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The Cytosolic pH of Individual Saccharomyces cerevisiae Cells Is a Key
Factor in Acetic Acid Tolerance
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It was shown recently that individual cells of an isogenic Saccharomyces cerevisiae population show variability in acetic acid tol-
erance, and this variability affects the quantitative manifestation of the trait at the population level. In the current study, we in-
vestigated whether cell-to-cell variability in acetic acid tolerance could be explained by the observed differences in the cytosolic
pHs of individual cells immediately before exposure to the acid. Results obtained with cells of the strain CEN.PK113-7D in syn-
thetic medium containing 96 mM acetic acid (pH 4.5) showed a direct correlation between the initial cytosolic pH and the cyto-
solic pH drop after exposure to the acid. Moreover, only cells with a low initial cytosolic pH, which experienced a less severe drop
in cytosolic pH, were able to proliferate. A similar correlation between initial cytosolic pH and cytosolic pH drop was also ob-
served in the more acid-tolerant strain MUCL 11987-9. Interestingly, a fraction of cells in the MUCL 11987-9 population showed
initial cytosolic pH values below the minimal cytosolic pH detected in cells of the strain CEN.PK113-7D; consequently, these
cells experienced less severe drops in cytosolic pH. Although this might explain in part the difference between the two strains
with regard to the number of cells that resumed proliferation, it was observed that all cells from strain MUCL 11987-9 were able
to proliferate, independently of their initial cytosolic pH. Therefore, other factors must also be involved in the greater ability of

MUCL 11987-9 cells to endure strong drops in cytosolic pH.

he study of microbial acetic acid tolerance is relevant in differ-

ent fields of applied microbiology. Acetic acid, like other weak
acids, such as sorbic acid and lactic acid, traditionally has been
used as a preservative agent in food and beverages, where it pre-
vents microbial spoilage by arresting the growth of yeasts and
other fungi (1). However, certain strains of the species Zygosac-
charomyces bailii and Saccharomyces cerevisiae still grow in the
presence of relatively highly weak acid concentrations (2, 3), and,
therefore, it is crucial to understand the underlying tolerance
mechanisms in order to avoid food spoilage more effectively.
More recently, understanding acetic acid tolerance of the platform
yeast S. cerevisiae became important in the field of industrial bio-
technology once hydrolysates of lignocellulosic biomass were con-
sidered renewable feedstock for microbial fermentations (4). No-
tably, the acetic acid concentrations in those hydrolysates can
reach up to 133 mM (8 gliter ') (5-7), at which the acid becomes
a strong inhibitor of microbial growth and fermentation, espe-
cially at the low medium pH values typically used in industrial
batch fermentations. Therefore, an understanding of the molecu-
lar mechanisms underlying S. cerevisiae tolerance to acetic acid is
important for the generation of robust industrial strains that are
able to ferment lignocellulosic hydrolysates efficiently.

The inhibitory effect of acetic acid is associated predominantly
with its undissociated form, which can diffuse across the plasma
membranes of cells mainly by simple diffusion (8). Once inside
the cytoplasm, acetic acid (pK, = 4.76) dissociates into a proton
and its counterion, resulting in a decrease in intracellular pH and
an accumulation of acetate anions. The yeast S. cerevisiae has de-
veloped several mechanisms by which it can counteract the harm-
ful effects that acetic acid exerts on the cells. In general, adaptation
to acetic acid has been associated with the abilities to recover in-
tracellular pH (3, 9-11), to inhibit further uptake of acetic acid
(12), to activate multidrug transporters to pump out acetate an-
ions (3, 13), and to adjust the membrane lipid profile (14). Among
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these mechanisms, recovery of intracellular pH is thought to be of
predominant importance in the responses of S. cerevisiae to acetic
acid (9). In fact, exposure of cells to acetic acid has been shown to
increase the activities of plasma membrane and vacuolar H™-
ATPases, which pump protons out of the cytosol (3, 11, 13, 15).
Another indication for the importance of pH homeostasis in weak
acid tolerance is given by two studies that investigated interspecies
diversity with regard to short-term changes in intracellular pH
upon exposure to weak acid. It has been suggested that the higher
tolerance of the species Z. bailii and Candida krusei compared to
that of S. cerevisiae is a consequence of their ability to preserve
physiological pH better after shifting to acid-containing medium
(16, 17).

