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ARTICLE INFO ABSTRACT

Keywords: The study of acetic acid (AA) stress in yeast is crucial for understanding the mechanisms of acid stress tolerance

Yeast and enhancing production efficiency. Although AA toxicity has been extensively studied, the mechanism by

Acetic acid stress which oxygen availability modulates ion flux balance and intracellular proton handling under AA stress remains

g’;yif:n:‘;zil;:hty poorly understood. Here, we investigated the combined effects of AA concentration, acidic pH, and oxygen

Intracellular ATP availability on plasma membrane Na®, K*, and H' fluxes, intracellular pH, and growth in two Saccharomyces
cerevisiae strains with distinct AA tolerance. We show that AA toxicity is strongly concentration-, strain-, and
oxygen-dependent. AA exposure increased DCCD-sensitive proton (Ji) and sodium (Jgi,) fluxes while progres-
sively impairing potassium uptake (Jg), resulting in nonlinear, strain-specific shifts in Na*/H" and K*/H" ex-
change ratios and a substantial increase in ion exchange imbalance. These effects were amplified under oxygen-
limited conditions and correlated with reduced growth and metabolic activity. Moderate AA stress was
accompanied by increased intracellular ATP, particularly in ATCC 9804 under oxygen limitation, whereas severe
AA stress caused ATP depletion, most strongly in ATCC 13007. Notably, the more tolerant strain maintained
lower intracellular proton accumulation and more efficient ion flux coordination, particularly during aerobic
growth. Together, our findings demonstrate that oxygen availability fundamentally reshapes ion flux balance and
intracellular pH homeostasis during AA stress. These insights have direct implications for strain selection and
process optimization in industrial fermentations exposed to weak organic acid inhibition.

1. Introduction lignocellulosic biomass which can have a strong inhibitory effect on the

fermentation efficiency [1]. Nevertheless, AA can also be used in the

Acetic acid (AA) has great interest in yeast research since it is pro-
duced in yeast during alcoholic fermentation, as well as in the pro-
cessing of lignocellulosic biomass [1,2]. During alcoholic fermentation,
Saccharomyces cerevisiae generates low concentrations of AA
(0.1-03 g L’l). However, the presence of AA bacteria during wine
production can increase its production, leading to undesirable effects in
the fermentation process. Concentrations exceeding 0.6 g L~ may
already reduce the fermentation efficiency of yeast, and levels above
0.9 g ™! can significantly impair the organoleptic properties of wine [1,
2]. Up to 15 g L™! AA can be formed during the pretreatment of

food industry, together with other weak organic acids (WOS), as a nat-
ural preservative [1]. Thus, studying its effects and understanding its
cellular transport, pH homeostasis, metabolism, and stress signaling
pathways are important for constructing robust strains and optimization
of industrial production of valuable chemicals [3].

AA can serve as a substrate for respiration in S. cerevisiae; however, in
high concentrations, it acts as a stress factor and lead to cell death [4].
When the extracellular pH is lower than the pK, of AA (4.76), it exists in
an undissociated form that can easily diffuse across the cell membrane,
depending on the molecule's solubility in the membrane [4,5]. In
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extracellular pHs exceeding the pK, of AA, it is present mainly as acetate
anions, which enter the cells through two major electroneutral proton
transporters, Jenl and Ady2 [3-5]. Hence, the effect of AA may vary
depending on experimental conditions, microbial strains used, growth
parameters (such as pH and medium composition), AA concentration,
and duration of exposure [3].

Yeast can resist the effects of AA by remodeling the cell wall struc-
ture, restoring intracellular pH, exporting harmful anions, and other
detoxification mechanisms [6]. Haal is a key regulator of the cellular
response to AA [4]. In response to acid pH, the structure and composi-
tion of the cell wall undergo significant changes, leading to membrane
deformation [7,8].

Disruptions in any of the ion gradients, specifically under stress
conditions, can significantly disturb the overall electrochemical trans-
membrane potential and balance [9]. Despite considerable progress in
studying ion fluxes and homeostasis in yeast cells, uncertainties in our
understanding of intracellular ion distribution and their interactions
within the cell, especially under stress conditions [9]. The plasma
membrane ATPase and the vacuolar ATPase play a crucial role in
regulating intracellular pH during AA stress [6]. On the other hand,
Pdr12 transporter efflux acid anions via ATP-dependent mechanism,
reducing their toxic effects and regulating intracellular pH [3,5,10].
However, this process leads to significant ATP consumption, reducing
yeast biomass formation and growth rate. Thus, the availability and
nature of carbon and nitrogen sources and minerals (K", Mg2+, Fe2t/3%
and Zn?") and growth conditions can be determinant for yeast adapta-
tion to AA stress [9]. Furthermore, K and Na* ions are vital for multiple
physiological processes in S. cerevisiae, including maintaining plasma
membrane integrity, regulating cell volume, osmotic stability,
compensating for negative charges of macromolecules, controlling
protein synthesis, and supporting overall cellular function [9,11]. The
Trkl and Trk2 transporters maintain high-affinity K™ influx in
S. cerevisiae. Potassium efflux is primarily mediated by three transport
systems: Nhal, Ena-ATPase, and Tok1 [12]. Nhal actively exchanges K™
and Na' ions in response to changes in acidity, helping the cell manage
acid stress and maintain internal ionic balance [9].

Previous findings indicate that industrial S. cerevisiae strains can
differ substantially in acetate production and utilization depending on
oxygen availability, suggesting strain-specific metabolic adaptation
strategies [13]. Despite the limited of data in the literature, it was shown
that wine and beer fermentation-derived yeast strains, such as ATCC
9804 and ATCC 13007, differ by fermentation capacity, time, temper-
ature, as well as alcohol resistance, flavor and aroma profile, nutrient
requirement and flocculation properties [13-16]. The shown differences
in metabolic properties, as well as previously reported differences in AA
stress resistance suggest the presence of distinct adaptation mechanisms,
make them a good model for understanding of strain-dependent AA
responses.

The aim of this study was to determine how oxygen availability in-
fluences ion (K+; Na* and H") flux coordination and intracellular pH
regulation in two Saccharomyces cerevisiae strains (ATCC 9804 and ATCC
13007) under AA stress. Comparing the responses of two strains with
distinct AA tolerance under different growth conditions provides insight
into the oxygen-dependent coordination of K", Na*, and H" fluxes,
intracellular pH, and transmembrane pH gradient regulation in response
to AA, pH, and combined stresses. The data obtained contributes to
elucidating the mechanisms of AA stress depending on oxygen avail-
ability, which may be useful for the development of stress-tolerant
strains for the efficient bioethanol production from lignocellulosic
waste material.

