibited exponential growth (Fig. 2).

Activation of plasma membrane ATPase during octanoic
acid-induced latency. The specific activity of plasma membrane
ATPase assayed in crude membrane suspensions prepared
from nonadapted cells, as previously reported (19, 25), during
cultivation in buffered medium (at pH 4.0) supplemented with
0.39 mM octanoic acid, increased during the 55 h of latency
(Fig. 2a). A peak of activity was reached during the early stages
of exponential growth and values of ATPase activity were con-
sistently higher (twofold) in cells grown under octanoic acid
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FIG. 1. Effect of the addition to the growth medium of increasing concentrations of octanoic acid on the duration of lag phase (a) and the specific growth rate of
S. cerevisiae IGC 3507111 (b) for exponentially growing cells (used as inoculum) cultivated at 30°C at pH 4.0 in the absence (O) or presence (@) of concentrations of
toxic lipophilic acid identical to those present in the growth medium. Results are representative of the many growth experiments carried out.

stress (Fig. 2), as described by Viegas et al. (24). Yeast cells
must adapt to the physiological effects of octanoic acid during
an extended lag period, the length of which depended on the
severity of acid stress (Fig. 1a), before eventually recovering
and entering exponential growth; the activation of plasma
membrane H"-ATPase observed during this period of latency
reinforces the idea that this proton pump is an important
component of this adaptative response (5, 8, 19, 24). In fact,
the ability of yeast cells to grow in the presence of lipophilic
acids at a low pH reflects their capacity to maintain control
over their internal pH by excluding protons. This adaptative
phenomenon, reported for the first time in the present work,
complements the observation of Holyoak et al. (8) that a strain
with reduced plasma membrane H"-ATPase activity displayed
increased lag phase in the presence of the weak-acid preser-
vative sorbic acid. Significantly, plasma membrane H*-ATPase
activity was also pointed out to play a critical role in yeast
tolerance of ethanol (15) or supraoptimal temperatures (13,
25). The mechanism underlying plasma membrane ATPase
activation during octanoic acid-induced latency remains ob-
scure at the present time, but it is likely that this is due to a
posttranslational modification of ATPase, as proposed for
ATPase activation during octanoic acid-stressed exponential
growth (24). It is likely that during lag phase the amount of
H"-ATPase in the plasma membrane slightly decreases, as

found by Benito et al. (2) in yeast cells deprived of nitrogen
source where ATPase activation also occurred (2), as the es-
timated half-life of the enzyme is about 11 h (2). ATPase
activation during latency can hardly be attributed to the adap-
tative modification of the ATPase lipid environment in cells
grown under lipophilic acid stress, as suggested by Alexandre
et al. (1).

Changes in yeast pH; and viability during octanoic acid-
stressed cultivation. The change in pH; during cultivation of
nonadapted cells with 0.39 mM octanoic acid was monitored by
using an adaptation of the fluorescence microscopic image
processing technique developed by Imai and Ohno (9); 5- (and
6)-carboxyfluorescein (cF) was used as the internal pH-depen-
dent fluoroprobe. Cells washed and resuspended in cold CF
buffer (citrate-phosphate buffer [at pH 4.0] with 50 mM glycine
[Sigma], 110 mM NaCl, 5 mM KCI, and 1 mM MgClL,) to a
cellular density of 2 X 10® ml~" were loaded with cF by adding
20 uM of 5 (and 6)-carboxyfluorescein-diacetate (Sigma) and
vortexing in two bursts of 1 min each, interspersed with 15 min
on ice (9). After being washed twice with cold CF buffer,
cF-loaded cells were immediately examined with a Zeiss Ax-
ioplan microscope equipped with adequate epifluorescence
interference filters (Zeiss BP450-490 and Zeiss LP520) and
connected to a video camera and to a computer with an image-
analysis program (gel documentation system SW2000; UVP,
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FIG. 2. Specific activity of plasma membrane H*-ATPase (filled symbols) and growth curve (open symbols) of S. cerevisiae IGC 3507111 during cultivation in the
presence (a) or absence (b) of 0.39 mM total octanoic acid (at pH 4.0, 30°C). The data are averages with standard deviations for at least three enzyme assays using

cells from at least two independent growth experiments. OD, optical density.
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FIG. 3. In vivo calibration curve, showing the pH dependence of the fI of
cF-loaded-cells of S. cerevisiae IGC 3507111. Intracellular and extracellular pHs
were equilibrated by incubation of cF-loaded cells, for 10 min at 30°C, with 0.5
mM CCCP. At each pH, values of fI correspond to the average fI of about 20
cells. The data are averages with standard deviations for three independent
experiments.