Although S. cerevisiae has an innate tolerance to acetic acid,
moderate to high concentrations have been shown to affect the
cell’s physiology negatively (18, 19). A frequently reported effect is
significant prolongation of the latency phase in the presence of
inhibitory acetic acid concentrations (20-23). This effect was
demonstrated recently to be attributable to the fact that only a
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TABLE 1 Strains used in this study

Strain Description Reference
CEN.PK113-7D Prototrophic S. cerevisiae laboratory strain 43

MUCL 11987-9 Haploid segregant from diploid strain MUCL 11987 with high acetic acid tolerance (Belgian Coordinated This study

Collections of Microorganisms) (20), showing acetic acid tolerance similar to that of its parent strain

CEN.PK113-7D ura3A ura3A::loxP-KanMX-loxP This study
MUCL 11987-9 ura3A ura3A:loxP-KanMX-loxP This study
CEN.PK113-7D (pHluorin) CEN.PK113-7D ura3A with plasmid pYES-P ,,-pHluorin This study
MUCL 11987-9 (pHluorin) MUCL 11987-9 ura3A with plasmid pYES-P ,r,-pHluorin This study

relatively small fraction of cells in the entire population are able to
resume proliferation in the presence of acetic acid (20). The size of
this fraction was shown to decrease with increasing acetic acid
concentrations, in a strain-dependent manner. The occurrence of
such a fraction was observed previously in populations of S. cerevi-
siae cells exposed to other weak acids (24).

The fact that single cells of a genetically uniform population
show different levels of stress tolerance is not a novel observation
(25-27). In fact, phenotypic cell-to-cell heterogeneity is assumed
to be a strategy for microbial populations to survive unanticipated
environmental changes. Although research regarding the molec-
ular basis of cell-to-cell heterogeneity is still in its infancy, a few
studies provide the first insights into the possible mechanisms
involved (25, 27-29). With regard to weak acid tolerance, it has
been suggested that cell-to-cell heterogeneity could be explained
by the variations in cytosolic pH (pH.) among individual cells at
the moment when the cells are exposed to the acid (24, 30). It is
assumed that only cells with pH_ values around neutrality start cell
division in the presence of the acid (24). More recently, a study of
Z. bailii proposed that tolerance to weak acids is due to a subpop-
ulation of cells showing low pH_ values of around 5.5 (30). As the
uptake of weak acids appears to involve mainly a simple mecha-
nism based on diffusion of the protonated form, lower pH_ values
would allow the outside/inside equilibrium to be reached at lower
intracellular concentrations of acid, thus reducing the accumula-
tion of anions and the amounts of protons that have to be re-
moved in order to restore the pH.. However, no experimental
evidence based on correlating pH_ kinetics with the cell’s ability to
proliferate in the presence of acid has been provided so far.

In the current study, we recorded pH, changes of individual
cells in S. cerevisiae populations during a shift from nonstress to
acetic acid stress conditions, and we correlated both the initial pH,
and the maximal pH_ drop with the cell’s ability to proliferate in
the presence of the acid. Data are provided for two different S.
cerevisiae strains which significantly differed in acetic acid toler-
ance.

MATERIALS AND METHODS

Medium composition. S. cerevisiae cells were routinely maintained on
solid yeast extract-peptone-dextrose (YPD) medium containing 10 g li-

TABLE 2 Primers used in this study

ter ! yeast extract, 20 g liter ' peptone, 20 g liter ! glucose, and 15 g
liter ! agar. Throughout this study, all acetic acid tolerance assays were
performed in synthetic medium containing 5 g liter ' (NH,),SO,, 3 g
liter "' KH,PO,, 0.5 g liter ' MgSO,-7H,0, 20 g liter ' glucose, and
appropriate amounts of trace elements and vitamins, as described by Ver-
duyn et al. (31). Acetic acid was added to the medium at the concentra-
tions indicated in Results, and the pH was adjusted to 4.5 with 5 M KOH.
In order to prepare solid medium, 20 g liter ' agar was added.

Strain construction. All S. cerevisiae strains used in this study are listed
in Table 1. The URA3 gene was disrupted in strains CEN.PK113-7D and
MUCL 11987-9 by using a loxP-KanMX-loxP cassette conferring resis-
tance to the antibiotic G418 (32). The disruption cassette was obtained by
PCR amplification of pUG6 template DNA wusing the primers
ura3_KanMX_FW and ura3_KanMX_RV (Table 2) (32); each of the
primers contained a sequence homologous to that of pUG6 at its 3’ end
and a sequence homologous to the integration site at the chromosomal
URA3 locus at its 5’ end. The cassette was subsequently purified from the
PCR mixture using a PCR purification kit (Qiagen, The Netherlands) and
was used for transformation of CEN.PK113-7D and MUCL 11987-9.
Transformations were carried out according to the lithium acetate
method described by Gietz et al. (33), and selection of transformants was
performed on solid YPD medium containing 100 mg liter ' G418. Cor-
rect disruption of the URA3 gene was verified by PCR using the primers
KanMX_verif FW and ura3_verif RV (Table 2).