2. Materials and methods
2.1. Yeast and growth conditions

The S. cerevisiae ATCC 9804 and ATCC 13007 strains were purchased
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from the Microbial Depository Centre of the “Armbiotechnology” SPC of
the NAS RA. S. cerevisiae ATCC 9804 (GenBank: Z95939.1; European
archive of nucleotides (ENA): ERR5285363) was isolated from palm
wine [13], and S. cerevisiae ATCC 13007 (prototroph, pof+, sta, diploid,
ENA: ERR5258805) from beer [17,18]. Yeast cells were cultivated in a
YPD medium (10 g L yeast extract, 20 g L peptone, 20 g Lt
p-glucose), and agar (20 g L~1) was added to obtain a solid nutrient
medium [19]. Medium pH was adjusted to 3.0 and 4.5 by 0.1 N HCI
using an HI1131 pH-electrode combined to an HI3220 pH-ionometer
(Hanna Instruments, USA). Individual colonies grown on solid me-
dium were transferred to a liquid medium and incubated in aerobic
condition at 30°C, 180 rpm [19-21]. Cells from the seed culture were
transferred to a new YPD medium with final optical densities (OD) of 0.2
and were grown under aerobic (medium filling 1/3.0, with rotary
shaking at 180 rpm) and oxygen-limited conditions (medium filling
1/1.2, without shaking) at 30°C (physiological condition) [22]. To
examine the AA stress yeast cells were similarly cultured under aerobic
or oxygen-limited conditions in YPD medium containing AA with final
concentrations of 10-50 mM sterilized using a 0.22 pm sterile filter
(VWR, USA) and added from stock solution (10 M) before inoculation.
The specific growth rate () was determined using a Cary 60 UV-Vis
spectrophotometer (Agilent Technologies, Germany). The specific
growth rate was calculated during the exponential growth phase as a
ratio of the logarithmic difference between the optical densities doubled
at 600 nm to the doubling period and expressed in h™! [13,23].

2.2. Determination of extracellular redox potential, pH and osmolality

The changes in medium oxidation-reduction potential (hereafter
refers as ORP), extracellular pH, and osmolality were determined during
0-168h cultivation of cells under physiological or AA stress conditions.
ORP was measured using a Refillable Combination ORP electrode
(HI3131, Hanna Instruments, USA) combined with HI5222 ionometer
(Hanna Instruments, USA). The electrode was calibrated using control
solution containing 16.13 g Lt K3 [Fe (CN)g] and 21.12 g L! K4 [Fe
(CN)gl, the ORP was 254 + 10 mV [24]. Extracellular pH was deter-
mined using HI1131 pH-electrode combined to an HI3220
pH-ionometer.

To determine the osmolality of the medium, 1 mL samples from O to
168h grown cultures were centrifuged at 8000 rpm for 10 min using
Mini High Speed D2012plus Biobase Centrifuge (China). Then 100 pL of
the supernatant was analyzed using a K7400-S semimicro osmometer
(Knauer, Germany). The instrument was calibrated using standard so-
lutions 300 mOsm kg_1 (A01240), 400 mOsm kg_1 (A01241-1) and 850
mOsm kg~ (A01250, Knauer, Germany). The results were expressed in
mOsm kg’1 [13,25].

2.3. Determination of ion fluxes through the whole cell plasma membrane

Mid-exponential growth phase cells were harvested using centrifu-
gation at 3500xg for 15 min using Sorvall LYNX 6000 Ultrafast centri-
fuge (Thermo Scientific, USA). The cell pellet was washed twice with
deionized water and centrifuged at 3160xg for 10 min at 4 C (LMC-
4200R, Laboratory Refrigerated Centrifuge, Biosan, Latvia). The resul-
ted yeast biomass was resuspended in experimental assay (150 mM Tris-
PO, buffer containing 0.4 mM MgSO4, 1 mM NaCl, and 1 mM KCl, pH
7.0). The fluxes of H', K", and Na® across plasma membrane were
determined by the potentiometric method during the addition of glucose
(20 g L7}, aqueous solution). The assay was conducted in a 4.5 mL
experimental assay with the final concentrations of 1.0 x 10° cells.
Electrode readings data were outputted automatically per 10 s by Lab-
View computer program (National Instruments Co., USA). The method
relies on the principle that changes in ion concentration in the external
medium reflect the net ion flux across the yeast plasma membrane [26].
Proton flux rate (Ji;) was determined using pH-selective and reference
electrodes (Hanna Instruments, USA). Potassium flux rate (Jg) was
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measured with an HI41114 potassium-selective electrode combined
with HI4114-51 module (Hanna Instruments, USA). Sodium flux rate
(Jia) was determined using an FC300B Na™-selective electrode (Hanna
Instruments, USA). The electrode readings were calibrated by titration
of the experimental assay with 0.01 M HCl: 0.1 M KClI or with 0.1 M
NaCl. All electrodes were connected to an HI 5222 pH/ISE/ORP-meter
(Hanna Instruments, USA) [13,27]. The pH sensitivity of the sodium
flux was tested with the calibration at pH 7.0-9.0 (Supplementary
Fig. 1).

To understand the role of H™-ATPase, cells were treated for 15 min
with the 0.5 mM N, N-dicyclohexylcarbodiimide (DCCD, 0.1 M stock in
ethanol, specific inhibitor of H"-ATPase). DCCD-sensitive ion fluxes
were calculated as the difference between total ion fluxes and the cor-
responding fluxes measured after DCCD treatment. Positive values
indicate net ion efflux, whereas negative values indicate net ion uptake.
All results were expressed in mM ion min~! 10° CFU! [13]. The
DCCD-sensitive Nat/H" and K*/H" exchange ratios were calculated
from the corresponding DCCD-sensitive fluxes [13]. The ion exchange
balance (I') was calculated as the ratio of the sum of the DCCD-sensitive
Na' and H' effluxes to the absolute value of the DCCD-sensitive K"
influx.

2.4. Intracellular pH determination

Cells from 50 mL exponential growth phase culture were harvested
using centrifugation at 3500xg for 15 min using Sorvall LYNX 6000
Ultrafast centrifuge (Thermo Scientific, USA). The cell pellet was
washed with distilled water and centrifuged at 3160xg for 10 min at 4 C
(LMC-4200R, Laboratory Refrigerated Centrifuge, Biosan, Latvia).
Resulting pellets were resuspended in 2-3 mL 50 mM sodium citrate
buffer (pH 3.0) and used immediately for experiments. Intracellular pH
was determined using spectrofluorometer (Cary Eclipse Fluorescence
Spectrometer, Agilent Technologies, USA) by monitoring the decrease in
fluorescence of 9-aminoacridine upon its uptake by yeast cells with
extinction at 339 nm and emission at 460 nm [28]. The dye uptake was
induced by exposing 30 pL cells to 2970 pL external buffers of varying
pH (100 mM Tris-HCI, pH 3.0-9.0) containing 10 nM 9-aminoacridine in
1sm quartz cuvettes. A decrease in fluorescence corresponds to
increased accumulation of 9-aminoacridine inside the cells, which oc-
curs when the external pH is higher than the intracellular pH, creating a
transmembrane pH gradient that drives dye uptake. The linear curve
fitting was performed by plotting the external buffer pH values against
the fluorescence quenching. The intracellular pH (pH;,) determined
from the point on the fitted curve that produced zero quenching.
Transmembrane proton gradient (ApH) was calculated as the difference
between pHj, and cultivation medium pH (pHgye) [28]. Curve fitting and
calculations were carried out using Microsoft Excel 2026 and GraphPad
Prism 8.0.2 software (GraphPad Software, Inc., San Diego, California,
USA) [29,30].