San Gabriel, Calif.). Following a cell-by-cell analysis, the value
of fluorescence intensity (fI) emitted by each cell, measured by
direct densitometry, corresponded to the arithmetical mean
value of fI measured in two or three different regions in the
cytoplasm of the same cell, with the less fluorescent vacuole
excluded. To estimate average pH;, an in vivo calibration curve
was prepared (Fig. 3) by using cell suspensions grown in the
absence of toxics which were loaded with cF as described above
and incubated, at 30°C, with 0.5 mM carbonyl cyanide m-
chlorophenylhydrazone (CCCP) to dissipate the plasma mem-
brane pH gradient (4), before adjustment of external pH (in
the range 3.5 to 7.5) by the addition of HCl or NaOH at 2 M.
Fluorescence images were fixed 15 s after the occurrence of the
excitation radiation in order to minimize interferences due to
leakage of cF as well as fluorescence quenching (3, 7). Cells
were kept on ice throughout the procedure, and CF buffer
lacked glucose; therefore, the active efflux of cF (3) was min-
imized as confirmed by measuring the fluorescence in the me-
dium surrounding the cells, which was negligible. Under the
experimental conditions used and for the purpose of the study,
this technique proved to be highly useful and suitable despite
the limitations that might be raised (3, 7). It allowed a clear-cut
picture of the pH; of individual cells, giving information about
the distribution of pH; values of a yeast population (Fig. 4 and
Sa to ¢), instead of solely an estimation of the average value of
the whole population, as is the case with techniques based on
the distribution of radioactive propionic acid (20) or on the in
vivo *'P nuclear magnetic resonance (5). Moreover, values
calculated for the average pH; of the whole yeast population
during latency and exponential growth in medium with oc-
tanoic acid (Fig. 5d) were close to, although slightly lower than,
the values previously obtained based on the distribution of
[**C]propionic acid (20, 22). Results revealed that the cell
population used to inoculate octanoic acid-supplemented me-
dium exhibited a significant heterogeneity (Fig. 4); around
31% showed a pH; in the optimal range (above 6.5) (Fig. 4),
with the average pH; value of the whole population estimated
to be approximately 6.0. This low pH; value results from cell
cultivation in a rich medium with high production of organic
acids (11) (external pH, 3.6), followed by washing of the cells
with YG medium buffered at pH 4.0 (17). The introduction of
the inoculum in octanoic acid-supplemented medium led to
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the very rapid (5-min) increase in the percentage of the cell
population with pH;, below 5.5, consistent with the rapid kinet-
ics of cytosol acidification when yeast cells are exposed to weak
acids (5). During extended incubation with octanoic acid and
until the end of latency, the percentage of the population with
avery low pH; (below 5.5) continued to increase, reaching 80%
of the cell population, while the percentage of cell population
with a pH; above 6.0 suffered a corresponding decrease (Fig.
5). During exponential growth, the opposite pH; modification
was observed, consistent with a recovery of pH; to physiological
levels (Fig. 5). The time-dependent pattern of internal acidifi-
cation during lag phase correlated with plasma membrane
ATPase activation (Fig. 2a and 5), suggesting that this activa-
tion was triggered by intracellular acidification, as proposed for
acetic acid (5)- or nitrogen starvation (2)-induced activation.
Immediately before yeast cells entered exponential growth,
80% of the initial viable population had lost viability, as as-
sessed by the number of CFU (21) (Fig. 6), suggesting that
octanoic acid-induced death during latency is related to inter-
nal acidification down to critical values (Fig. 5 and 6), in agree-
ment with the relationship established by Imai and Ohno (10)
between yeast viability and intracellular pH. Only about 20%
of the initial population was able to start cell division in oc-
tanoic acid-supplemented medium, presumably those cells that
in the inoculum exhibited pH; values around neutrality (Fig. 5
and 6). These results suggest that despite plasma membrane
H"-

ATPase activation, this system of pH homeostasis may not be
able to fully counteract the physiological effects of increasing
octanoic acid concentrations and eventually fails at very severe
acid stress.

Adaptative response to octanoic acid. The adaptation of
yeast cells to octanoic acid at a low pH appears to depend on
their H " -exporting ability, but this requires not only a highly
active H"-ATPase in the plasma membrane but the provision
of sufficient ATP to drive this energy-demanding process as
indicated by the results of Holyoak et al. (8). It is likely that
increased ATPase activity under octanoic acid stress may re-
duce cellular ATP levels and that ATP depletion contributes to
the failure of the maintenance of pH; homeostasis, particularly
among the subpopulation that in the inoculum exhibited the
lowest pH; values. The loss of viability might occur for those
cells where pH; decreased down to nonphysiological values.
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FIG. 4. Distribution of cells with different pH; values present in the inoculum
of S. cerevisiae IGC 3507111 prepared in growth medium without octanoic acid
supplementation.
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FIG. 5. Percentage of yeast cells with pH; below 5.5 (a), between 5.5 and 6.0 (b), or above 6.0 (c); average pH; of the whole cell population (A) during S. cerevisiae
IGC3507111 cultivation in medium supplemented with 0.39 mM total octanoic acid (pH 4.0, 30°C); and the optical density (OD) of the culture at 600 nm (m). The
average pH; values estimated for the whole cell population are the arithmetical mean values of the various average pH; values calculated for individual cells. The
percentage of cells present in the inoculum with pH; values within the three ranges (O) and the average pH; of the inoculum cell population (A) are indicated.

The eventual recovery of growth therefore depends on the
remaining viable population, in agreement with the well-
known critical role played by the physiology and number of
viable cells in the inoculum in the duration of latency under
acid stress. The observation that octanoic acid-adapted cells
reinoculated into the same fresh medium can resume growth
after a much shorter latency (Fig. 1a) is a good example of the
importance of the physiology of the inoculum cells. Besides the
increased plasma membrane H"-ATPase activity of octanoic
acid-adapted cells, other mechanisms may underlie the adap-
tation to acid stress, such as the increased cellular buffering
capacity of octanoic acid-grown cells due to their lower intra-
cellular volume (20), the more favorable plasma membrane

30 10
e
3
= k1.0 é
o 3
?3 [ A
z o
> 0.1
"
=
0 PR DA § L L L 1 0.01
0 20 40 60 80 100 120 140

Time (h)

FIG. 6. Concentration of viable cells (A) and culture optical density (O.D.)
at 600 nm (J) during lag and exponential phases of S. cerevisiae IGC 3507I1T
growth in medium supplemented with 0.39 mM octanoic acid, at pH 4.0 and
30°C.

lipid composition (1), and the possible induction of the active
efflux of the anion (26).
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