Strains CEN.PK113-7D wura3A and MUCL 11987-9 ura3A were sub-
sequently transformed with plasmid pYES-P,cp,-pHluorin (URA3),
which contains the pHluorin (a pH-sensitive variant of the green fluores-
cent protein) open reading frame, under the control of the constitutive S.
cerevisiae ACT1 actin gene promoter, and the URA3 gene as a selectable
marker (34, 35). The plasmid pYES-P, ~,-pHluorin (URA3) was kindly
provided by Gertien J. Smits (University of Amsterdam, The Nether-
lands). Selection of transformants was performed on solid synthetic me-
dium, and expression of the pHluorin gene in the selected transformants
was checked by fluorescence microscopy.

Acetic acid tolerance assay. Cells from a single colony on a plate were
used to inoculate 4 ml of synthetic medium in a glass tube, and the cells
were subsequently cultivated overnight in an orbital shaker at 200 rpm
and 30°C. An aliquot of the overnight culture was transferred to 4 ml of
fresh synthetic medium to obtain an optical density at 600 nm (ODy,) of
0.2. This culture was cultivated under the same conditions as for the over-
night culture for approximately 6 to 7 h, until the mid-exponential phase
was reached (ODg, between 1.0 and 1.5). An amount of cells from the
latter culture required to obtain an ODg, of 0.2 in 5 ml was harvested by

Name Sequence (5" to 3")

ura3_KanMX_FW
ura3_KanMX_RV
KanMX_verif FW
ura3_verif RV

ACAAAATCTTTGTCGCTCTTCGCAATGTCAACAGTACCCTTAGTAGCATAGGCCACTAGTGGATCTG
GTATACAGAATAGCAGAATGGGCAGACATTACGAATGCACACGGTCAGCTGAAGCTTCGTACGC
TGCATGGTTACTCACCACTG

AACCTTCATCTCTTCCACCC
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centrifugation at 800 X g for 7 min, and the cells were subsequently re-
suspended in 5 ml of synthetic medium without acetic acid and without
glucose. This culture was further serially diluted in the same medium to
obtain 10-fold dilution steps over the range of 10" to 10~ *. An aliquot of
250 pl from each dilution was spread on solid synthetic medium either
with or without acetic acid, and cells were subsequently incubated in a
static incubator at 30°C. Cells spread on medium without acetic acid were
incubated for 2 days, while cells spread on medium with acetic acid were
incubated for 2 to 5 days according to the concentration used. Plates
containing 50 to 150 CFU were used to determine the numbers of cells
that were able to proliferate under each condition.

Single-cell static fluorescence microscopy. Strains CEN.PK113-7D
ura3A and MUCL 11987-9 ura3A containing the plasmid pYES-P,cp -
pHluorin (URA3) were grown under the same conditions as in the acetic
acid tolerance assay, with the exception that the cells harvested in mid-
exponential phase were resuspended in liquid synthetic medium contain-
ing the acetic acid concentration indicated in Results (with adjustment of
the ODy, to 0.2). One milliliter of the resulting culture was then trans-
ferred to a 35-mm imaging dish with a hydrophilic adhesive bottom
(Ibidi, Germany). After the cells had settled (10 min), the fluorescence
intensity of individual S. cerevisiae cells was recorded using a Keyence
fluorescence microscope (BZ-9000 series Generation II [Biorevo]) with
410-nm and 480-nm filters. In particular, images were obtained at X40
magnification after exposure times of 0.005 s in bright field and 0.25 s at
excitation wavelengths of 410 nm and 480 nm. Under these conditions,
the autofluorescence of strains CEN.PK113-7D and MUCL 11987-9 was
negligible. The fluorescence images obtained at both excitation wave-
lengths were subsequently analyzed using Image] software (36) in order to
quantify fluorescence intensities.

Microfluidics-based time-lapse fluorescence microscopy. The strains
containing plasmid pYES-P,p,-pHluorin (URA3) were cultivated and
harvested under the same conditions as described for the acetic acid tol-
erance assay, with the exception that the mid-exponential-phase cells were
resuspended in liquid synthetic medium without acetic acid (with adjust-
ment of the ODg, to 0.2). A 300-pl aliquot of this culture was subse-
quently transferred to a CellASIC ONIX Y04C microfluidic yeast plate
(height of 3.5 to 4.5 pm; Merck Millipore). The plate was then connected
to the ONIX microfluidic platform (CellASIC EV262 system) and placed
in an inverted fluorescence microscope (Nikon Eclipse TE2000-E) with
410-nm and 480-nm filters. Before the microfluidic chamber was per-
fused with the cell suspension, the capillaries and chamber were washed
with fresh synthetic medium without acetic acid at 3 Ib/in® for 1 min. The
cells were then injected into the chamber at 6 Ib/in® for 20 s. Once an
appropriate number of cells were trapped in the chamber, untrapped cells
were washed out at 5 1b/in” for 5 min. The medium was shifted to synthetic
medium containing acetic acid starting at 1 Ib/in” for 2 min (to replace the
medium in the chamber quickly), and then the flow rate was adjusted to
37.5 wl h™! until the end of the experiment. Changes in fluorescence
intensities of individual cells under these conditions were recorded by
taking images at X 40 magnification after excitation at 410 nm and 480 nm
(exposure time of 90 ms), using MetaMorph (Molecular Devices) and
Image] software. Images were acquired just before the shift (time zero)
and at different time points after the shift (2, 5, 15, and 30 min and then
every 30 min for a maximum of 12 h). Images acquired before the shift
(time zero) were used to determine the initial budding status (budding
versus nonbudding) of each individual cell. Additionally, bright-field im-
ages were taken at each time point in order to monitor cell proliferation.