2.5. Intracellular ATP measurement

Mid-logarithmic growth phase cells (10° CFU mL™!) were harvested
using centrifugation at 3500xg for 10 min (LMC-4200R, Laboratory
Refrigerated Centrifuge, Biosan, Latvia). Cell pellet was washed using
sterile double distilled water. Intracellular ATP levels were measured
using ATP assay bioluminescence kit (MAK473, Sigma Aldrich, Ger-
many) and white opaque flat-bottom 96-well plates (Greiner Bio-One,
US) by following manufacturer instructions. The method is based on
the immediate reaction of released intracellular ATP followed by cell
lysis and substrate, D-luciferin, in the presence of luciferase [31].
Luminescence was recorded using Tristar 3 Multimode Reader (Berthold
Technologies GmbH & Co0.KG, Germany). ATP concentrations were
determined using a standard curve generated with known ATP standards
provided in the kit and expressed in pmols per 10® CFU [31].
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2.6. Chemicals and data analysis

Glucose, peptone, agar, yeast extract, Tris (Carl Roth GmbH, Ger-
many), and other chemical compounds of analytical grade (>98%) were
used in this study.

Each data point represents the mean value of at least three inde-
pendently grown cultures, with a standard deviation of less than 3%.
Statistical analysis was performed using GraphPad Prism 8.0.2 software
(GraphPad Software, Inc., San Diego, California, USA) with a 2-way
ANOVA Tukey test [32]. The graphical working model was prepared
using BioRender (BioRender.com; 2026).

3. Results

3.1. The influence of AA on growth and extracellular physicochemical
parameters depending on the oxygen availability and S. cerevisiae strain

The results first investigate the concentration-dependent influence of
AA on specific growth rate of two S. cerevisiae strains (ATCC 9804 and
ATCC 13007, respectively) during cultivation under aerobic and
oxygen-limited conditions. AA shows strain-; concentration- and
oxygen-dependent inhibition of yeast growth (Fig. 1).

10 mM AA inhibits the growth of S. cerevisiae ATCC 13007 strain by
1.2-fold under aerobic conditions while the growth rate of ATCC 9804
remains unchanged. 20 mM AA inhibits the growth of S. cerevisiae ATCC
9804 and 13007 strains by 1.2-fold under both aerobic and oxygen-
limited conditions. High concentration of AA resulted in dramatic in-
hibition of both strains growth rates. At 50 mM, AA is highly toxic to
both strains, with a stronger impact on specific growth rate under
oxygen-limited than aerobic conditions. Thus, 50 mM AA exposure re-
sults inhibition of S. cerevisiae ATCC 9804 strains by 2.8- and 3.8-fold
during cultivation under aerobic and oxygen-limited conditions,
respectively. In contrast, the growth rate of S. cerevisiae ATCC 13007
strain is inhibited by 6.0- and 27.0-fold under the same conditions.

AA exposure effect on extracellular pH and ORP dynamics were
monitored during S. cerevisiae ATCC 9804 and ATCC 13007 growth
under aerobic and oxygen-limited conditions. At the start of cultivation,

047 W Control [1 10 mM AA [ 20 mM AA ] 50mM AA

ns

1
# ##

I_C e,
= 0.31
= 0 - exe
d; = . ok o *kk
-E = £ — *"’ﬂ
& s
t 02
)
1
o
L2
=
5 ot
S 01 e
()
s
0.0- H -

S. cerevisiae S. cerevisiae S. cerevisiae S. cerevisiae

_ ATCC 9804 ATCC 13007 = ATCC 9804 ATCC 13007
Aerobic Oxygen-limited

Fig. 1. The impact of 10-50 mM acetic acid (AA) on the specific growth rate of
S. cerevisiae ATCC 9804 and ATCC 13007 during cultivation under aerobic or
oxygen-limited conditions at pH 3.0. Statistical comparisons have been made
relative to the control (marked with asterix) or between two strains (marked
with pound sign); Statistical significance shown as N = 3; *p < 0.05; ##p <
0.01, ***p < 0.001, ns — not significant.
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the medium exhibited a pH of ~3.0 and an ORP of ~140 mV (Fig. 2). As
growth progressed, a gradual decrease in ORP was observed, coinciding
with the exponential growth phase. The highest drop in ORP (~95-
115 mV) occurred at the 72 h of growth under aerobic growth (Fig. 2A
and B) and at the 24 h of growth under oxygen-limited (Fig. 2C and D)
conditions, after which ORP was increased, which correlates with the
decrease in OD (data not shown). 10 mM AA has no influence on ORP
dynamics of S. cerevisiae ATCC 9804 in both aerobic and oxygen-limited
conditions, while the maximal ORP drop (~80 mV) decreased during
10 mM AA-exposed S. cerevisiae ATCC 13007 growth under aerobic and
oxygen-limited conditions. Thus, 10 mM AA exposure effect on ORP
dynamics is not oxygen dependent. Redox potential is closely linked to
the metabolic pathways of microorganisms, particularly under anaer-
obic fermentation conditions. It plays an important role in substrate
utilization and in directing the formation of specific metabolites. 20-
50 mM AA not only reduces the ORP but resulted time-dependent
changes in ORP decrease dynamics compared to control, especially,
under oxygen-limited conditions (Fig. 2C and D). In parallel, extracel-
lular pH decrease monitored only at the early stages of aerobic growth,
with maximum pH drop (~0.6 in S. cerevisiae ATCC 9804 culture and
~0.3 in S. cerevisiae ATCC 13007 culture) detected at 6th hour,
following rapid recovery started from 24th hour (Fig. 2A and B). In
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contrast, no substantial decrease in extracellular pH were monitored
under oxygen-limited condition independent on strain and AA
concentration.

Consistent with these observations, the results (Fig. 3) indicate a
time-dependent change in medium osmolality strongly influenced by
both the strain used and oxygen availability during growth. Moreover,
AA alters the dynamics of medium osmolality changes. Interestingly, 10-
20 mM AA stress conditions facilitate up to 1.2-fold higher osmolality at
24 h of aerobic growth compared to control conditions. Consequently,
the medium osmolality increased up to 96th h of growth with maximum
osmolality (626.0 + 10.0 mOsm kg~ ') detected during aerobic growth of
S. cerevisiae ATCC 9804 (Fig. 3A) under control condition. 10 mM AA
exposure at the same conditions resulted in 1.2-fold reduction of me-
dium osmolality, while 20 - 50 mM AA reduces medium osmolality by
~1.5-fold. S. cerevisiae ATCC 13007 showed similar medium osmolality
changes dynamics (Fig. 3B).

Medium osmolality increased to a maximum of 606 + 20 mOsm kg~
(ATCC 13007) and 579.0 + 8.0 mOsm kg71 (ATCC 9804) at 72-96 h
during oxygen-limited growth (Fig. 3B-D) similarly to aerobic condi-
tions, followed by a decrease thereafter. 20-50 mM AA stress conditions
resulted in time-dependent changes in osmolality. Thus, the maximal
osmolality drops (~95 mOsm kg~ for ATCC 9804 and 64-145 mOsm
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Fig. 2. Monitoring oxidation-reduction potential (ORP) and extracellular pH (pH,y:) changes dynamics during the growth of S. cerevisiae ATCC 9804 (A; C) and ATCC
13007 (B; D) strains exposed to 10-50 mM AA cultivated under aerobic (A; B) or oxygen-limited conditions (C; D) at pH 3.0. N = 3.
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Fig. 3. Extracellular osmolality changes during growth of S. cerevisiae ATCC 9804 (A; B) and ATCC 13007 (C; D) cultivated under aerobic (A; C) or oxygen-limited (B;
D) conditions upon exposure to 10-50 mM AA at pH 3.0. N = 3; Statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001, ns — not significant) is marked with
asterix and denotes comparisons between the indicated time point and the immediately preceding time point within the same condition. Statistical significance
(*p < 0.05; **p < 0.01; **#p < 0.001) between different conditions is marked with pound sign and denotes comparisons between the value of AA-treated group to

the control group from inditical time points.

kg~! for ATCC 13007) were detected at 24th h of oxygen-limited growth
upon exposure to 20-50 mM AA, while in control and 10 mM AA-
exposed culture, the minimal osmolality detected at 6th h of growth.

3.2. Ion flux rate changes under AA stress depending on growth
conditions

Ion fluxes were determined across the intact plasma membrane of
S. cerevisiae ATCC 9804 and 13007 cells cultivated under aerobic or
oxygen-limited conditions in control or upon AA-treated conditions.
Results show that total Jif was ~7.0 and ~14.0-fold higher in
S. cerevisiae ATCC 9804 and ATCC 13007 strains, respectively, culti-
vated under oxygen-limited conditions compared to aerobic growth
under control conditions (Fig. 4). Despite total Jy;, remaining constant
independently of oxygen availability, under the same conditions DCCD-
sensitive Jyj, was 7.0-13.0-fold higher than the same value obtained
under aerobic conditions. Meanwhile, total and DCCD-sensitive
J¢ exhibited no significant variations depending on oxygen availability.

10-50 mM AA induces concentration-dependent stimulation of

Ji; systems in both S. cerevisiae ATCC 9804 and ATCC 13007 strains
during aerobic growth but not under oxygen-limited growth (Fig. 4).
Thus, 10 mM AA stimulates total Ji in S. cerevisiae ATCC 9804 and ATCC
13007 by respectively 5.0- and 4.0-fold (Fig. 4A; C), while 20-50 mM AA
exposure results in 9.0-10.0-fold increase in total Ji for the same con-
ditions. In addition to increasing total Ji;, AA exposure also enhances the
contribution of DCCD-sensitive Jii. At 10 mM AA, DCCD-sensitive
Ji; increased by ~30% in S. cerevisiae ATCC 9804, whereas the same
concentration resulted in a ~200% increase in S. cerevisiae ATCC 13007.
Meanwhile. total Jf; remains relatively stable during AA exposure under
oxygen-limited conditions (Fig. 4B-D): 10 and 20 mM AA exposure re-
sults no significant change in total Jij of S. cerevisiae ATCC 9804, and
only 50 mM AA treatment increased total Ji; by ~20%, however, the
DCCD-sensitive Jij increased during AA exposure in S. cerevisize ATCC
9804 cultivated under oxygen-limited conditions, showing an approxi-
mately linear increase across the tested AA concentrations (Fig. 4B). In
contrast, total and DCCD-sensitive Jij increased by ~40% and 60%,
respectively, in S. cerevisiae ATCC 13007 under 10 mM AA stress con-
ditions and further increase of AA concentration decrease total and
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significance: N = 3, *p < 0.05; **p < 0.01; ***p < 0.001, ns - not significant.
DCCD-sensitive Ji; (Fig. 4D), which correlates with decrease in specific
growth rate (Fig. 1).

Exposure to 10 mM AA results in non-significant changes in total Jia,
regardless of strain or oxygen availability. However, the DCCD-sensitive
Jia increases 2.5-fold in S. cerevisiae ATCC 9804 and 3.5-fold in
S. cerevisiae ATCC 13007, while under oxygen-limited conditions, the
DCCD-sensitive Jy;, shows no significant changes in either strain. Total
Jiia increases by 60-110% under 20-50 mM AA stress conditions in
S. cerevisiae ATCC 9804 and ATCC 13007 strains. Remarkably, DCCD-
sensitive Jyj, increases during AA exposure in S. cerevisiae ATCC 9804
cultivated under aerobic conditions, showing an approximately directly
proportional dependence on AA concentration (Fig. 4A). DCCD-sensitive
Jia increased across the tested AA concentrations, with a nonlinear
pattern in ATCC 13007 (Fig. 4C). In contrast, total Ji, has no significant
changes upon 10-50 mM AA exposure of S. cerevisiae ATCC 13007 cells
cultivated under oxygen-limited conditions (Fig. 4D). However, DCCD-
sensitive Jy, increase by 3.8- and 7.0-fold during growth of the same
strain under respectively 20 mM and 50 mM AA stress conditions at pH
3.0. 20 and 50 mM AA exposure results up to 1.5-2.5-fold increase of
total and DCCD-sensitive Ji, (Fig. 4C).

Likewise, 10 mM AA exposure results 40% and 60% increase in total

Ji of S. cerevisiae ATCC 9804 cultivated under respectively aerobic and
oxygen-limited conditions (Fig. 4A; B). On the other hand, DCCD-
sensitive Ji increases by ~30% during 10 mM AA exposure under aer-
obic conditions. 20-50 mM AA exposure results in 2.5- and 1.8-fold in-
crease of total J§ in S. cerevisiae ATCC 9804 cultivated under aerobic
conditions, while DCCD-sensitive J increased by ~60% during 20 mM
and by ~30% during 50 mM AA exposure under the same conditions
(Fig. 4A). 10 mM AA exposure results in non-significant changes of total
and DCCD-sensitive Jg in S. cerevisiae ATCC 13007 under both aerobic
and oxygen-limited conditions (Fig. 4C; D). Exposure of S. cerevisiae
ATCC 13007 cells to 20 mM AA has district phenotypes depending on
oxygen availability during growth: under aerobic conditions total and
DCCD-sensitive Ji; increases by respectively 70% and 40%, while under
oxygen-limited conditions total J§ remains unchanged and DCCD-
sensitive Ji increases by only by ~30%. 50 mM AA seriously impairs
potassium transport systems in either strain, resulting in relative decline
of total and DCCD-sensitive Ji. The same tendency was shown under
oxygen-limited growth of S. cerevisiee ATCC 9804 with inhibition
observed starting from 20 mM.