pHluorin calibration of single cells. The ratio between the fluores-
cence intensities recorded at 410 nm and 480 nm (referred to as the 410/
480 ratio) has been shown to be correlated with the pH_ within a defined
range of values (34). In order to convert the 410/480 ratios into the cor-
responding pH_ values, a calibration curve was generated as described by
Orij et al. (35), with the exception that the pH_ values in the current study
were obtained by analyzing individual cells instead of population average
values. Briefly, cells of strain CEN.PK113-7D ura3A containing plasmid
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PYES-P,r;-pHluorin (URA3) were grown to mid-exponential phase. A
number of cells sufficient to yield an OD, 0f 0.2 in 1 ml were collected by
centrifugation at 800 X g for 5 min, and the cells were subsequently re-
suspended in 350 wl of phosphate-buffered saline (PBS) solution contain-
ing 100 g ml ™! digitonin (AppliChem, Germany), which permeabilizes
cell membranes without affecting mitochondrial function. After 10 min of
incubation at room temperature, the cells were harvested by centrifuga-
tion at 800 X g for 5 min and resuspended in 1 ml of citrate/phosphate
buffers with different pH values (ranging from 5.0 to 8.0). With permea-
bilization of the cells, the pH_ was equilibrated to the extracellular pH,
yielding cells with known pH_ values. Fluorescence intensities of 22 indi-
vidual cells per pH value tested were quantified from images taken by
fluorescence microscopy, using both the Keyence and Nikon inverted
fluorescence microscopes at the aforementioned excitation wavelengths.
The intensities were then used to calculate the 410/480 ratios. Mean values
and standard deviations were obtained from three biological replicates.
Based on the two calibration curves obtained (see Fig. S1 in the supple-
mental material), the following equations were derived for calculation of
pH, values from 410/480 ratios: pH, = —14,054(410/480 ratio)* +
65,042(410/480 ratio)® — 110,780(410/480 ratio)? + 84,448(410/480 ra-
tio) — 17,808 (R* = 0.9918) for the Keyence fluorescence microscope and
pH. = 3.2059(410/480 ratio)® — 10.821(410/480 ratio)* + 14.837(410/
480 ratio) — 0.2759 (R* = 0.9951) for the Nikon inverted fluorescence
microscope. As pH_ values lower than 5 have been shown to result in loss
of fluorescence of the pHluorin protein (37) and pH,_ values higher than 8
are less accurate, as deduced from the calibration curves, only cells with
pH. values between 5.0 and 8.0 were considered in the current study.

RESULTS

Cell-to-cell heterogeneity in acetic acid tolerance. In a previous
study, it was shown that only a fraction of cells in an S. cerevisiae
population resumed proliferation upon exposure to acetic acid
(20). This effect was observed in several strains that were exposed
to a relatively high acetic acid concentration (157 mM acetic acid
at pH 4.5). As a first step in the current study, the effects of
different acetic acid concentrations on the size of the subpopula-
tion of proliferating cells were analyzed. Cells of the strain
CEN.PK113-7D were therefore spread on solid synthetic medium
containing acetic acid at concentrations ranging from 20 to 160
mM. This quantification method was demonstrated previously to
represent properly the fraction of cells able to resume prolifera-
tion in liquid acetic acid-containing medium (20). Data showed
that all cells (4 X 10° CFU ml™") were able to proliferate in the
presence of the acid at concentrations of up to 80 mM (Fig. 1A);
however, we confirmed the findings that only a very small fraction
of cells from the entire population (0.001 to 10%) were able to
proliferate at concentrations of =100 mM and the size of this
fraction decreased with increasing acetic acid concentrations.
Itis known that unstressed, exponentially growing, S. cerevisiae
cells exhibit significant heterogeneity with regard to their pH_val-
ues (24). In addition, it is known that exposure of such cells to
acetic acid results in significant immediate decreases in their
pH_ values (19). Here, we studied the kinetics of pH, changes at
the single-cell level. For this purpose, a pH-sensitive variant of the
green fluorescent protein (i.e., pHluorin) was used (34). First, the
strain CEN.PK113-7D wura3A was transformed with plasmid
PYES-P, 1, -pHluorin (35), after which the effects of increasing
acetic acid concentrations on pH_ distribution were analyzed. Fig-
ure 2A shows the pH_ values of individual cells before (no acetic
acid) and 10 min after exposure of the cells to medium containing
different acid concentrations. The results obtained with the non-
stressed cells confirmed the previously documented cell-to-cell
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FIG 1 Effects of increasing acetic acid concentrations on the fraction of proliferating cells. Cells cultivated in synthetic medium to the mid-exponential phase
were dispersed on solid synthetic medium without or with increasing concentrations of acetic acid at pH 4.5. The concentration of cells able to resume
proliferation under each condition was determined by counting CFU after incubation for 2 days for plates without acetic acid (white bars) or 2 to 5 days for plates
with acetic acid (gray bars). Mean values and standard deviations for CEN.PK113-7D (A) and MUCL 11987-9 (B) were obtained from three biological replicates.