Under aerobic conditions, AA progressively increased the DCCD-
sensitive Na'/H" ratio, whereas the magnitude of the K'/H" ratio
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decreased with increasing AA concentration (Fig. 5A and B). These
changes indicate a shift from K* uptake relative to H' efflux toward
greater Na™/H" exchange under increasing AA stress. Under oxygen-
limited conditions, ATCC 9804 displayed a markedly higher basal
Na®/H" ratio than under aerobic growth, whereas the ratio in ATCC
13007 was comparatively lower (Fig. 5A and B). At 10 mM AA, the Na*/
H' ratio remained relatively stable in both strains, but increased at
20 mM AA. At 50 mM AA, the ratio decreased in ATCC 9804 but
continued to increase in ATCC 13007, indicating strain-specific re-
sponses to severe AA stress. In contrast, the DCCD-sensitive K*/H™ ratio
was substantially lower under oxygen limitation and declined further in
ATCC 9804 at higher AA concentrations, while remaining relatively
stable in ATCC 13007.

To place the observed ion-flux responses in the context of established
molecular mechanisms of AA tolerance, the reported regulation and
functional roles of major yeast ion transporters and AA-responsive reg-
ulators were compiled from the literature (Table 2). These include
Pmal/2, Vmal, Nhal/Nhx1, Trk1/2 and Tok1, as well as AA-responsive
regulatory and acetate transport systems. The literature summarized in
Table 2 indicates that the regulation of ion-homeostasis systems during
AA stress is strongly dependent on growth and oxygen conditions. Thus,
the observed changes in ion fluxes likely reflect coordinated remodeling
of multiple transport processes rather than activation of a single
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transporter. This interpretation is consistent with our previous obser-
vation that respiratory metabolism can enhance AA tolerance [33].

3.3. Intracellular pH, transmembrane pH gradient and intracellular ATP
level changes under AA stress depending on growth conditions

Intracellular pH (pHj,) and transmembrane pH gradient (ApH) were
determined in mid-exponential growing S. cerevisiae ATCC 9804 and
ATCC 13007 exposed to increasing AA concentrations (10-50 mM)
cultivated under aerobic and oxygen-limited conditions. Results indicate
that both strains exhibited intracellular pH values between 6.20 and
6.30 and positive transmembrane pH gradients of 3.20-3.30, which
were comparable under both growth conditions (Fig. 6).

S. cerevisiae ATCC 9804 maintained an intracellular pH of
6.30 + 0.10 in control and in the presence of 10 mM AA under aerobic
conditions (Fig. 6A). At higher AA concentrations, intracellular pH
decreased to 6.00 + 0.05 at 20 mM AA and to 5.9 £ 0.03 at 50 mM AA.
The corresponding transmembrane pH gradients (Fig. 6C) declined from
3.3+ 0.02 in control to 3.0 £ 0.02, 2.7 £ 0.02, and 2.6 £ 0.02 at 10, 20,
and 50 mM AA, respectively. S. cerevisiae ATCC 13007 showed a similar
trend; however, a decrease in intracellular pH of approximately 0.4 units
was already observed at 10 mM AA, whereas no significant change was
detected in ATCC 9804 at this concentration. The largest decrease in
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Fig. 5. DCCD-sensitive Na*/H" and K*/H" ratios (A; B) and ion exchange balance, I" (C; D) in S. cerevisiae ATCC 9804 (A; C) and ATCC 13007 (B; D) cells cultivated
under aerobic or oxygen-limited conditions upon exposure to 10-50 mM AA. The DCCD-sensitive Na*/H" and K*/H" exchange ratios were calculated from the
corresponding DCCD-sensitive fluxes. The ion exchange balance (I') was calculated as the ratio of the combined DCCD-sensitive Na™ and H" effluxes to the absolute
value DCCD-sensitive K* influx (For more see Materials and methods). N = 3, Statistical significance, *p < 0.05; **p < 0.01; ***p < 0.001, ns - not significant.
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intracellular pH (~0.6) was observed in ATCC 13007 under 50 mM AA
during aerobic growth (Fig. 6A). In parallel, ApH decreased from
3.20 + 0.03 in control cultures to 2.80 + 0.02, 2.70 + 0.02, and
2.60 + 0.02 at 10, 20, and 50 mM AA, respectively.

Intracellular pH and transmembrane proton gradient (ApH)
decreased progressively with increasing AA concentration in both
strains under oxygen-limited conditions as well (Fig. 6B; D). In
S. cerevisiae ATCC 9804, pHj, declined from 6.20 + 0.06 in control
culture to 6.00 + 0.05 at 10 mM AA, 5.80 + 0.05 at 20 mM AA, and
5.70 + 0.05 at 50 mM AA. The corresponding ApH (3.20 + 0.03 in
control) decreased by ~0.6 at 50 mM AA. Similar decreases in intra-
cellular pH and ApH were observed in ATCC 13007 grown under
oxygen-limited conditions. Overall, increasing AA concentrations were
associated with a progressive reduction in intracellular pH and ApH in
both S. cerevisiae strains under both aerobic and oxygen-limited condi-
tions, with intracellular pH values consistently higher in ATCC 9804
than in ATCC 13007 across most conditions.

Next, our study focuses on intracellular proton concentration
([H"]jn) calculated from measured pHj, values in S. cerevisiae ATCC
9804 and ATCC 13007 under aerobic or oxygen-limited conditions
(Table 1). Results indicate that under control conditions, independent of
oxygen availability, intracellular protons concentration in both strains

Table 1
Intracellular proton concentrations (uM) during AA stress in S. cerevisiae cells
grown at pH 3.0 under aerobic or oxygen-limited conditions. N = 3.

S. cerevisiae ATCC 9804

Control 10 mM AA 20 mM AA 50 mM AA
aerobic growth  0.50 + 0.01 0.50 + 0.01™ 1.00 + 1.26 +
0.05%** 0.03***
oxygen limited  0.63 + 0.03**  1.00 + 1.58 + 2.00 +
growth 0.05%** 0.06%** 0.05%**

S. cerevisiae ATCC 13007

Control 10 mM AA 20 mM AA 50 mM AA
aerobic growth  0.63 & 0.03 1.58 + 2.00 + 2.51 +
0.057‘5‘*7’( 0'07'!(7‘:’,‘: 0'12'!(7‘:’,‘:
oxygen limited  0.63 & 0.04™ 1.26 + 2.00 + 2.51 +
growth 0.07%** 0.10%** 0.14%**

Statistical comparisons have been made relative to the control (marked with
asterix) or between two control groups grown under aerobic or oxygen-limited
conditions (marked with pound sign); Statistical significance shown as *#p <
0.01; ***p < 0.001, ns — not significant.

cytoplasm ranged from 0.5 to 0.6 pM and AA treatment results up to 4.0-
fold increase in intracellular proton concentration reaching up to
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Table 2
Reported key transcriptional regulators and transport-related genes involved in acetic acid stress response and adaptation.
Gene Expression Gene product function Expression conditions tested Reference
Transcriptional haal Expressed/Active master transcription factor of AA response toxic levels of AA, early adaptation phase; pH  [34]
factors genes 3.5-4.5; aerobic batch culture
hrk1 Expressed/Active plasma membrane H"-ATPase (Pmal) and sub-lethal or lethal toxic acetic acid levels, pH [91
ion exchangers, e.g. Nhal activation, 3.5-4.5, aerobic batch culture
intracellular pH and membrane potential
control
hogl Expressed/Transiently osmotic and general stress response/triggers  acute or high, toxic concentrations of acetic [35-37]
Phosphorylated (Activated) endocytosis and degradation of the FPS1 acid or acetate, pH 4.0-4.5; aerobic to oxygen-
aquaglyceroporin channel to restrict passive  limited batch culture
influx of undissociated AA
pdrl Expressed upregulates ATP-binding cassette efflux industrial fermentation or minimal media [34]
pumps to remove lipophilic stressors and supplemented with severe organic acid,
toxic anions. ethanol, or xenobiotic shocks, pH 3.5 - 4.5;
aerobic, anaerobic, or oxygen-limited; batch
and continuous cultures
Acetate tpo2/ upregulated acetate efflux Mineral media containing severe [5]
detoxification 3 concentrations of acetic acid (e.g., 50 mM
and export genes agrl downregulated Acetate transporter, multidrug resistance acetate). pH 4.0; aerobic batch culture.
ady2 downregulated by glucose; Acetate/monocarboxylate transporter; ethanol, glycerol, or post-adaptation media [38]
expressed/upregulated under active uptake of acetate anion with weak organic acids; pH 4.0 - 5.5; Aerobic
non-fermentable carbon source or to microaerophilic; batch and continuous
post-adaptation culture.
jenl Downregulated by glucose; Monocarboxylate transporter (lactate, non-fermentable carbon media or when [9,39]
Upregulated during glucose pyruvate, acetate, micronutrients proton glucose drops near zero during late-stage
exhaustion/monocarboxylate symporter) processing; pH 4.0 — 5.0; aerobic batch culture
growth
Ion homeostasisand ~ pmal/ upregulated/essential plasma membrane H'-ATPase; major proton  Synthetic or industrial fermentation broth [5,9]
PH;, regulation 2 pump during exposure to weak organic acid stress;
PH 3.0 - 4.5; Aerobic to oxygen-limited; Batch
and continuous culture
vmal Expressed/Essential catalytic subunit (A) of the V-type H*- organic acid-stressed fermentation media; pH [40,41]
ATPase; pumps cytosolic protons into the 3.0 - 4.5; aerobic to anaerobic; batch and
vacuole to safeguard intracellular neutral pH  continuous culture
trk1/2 Expressed high-affinity potassium transporters; work Potassium-depleted media or during active [91
with HRK1 to drive active K" accumulation,  proton stress caused by weak organic acids; pH
offsetting the proton-induced depolarizing 3.5 — 4.5; aerobic batch culture
drop in membrane potential.
tok1 Expressed outward-rectifying potassium channel; acts chemically induced stress, high external [42]
as an electrical safety valve, releasing potassium, or deep weak organic acid
intracellular K" to balance sudden adaptation; pH 4.0 — 6.0; aerobic to oxygen-
membrane depolarizations or severe acid limited batch culture
shocks
nhal Expressed/Co-regulated by HRK1 plasma membrane Na*,K"/H" antiporter; Synthetic media under potassium/sodium [91
exports excessive alkali cations to preserve limitation or weak acid stress; pH 3.5 - 4.0;
cell volume and control plasma membrane aerobic; batch and continuous culture
electrochemical potential under low pH.
nhx1 Expressed/Dominant in endosomal/vacuolar Na*, K"/H" exchanger; Salt-stressed or weak organic acid-stressed [9,43]

intracellular pH control

counteracts V-ATPase’ proton accumulation
inside compartments to adjust vesicular pH
and salt tolerance

minimal/rich media; pH: pH 3.0 - 4.5; aerobic
or anaerobic; batch culture

~2.5 pM in 50 mM AA exposed S. cerevisiae ATCC 13007 cells. 10 mM
AA treatment under aerobic conditions results in no significant changes
of intracellular proton concentration of S. cerevisiae ATCC 9804 cells
which correlate with no significant changes in specific growth rate
under the same conditions (Fig. 1). Instead, 10 mM AA increases protons
intracellular concentration by ~1.0 pM in S. cerevisiace ATCC 13007
under same conditions. 20-50 AA treatment increases [H'1i, by 0.5-
0.8 pM in ATCC 9804 and by 1.4-1.9 pM in ATCC 13007 under aerobic
conditions. Even though small changes in intracellular pH, [H'];, study
shows significant differences in intracellular acidification depending on
oxygen availability. Thus, under oxygen-limited conditions, 10 mM AA
already results in 1.6- and 2.0-fold increase of [H iy in S. cerevisiae
ATCC 9804 and ATCC 13007 strains, respectively. Furthermore, 20-
50 mM AA results in ~3.0- and ~4.0-fold increase of [H' ], for the same
strains, respectively.

Intracellular ATP levels were strongly dependent on AA concentra-
tion, oxygen availability, and strain (Fig. 7). S. cerevisiae ATCC 9804
exhibited a progressive increase in intracellular ATP at 10 and 20 mM
AA under aerobic conditions (Fig. 7A). Thus, ATP levels increased by

approximately ~25% at 10 mM and ~50% at 20 mM AA relative to
control (~833 pmol per 10 CFU). At 50 mM AA, ATP level decreased to
~926 pmol per 10° CFU. In ATCC 13007, the control culture showed a
higher basal ATP level (~1355 pmol per 10 CFU). ATP level increased
to ~1521 pmol per 106 CFU at 10 mM AA, whereas 20 and 50 mM AA
resulted in lower ATP levels, with up to 30% decrease in intracellular
ATP level at 50 mM AA exposure relative to control.

Under oxygen-limited conditions, both strains showed higher basal
intracellular ATP level compared to aerobic conditions (Fig. 7B). ATP
level increased by ~50% and ~65% in ATCC 9804 at 10 and 20 mM AA
stress conditions, respectively. At 50 mM AA, ATP level changes were
like those observed under aerobic conditions, with pronounced decline
compared to 20 mM AA stress condition. ATP level increased by only
~20% in ATCC 13007 cells during oxygen-limited growth under 20 mM
AA exposure, while 50 mM AA caused a dramatic ATP depletion, with
intracellular ATP falling to ~276 pmol per 10° CFU or ~80% below the
control level (Fig. 7B).

Overall, moderate AA concentrations, particularly 20 mM, stimu-
lated intracellular ATP accumulation in both strains, which correlates
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Fig. 7. Changes in intracellular ATP levels in S. cerevisiae ATCC 9804 and ATCC
13007 strains exposed to AA stress during aerobic (A) or oxygen-limited (B)
growth. Statistical comparisons have been made relative to the control (marked
with asterix) or between two strains (marked with pound sign); Statistical
significance shown as *##p < 0.001; *p < 0.05; **p < 0.01; ***p < 0.001, ns —
not significant, N = 3.

with increased DCCD-sensitive proton flux. The strongest response
observed in ATCC 9804 under oxygen-limited conditions, while under
same conditions, ATCC 13007 showed only minimal increase in ATP
level. In contrast, severe AA stress at 50 mM resulted in substantial ATP
depletion, most prominently in ATCC 13007 under oxygen limitation.