heterogeneity with regard to pH, values. As a control, cells from
mid-exponential-phase cultures were not subjected to prior cen-
trifugation but were used directly for cytosolic pH determina-
tions. Cell-to-cell heterogeneity was also observed, thus excluding
potential artifacts caused by the conditions used here to prepare
the cells for measurements.

The data presented in Fig. 2 also showed that the pH_ distribu-
tions for cells cultivated in the presence of acetic acid concentra-
tions of up to 40 mM were not markedly different from the pH,
distributions for cells cultivated in the absence of acetic acid (un-
stressed cells). However, any further increase in the acetic acid
concentration shifted the pH. median toward lower values
(Fig. 2A).

S. cerevisiae cells with low initial pH_values show less severe
drops in pH_ when shifted to acetic acid stress. To investigate
whether there was a correlation between the pH,. values under
nonstress conditions (referred to as initial pH.) and the magni-
tude of the pH_ drop after the shift to acetic acid stress, cells of the
strain CEN.PK113-7D were cultivated in synthetic medium with-
out acetic acid to the mid-exponential phase and then were shifted
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to synthetic medium containing 120 mM acetic acid (pH 4.5).
This concentration was chosen because it was the highest at which
the pH_ values of most cells after the shift were still in the measur-
able range for pHluorin. The pH_ values of 125 individual cells
were recorded just before and 2, 5, 10, and 15 min after the shift.
Our data showed that the cells with the highest initial pH, values
tended to have the lowest pH_ values after the first 15 min in the
presence of the acid (Fig. 3A). In contrast, cells with the lowest
initial pH_ values showed the highest pH_ values after exposure to
the acid. At time points later than 15 min, the distribution of the
pH. values shifted back to higher values, which suggests that most
cells showed their maximal pH, drop (calculated by subtracting
the lowest detected pH, from the initial pH.) within the first 15
min (see Fig. S2 in the supplemental material).

It has to be mentioned that the exact time points at which the
maximal pH. drops were reached in individual cells were differ-
ent. Taking this into account, we plotted the maximal pH. drop
for each individual cell against its initial pH,, and we observed a
strong correlation (r = 0.94) between the two parameters (Fig.
3B), which clearly showed that, the higher the pH_ was before

B
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FIG 2 Shifts in the pH_ distribution upon exposure to different concentrations of acetic acid. Cells expressing pHluorin were cultivated in synthetic medium to
the mid-exponential phase, after which they were transferred to identical media either without (white box) or with (gray boxes) different concentrations of acetic
acid at pH 4.5. After 10 min, the pH_ values of at least 182 individual cells for each condition were determined as described in Materials and Methods. The pH,
distributions of CEN.PK113-7D (A) and MUCL 11987-9 (B) are represented by box-and-whisker plots. Boxes indicate median values and 25th and 75th
percentiles; whiskers indicate where minimum and maximum values were measured.
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FIG 3 Effects of the pH_ before the addition of acetic acid on the magnitude of the maximal pH_ drop after exposure to the acid. The pH_ values of 125 individual
cells per strain were recorded during a shift from synthetic medium without acetic acid to synthetic medium with 120 mM acetic acid at pH 4.5. (A and C) In
detail, data are shown for CEN.PK113-7D (A) and MUCL 11987-9 (C) cells just before the shift in medium (time zero) and at different time points during the
first 15 min after the shift. The first time point at which pH_ was measured under acetic acid stress was 2 min, as this was the time needed to replace the original
medium completely with medium containing acetic acid. Data are shown only for cells that maintained fluorescence during the entire experiment and whose pH,.
values stayed within the range of 5 to 8 and therefore could be precisely determined (80.8% for each strain). Each line in panels A and C represents an individual
cell, and colors were used to differentiate between cells with different pH_ values under nonstress conditions (referred to as the initial pH_). The means of pH,
values for the 10% of cells with the lowest and highest pH_ values under nonstress conditions (time zero) were calculated over time and connected by black and
red dashed lines, respectively. (B and D) For cells represented in panels A and C, the maximal drop in pH_ within the first 15 min after exposure to the acid was
calculated and plotted against the cell’s initial pH_; data are shown for CEN.PK113-7D (B) and MUCL 11987-9 (D) cells. The dashed boxes denote the major
differences between the two populations, as only the tolerant strain MUCL 11987-9 showed initial pH_ values <6.6 and experienced minimal acid-induced pH_