4. Discussion

Weak organic acids, such as AA, impose multifactorial stress on
S. cerevisiae, affecting growth, intracellular pH homeostasis, redox bal-
ance, and ion transport. While AA toxicity has been extensively studied
[9,33,44], comparatively limited data are available concerning how
oxygen levels modulate these responses at the level of ion fluxes and
intracellular proton handling. We investigated the effects of AA on the
ion fluxes across plasma membrane and intracellular acidification pat-
terns in S. cerevisiae to elucidate strain-specific and oxygen-dependent
mechanisms of AA tolerance.

Our results demonstrate that AA toxicity strongly depends on both
strains background, AA concentration and oxygen availability.
S. cerevisiae ATCC 9804 exhibited higher tolerance to AA than ATCC
13007, especially under aerobic conditions (Fig. 1). The combined ion-
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flux and ATP data indicate that oxygen availability does not simply alter
the individual transport processes but changes their coordination. Under
aerobic conditions, AA stress was accompanied by a strong increase in
DCCD-sensitive proton efflux, consistent with increased ATP-dependent
proton extrusion. Under oxygen limitation, basal proton flux was
already elevated, while increasing AA concentration produced a smaller
increase in total proton flux and a progressive redistribution between
DCCD-sensitive and DCCD-insensitive components. At the same time,
K*/H' coupling declined and the ion exchange balance increased,
indicating that proton efflux was no longer efficiently coordinated with
Kt uptake. Thus, oxygen limitations appear to reduce the capacity to
maintain coordinated ion transport as AA stress increases, rather than
simply suppressing individual transporters.

Oxygen limitation markedly stimulates AA toxicity in both strains,
particularly at high AA concentrations. Despite aerobic fermentation in
Crabtree-positive yeast, oxygen availability substantially mitigated AA
toxicity due to facilitating of the heme, sterols and unsaturated fatty
acids synthesis, promoting cell growth and improving fermentative ca-
pacity [45]. The results obtained consistent with our previous data [33]
showing that yeast viability increases from fermentation-to respira-
tion-type metabolism, and that ATCC 9804 is more viable under AA
stress compared to ATCC 13007 strain.

Changes in ORP (Fig. 2) closely followed growth dynamics and were
strongly influenced by AA concentration and strain. The attenuated ORP
decrease observed in ATCC 13007 under AA stress suggests impaired
metabolic activity and redox balancing, consistent with its higher
growth sensitivity. Despite the low initial extracellular pH (~3.0) and
observed changes in specific growth rate and viability of strains, the
results showed that extracellular pH mainly remains stable with
maximum pHex drop observed at 6-24th hour of growth (Fig. 2). The
transient extracellular acidification observed during early aerobic
growth likely reflects organic acid production and proton release asso-
ciated with metabolic activity [46]. This may be attributed to the
intracellular accumulation of organic acids which balances the extra-
cellular acidity and hence helps maintain the transmembrane proton
gradient. Here, we show that AA-induced disruption of pH and redox
homeostasis [47] is strongly modulated by oxygen availability and dif-
fers markedly between strains at the level of ion fluxes.

Results indicate (Fig. 3) that similarly to extracellular redox poten-
tial, AA-induced alterations in medium osmolality reflect changes in
metabolite secretion, ion exchange, and possibly cell lysis at high AA
concentrations, particularly under oxygen-limited conditions. The
initial reduction of medium osmolality may be associated with the
depletion of glucose over time. Further increase in medium osmolality
can be attributed to glycerol biosynthesis. Earlier, it was shown [48] that
AA and acidic pH can induce glycerol synthesis, which affect ethanol
yield, while also acting as a stress-buffering agent due to its role as a
precursor for fatty acids and plasma membrane components. Indeed, our
previous results also highlight that under oxygen-limited conditions, the
S. cerevisiae ATCC 13007 strain can produce ~2.0-fold more glycerol
compared to S. cerevisiae ATCC 9804 [13]. Decrease in medium osmo-
lality at late stages can be due to fermentation products consumption
due to glucose depletion [3,49]. Changes in extracellular ORP and
osmolality dynamics indicate time-resolved shift in metabolism, indi-
cating inhibitory effect of AA on metabolic activity of strains depending
on both strain type and oxygen availability. This was consistent with
earlier study [40] showing that a reduction in intracellular ATP pools,
coupled with disruptions in proton gradients under AA stress, hinders
the ATP-dependent symport of nutrients.

Monovalent ions play a crucial role in adaptation to stress conditions
via regulation of distinct physiological parameters such as cell volume,
plasma membrane potential, and intracellular pH [50,51]. While indi-
vidual ion transporters involved in AA tolerance have been studied, how
oxygen availability modulates the balance of ion fluxes across the
plasma membrane remained unexplored. Here, we show that
AA-induced pH stress is fundamentally reshaped by oxygen availability,


https://www.sciencedirect.com/topics/food-science/unsaturated-fatty-acid
https://www.sciencedirect.com/topics/food-science/unsaturated-fatty-acid

G. Azbekyan et al.

resulting in strain-specific reorganization of Na™, K™, and H' fluxes. The
study investigates pronounced stimulation of proton efflux systems
under AA stress, particularly during aerobic growth (Fig. 4A; C). AA
exposure led to strong, concentration-dependent increases in total and
DCCD-sensitive Jj;. Because Pmal is the major plasma-membrane
H'-ATPase in S. cerevisiae, this response is consistent with increased
Pmal-dependent proton efflux, although transporter-specific activity
was not directly measured in the present study. This interpretation is
consistent with previous studies identifying the upregulation of Pmal,
as a major plasma-membrane H pump required for intracellular pH
control during weak-acid stress, and Vmal, which contributes to intra-
cellular proton import to vacuoles (Table 2). Hrkl has also been re-
ported to regulate Pmal and ion-exchange systems during AA stress,
providing an additional regulatory component that may contribute to
the increased proton extrusion observed here [5,9]. Our data reveal that
AA stress triggers a disproportionate increase in DCCD-sensitive J,
particularly under aerobic conditions, indicating a strain-specific ener-
getic burden associated with Pmal activation [9]. This response was
more pronounced in ATCC 13007, indicating a greater reliance on
ATP-dependent proton extrusion under AA stress. However, the ATP
measurements (Fig. 7) suggest that the higher DCCD-sensitive H' flux
observed in ATCC 13007 combined with relatively lower ATP levels
under stress conditions compared to ATCC 9804 strain, may represent a
greater energetic burden rather than a more efficient adaptive response.
Furthermore, 7.0-14.0-fold higher total Ji; (Fig. 4B; D), observed under
oxygen-limited conditions, may reflect partial membrane damage or
lipid rearrangement induced by acidic pH and oxygen-limitation, which
inhibit cell membrane reconstruction. The pronounced increase in
Jii under oxygen limitation suggests compromised membrane organi-
zation, consistent with previous studies showing impaired sterol- and
sphingolipid-dependent compartmentalization of Pmal under AA stress
[7,9,52]. On the other hand, it was shown that AA stress can decrease
the ergosterol content [53] and alter sphingolipid content [54], affecting
cell fate, protein trafficking, signaling pathways and membrane
permeability.