drops.

exposure to acetic acid, the larger the pH_ drop was after exposure
to the acid. It should be noted that, in contrast to Fig. 2, Fig. 3
shows only cells that kept their pH_ values within the range of the
calibration curve (between pH 5 and pH 8) for the entire experi-
ment (representing 80.8% of the total number of cells). The frac-
tions of cells that had to be omitted from the graphical represen-
tation in Fig. 3 due to pH_ drops to values below 5 or a total loss of
fluorescence were the same for the two strains.

The pH, under nonstress conditions determines the ability
of an individual cell to resume proliferation in the presence of
acetic acid. As described above, the pH_ of an individual cell be-
fore exposure to acetic acid determined the magnitude of the pH_
drop after exposure to the acid (Fig. 3A and B). As it is generally
assumed that the ability to retain pH, is an important factor in
acetic acid tolerance, we investigated whether the initial pH_ of a
cell (and thus the magnitude of the pH. drop) determined the
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cell’s ability to resume proliferation. The changes in pH_ and the
ability to proliferate were monitored in individual CEN.PK113-7D
cells for a long period after the shift from synthetic medium with-
out acetic acid to acetic acid-containing medium, using a micro-
fluidics device. This experiment was performed at a concentration
of 96 mM acetic acid (pH 4.5), at which approximately 60% of the
cells were able to proliferate within the time span of the experi-
ment. In agreement with the data obtained at 120 mM (Fig. 3B),
the initial pH, also was correlated with the maximal drop in pH,
(Fig. 4A). This effect was observed for both subpopulations of
proliferating and nonproliferating cells, with correlation coef-
ficients of 0.84 and 0.53, respectively. In addition, the cells that
were able to proliferate were the ones that had initial pH_ values
in the lower range and thus experienced the lowest pH. drop
after exposure to the acid (Fig. 4A). In contrast, the cells that
were not able to proliferate were the ones that had the highest
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FIG 4 Effects of initial pH_ values for individual S. cerevisiae cells on the cells’ ability to proliferate in the presence of acetic acid. CEN.PK113-7D (A and B) or
MUCL 11987-9 (C and D) cells were cultivated in synthetic medium to the mid-exponential phase, after which the medium was replaced with identical medium
containing 96 mM acetic acid at pH 4.5. The pH_ values for 512 (CEN.PK113-7D) or 55 (MUCL 11987-9) individual cells were determined just before and at
different time points after the shift in medium. For all cells, the time required to resume proliferation in the presence of the acid was determined by monitoring
bud formation over a time period of 15 h. Cells that did not resume proliferation within this time period were considered to be nonproliferating cells. (A and C)
For each cell in the proliferating (319 cells) (V) and nonproliferating (193 cells) (O) subpopulations, the maximal pH, drop was calculated and plotted against
the initial pH... (B and D) For each proliferating cell, the time required to resume proliferation was plotted against the initial pH_. Data were collected from four

(CEN.PK113-7D) or two (MUCL 11987-9) independent experiments.

initial pH. values and consequently experienced the most dra-
matic drop in pH.,.

The subpopulation of proliferating cells was also studied with
regard to the time required to resume proliferation (referred to as
the lag phase). Bright-field images were obtained before and at
different time points up to 12 h after the shift to medium contain-
ing acetic acid. The images were used to determine the time re-
quired (lag phase) until bud formation (for initially nonbudded
cells) or until an increase in bud size was observed (for cells al-
ready budding at the beginning of the experiment). For each cell,
the duration of the lag phase was plotted against the initial pH_
(Fig. 4B), which revealed a direct correlation between the two
parameters (r = 0.66). This correlation suggests that, the higher
the initial pH_ is, the longer it takes for a cell to resume prolifera-
tion. A similar conclusion could be drawn when the duration of
the lag phase was plotted against the maximal pH_ drop after ex-
posure to acetic acid (see Fig. S3 in the supplemental material).

Our data collected from four biological replicates also showed
that cells that were budding at time zero (before the addition of
acetic acid) had significantly higher initial pH_ values, experienced
larger pH. drops, and consequently required longer periods to
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resume proliferation upon acetic acid stress than did cells that
were in a nonbudding state immediately before the shift to the acid
(Fig. 5).

Cells of an acetic acid-tolerant S. cerevisiae strain can better
endure strong drops in pH_. In order to address whether S. cerevi-
siae strain-to-strain diversity with regard to acetic acid tolerance
can be explained by differences in the distributions of initial pH_
values, the strain MUCL 11987 was introduced in the current
study. This strain was shown previously to have significantly
greater acetic acid tolerance than strain CEN.PK113-7D (20).
First, a haploid segregant of MUCL 11987 (referred to as MUCL
11987-9) with acetic acid tolerance similar to that of its parent was
isolated. This segregant was then characterized in more detail with
regard to the fraction of cells able to resume proliferation in the
presence of different acetic acid concentrations. At up to 80 mM,
all cells of MUCL 11987-9 were able to proliferate (Fig. 1B), sim-
ilar to findings observed previously for CEN.PK113-7D under the
same conditions (Fig. 1A). At concentrations of =100 mM, how-
ever, the fraction of proliferating cells was always higher for
MUCL 11987-9 than for CEN.PK113-7D, thus confirming the
acetic acid-tolerant phenotype of strain MUCL 11987-9. With re-
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FIG 5 Correlations of budding status before the addition of acetic acid with the initial pH_ (A), the severity of the pH_ drop (B), and the duration of the lag phase
(C) for individual CEN.PK113-7D cells after exposure to acetic acid. In total, 512 individual CEN.PK113-7D cells (four biological replicates) were monitored in
time-lapse experiments during a shift to 96 mM acetic acid at pH 4.5, over a time period of 12 h. Of the total number of cells, 319 resumed proliferation after
exposure to acetic acid; for those cells, the budding status, the initial pH_, the pH_ drop (calculated as the difference between the initial pH_and the pH_ after 2
min of exposure to acetic acid), and the time required to resume proliferation (individual lag phases) were determined. Individual lag phases were defined by
monitoring bud formation (for initially nonbudding cells) or the increase in bud size (for cells budding at time zero). Data are shown as the means = standard

errors of the means for 187 budding and 132 nonbudding cells.

gard to the pH_ distribution, our data showed that this parameter
was not significantly affected at acetic acid concentrations of up to
120 mM (Fig. 2B). In comparison, the pH. distribution of
CEN.PK113-7D was already strongly shifted down at 80 mM
(Fig. 2A).

In order to study the dependence of the pH_ drop on the initial
pH,, the pH_ values of individual MUCL 11987-9 cells were mon-
itored during a shift from medium without acetic acid to medium
with acetic acid, using the same conditions as described above.
Similar to findings observed for CEN.PK113-7D, cells of strain
MUCL 11987-9 with relatively low pH. values in the unstressed
population were better able to retain their initial pH_ values upon
exposure to 120 mM acetic acid, in contrast to cells with higher
initial pH_ values (Fig. 3C). Remarkably, the strain MUCL
11987-9 showed a fraction of cells with initial pH_ values below
~6.6 (Fig. 3D); such a fraction of cells was not observed in strain
CEN.PK113-7D (Fig. 3C). Accordingly, this fraction experienced
only a small drop in pH, (<0.7 units) upon exposure to the acid
(Fig. 3D).

Strain MUCL 11987-9 was analyzed using the micro-
fluidics device under exactly the same conditions as used for
CEN.PK113-7D (96 mM acetic acid at pH 4.5). Under these con-
ditions, all cells of strain MUCL 11987-9 were able to resume
proliferation. Interestingly, all cells showed similarly short lag
phases (90 to 210 min), even though the initial pH_ values of the
respective cells and the pH_ drops differed remarkably (Fig. 4C
and D). In fact, even cells suffering large pH_ drops (~2 units)
were able to resume proliferation, which suggests that MUCL
11987-9 has a better capacity to recover from the pH, drop than
does CEN.PK113-7D.

DISCUSSION

In this study, we showed that cell-to-cell heterogeneity in acetic
acid tolerance could be at least partly explained by the variations in
pH_ values of individual cells at the moment immediately before
acetic acid exposure. However, the acetic acid tolerance of an S.
cerevisiae cell is also affected by genetic factors, as became obvious
when S. cerevisiae strains differing in acetic acid tolerance were
studied.

The first part of the current work focused on the cell-to-cell
heterogeneity in acetic acid tolerance in the well-studied pro-
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totrophic laboratory strain CEN.PK113-7D. We clearly demon-
strated that the initial pH, of individual S. cerevisiae cells deter-
mined the magnitude of the pH_ drop after exposure to acetic acid.
Indeed, cells with low initial pH_ values (ranging from 6.6 to 7.1)
experienced less severe drops in pH_ than did cells with high initial
pH, values (ranging from 7.1 to 7.9).

Based on our data, it is tempting to assume that the correlation
between the initial pH_ and the magnitude of the pH_ drop can be
explained simply by the fact that the equilibrium between undis-
sociated acetic acid and internal acetate is dependent on the pH..
In fact, a lower initial pH,_ results in a smaller proportion of acetic
acid that dissociates inside the cell, thereby avoiding excessive acid
accumulation, as proposed previously by Stratford et al. (30).
Those authors proposed a correlation between the pH, and the
intracellular accumulation of acetic acid at the average population
level for Z. bailii. However, the possibility that the difference in the
pH_ drops observed for cells with low versus high initial pH_ val-
ues could also be attributed to other intrinsic physiological factors
cannot be excluded, since it was shown previously that pH_acts as
an intracellular signal in yeast (38). For instance, H-ATPase
pumps might be more active in cells with lower initial pH values,
thus contributing to fast removal of newly produced cytosolic
protons. In fact, it has been demonstrated that Pmal, the major
yeast H"-ATPase, is activated when intracellular pH decreases
(39). Further studies are necessary to evaluate these hypotheses.

Valli et al. (40) demonstrated that S. cerevisiae mutants with
high intracellular pH are those that accumulate the most lactic
acid (when expressing heterologous lactate dehydrogenase). Ob-
viously, the high pH was used as an indicator for improved lactic
acid tolerance. This result is not in contradiction to our findings.
The context of the study by Valli et al. (40) is very different from
that of the current one. In particular, it has to be considered that
the cells were continuously producing lactic acid intracellularly
and that mutations that led to improved tolerance were caused by
an increased ability to maintain physiological pH even though
lactic acid accumulated. In the current study, nonstressed cells
were challenged by sudden exposure to extracellular acetic acid.

As only a fraction of CEN.PK113-7D cells (approximately
60%) were shown to contribute to growth of the culture in the
presence of 96 mM acetic acid (pH 4.5), we also studied whether
the initial pH. determined the cell’s ability to resume prolifera-
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tion. Indeed, only cells with low initial pH_ values were able to
recover pH_ to neutral values and resume proliferation in the pres-
ence of the acid. Moreover, the time periods required for individ-
ual CEN.PK113-7D cells to resume proliferation (lag phases) var-
ied among the cells and were correlated with both their initial pH_
values and their budding status before the addition of acetic acid.
The latest observation is congruent with the fact that nonbudding
cells are considered more stress resistant (41).

In contrast to the proliferating CEN.PK113-7D cells, cells with
high initial pH_ values experienced severe drops in pH. and were
unable to resume proliferation. Our previous study showed that
these nonproliferating cells do not die immediately upon expo-
sure to acetic acid and that they stay viable for a relatively long
period of time (20). A possible explanation for the fact that cells
with large drops in pH, cannot resume proliferation is that these
cells are unable to restore their pH, to neutral values, which might
be caused by a deficiency in ATP. In fact, ATP drives the activity of
plasma membrane and vacuolar H*-ATPases, which pump pro-
tons out of the cytosol in order to restore the pH_ after weak acid
stress (24). However, a recent study based on measuring average
intracellular ATP levels in S. cerevisiae populations suggests that
ATP depletion alone is not the only cause of growth inhibition
(determined by optical density measurements) upon acetic acid
stress (42).

As our data obtained from strain CEN.PK113-7D showed that
only cells with relatively low initial pH_ values were able to resume
proliferation, the question arose as to whether a population of
cells from a strain with higher acetic acid tolerance would contain
a larger fraction of cells with relatively low initial pH_ values. The
analysis of the highly tolerant strain MUCL 11987-9 showed that
the distribution of initial pH, values was indeed broader than for
CEN.PK113-7D. Most importantly, a fraction of cells exhibited
lower initial pH, values than did the reference strain. These data
might explain why a larger fraction of cells in the MUCL 11987-9
population experienced less dramatic pH,. drops, which might fa-
cilitate their proliferation in the presence of acetic acid. All cells
from MUCL 11987-9 were able to proliferate in the presence of 96
mM acetic acid (pH 4.5), and this was even independent of the
initial pH_ of the cells. Therefore, the larger fraction of cells with
lower initial pH, values in strain MUCL 11987-9 cannot be the
only parameter that explains the difference in the acetic acid tol-
erances of the two strains. Obviously, the cells of strain MUCL
11987-9 have a genetically determined greater capability to re-
cover from severe pH_ drops. Our results emphasize the relevance
of studying weak acid tolerance at the single-cell level, as well as
the population level, and can serve as a starting point for develop-
ing industrially useful strains that are tolerant to weak acids.
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