Although total Ji; remained relatively constant despite increasing AA
concentrations, under oxygen-limited conditions, the DCCD-sensitive
Jii increased. This pattern suggests a redistribution of proton transport
mechanisms rather than a net increase in proton efflux capacity. To
mitigate the effects of AA stress, yeast cells trigger the ATP-dependent
efflux of protons and acetate from the cell [9]. Given that plasma
membrane proton pumping is ATP-dependent, this shift is expected to
increase cellular energy demand and require enhanced ATP availability
to sustain pH and ion homeostasis. Whether cells can meet this increased
energetic demand may therefore represent an important determinant of
AA tolerance and may contribute to the observed reduction in growth,
especially at high AA concentration, as was shown in Fig. 1, which
highly correlated with literature data [9]. The inability of ATCC 13007
to further increase Jf; under oxygen limitation during 50 mM AA
treatment (Fig. 4D) may contribute to the greater intracellular acidifi-
cation, which correlates with growth inhibition observed under these
conditions.

To directly assess whether the altered proton transport observed
under AA stress was associated with changes in cellular energy status,
intracellular ATP levels were quantified (Fig. 7). The ATP response
revealed a concentration-, strain-, and oxygen-dependent pattern. Under
aerobic conditions. The increase in ATP under moderate AA stress is
consistent with the enhanced DCCD-sensitive H' efflux observed in
Fig. 4 and supports the interpretation that active proton extrusion im-
poses an increased energetic demand during AA adaptation. In partic-
ular, the pronounced increase in ATP levels in ATCC 9804 can meet the
energy requirements associated with proton pump activity and ion ho-
meostasis. Conversely, ATCC 13007 cells maintained lower ATP levels
under stress conditions compared to ATCC 9804, which may account for
their inefficient proton homeostasis and subsequent failure to resist
stress.
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ATP depletion suggests failure of this energetic compensation, which
may contribute to may contribute to impaired maintenance of ion and
pH homeostasis and ultimately to loss of metabolic activity [55,56]. At
50 mM AA, intracellular ATP declined in both strains, with the strongest
depletion observed in ATCC 13007 under oxygen-limited conditions.
This severe depletion coincided with the strong inhibition of growth
(Fig. 1), impaired ion transport (Figs. 4 and 5), and pronounced intra-
cellular acidification (Fig. 6) observed under the same conditions. These
results suggest that, beyond a threshold of AA stress, the energetic cost of
maintaining proton and ion homeostasis may exceed the capacity of
cellular ATP-generating pathways. The particularly severe ATP deple-
tion in ATCC 13007 may therefore contribute to its lower capacity to
sustain ATP-dependent proton extrusion and ion homeostasis under
oxygen limitation, helping to explain its greater intracellular acidifica-
tion and growth inhibition. Conversely, ATCC 9804 maintained ATP
levels close to or above the control level even under 50 mM AA, sug-
gesting a greater capacity to preserve energetic homeostasis during se-
vere AA stress.

AA exposure induced marked changes in Jy, and J§ fluxes, revealing
a substantial reorganization of ion homeostasis. This correlates with the
previous studies showing that failure to maintain pH homeostasis has a
serious impact on the generation of the proton gradients required for
proper potassium transport and distribution [12]. Total J§, increases by
60-110% under 20-50 mM AA stress conditions in S. cerevisiae ATCC
9804 and ATCC 13007 strains (Fig. 4). 50 mM AA seriously impairs
potassium transport systems in either strain, resulting in relative decline
of total and DCCD-sensitive ion flux. Thus, AA stress altered the coor-
dination between Na®, K', and H' transport, with the strongest
disruption occurring when oxygen limitation was combined with high
AA concentration.

Results show (Fig. 5) that exposure of both strains resulted dose-
dependent changes in ion flux ratios across the plasma membrane. AA
treatment increased the DCCD-sensitive the Na*/H" ratio in both strains
under aerobic conditions (Fig. 5A; B) suggesting a strong stimulation of
Na™ efflux coupled with proton transport under acid stress, which was
directly proportional (R? = 0.99) to the increasing AA concentration in
S. cerevisiae ATCC 9804. This response may serve to counterbalance
increased proton influx associated with AA diffusion through cell
membrane at medium pH < pK,. The strong, dose-dependent increase in
the DCCD-sensitive Na'/H" ratio demonstrates that Na'—proton ex-
change becomes a dominant compensatory mechanism under AA stress,
particularly in ATCC 9804 suggesting that Na™/H" exchange contrib-
utes to ion and pH homeostasis under AA stress. Nhal is one candidate
transporter that may contribute to this response. This finding is consis-
tent with literature describing Nhal as a plasma-membrane Na* /K /H"
antiporter involved in maintaining ionic and pH homeostasis under
weak-acid stress, while Nhx1 has been implicated in intracellular
compartment pH regulation (Table 2) [9,43]. Besides, another Na*
exporting plasma membrane ATPase, Enal, is barely translated under
acidic pH [9]. However, the mechanisms of Nhal function during AA
stress tolerance are still uncovered and, it's believed, that the role of
Nhal and, especially its relative Nhx1, is the modulation of pHj,, by
opposing the activity of the V-type H-ATPase to alkalinize cellular
compartments [57].

Disruptions in K" homeostasis can impact on the distribution and
balance of other ions and lead to cellular dysfunction: for instance, po-
tassium has been shown to affect copper and iron metabolism [58].
Notably, Trkl, the main potassium influx system in yeast plasma
membrane, has been associated with S. cerevisiae's tolerance to AA stress,
as demonstrated by the inability of cells lacking this transporter system
to grow under these conditions [41]. In addition, Trk1/2-mediated K™
uptake and Tokl-mediated K* efflux have been described as comple-
mentary components of membrane-potential and ionic-balance control
during acid stress (Table 2) [9]. However, the regulation of Trkl is
complex and has not been characterized under AA stress yet [59]. Here
we show that AA reduced the DCCD-sensitive K*/H" ratio, indicating a
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progressive impairment of K* uptake relative to proton efflux under AA
stress. This pattern could reflect altered contributions of K+ uptake and
efflux systems, including Trk- and Tokl-mediated transport, although
the activities or expression of these individual transporters were not
directly measured. The increase in I' at higher AA concentrations in-
dicates that Na™ and H' efflux became increasingly disproportionate to
K" uptake, revealing a loss of coordinated ion exchange rather than
simply increased proton efflux. This imbalance was more pronounced
under oxygen limitation, where ATP availability and membrane orga-
nization may constrain the capacity to maintain coordinated transport.
The preservation of lower I" values under moderate stress in ATCC 9804
is therefore consistent with its greater capacity to maintain ionic and pH
homeostasis (Fig. 5C; D).

Under oxygen-limited conditions, upon exposure to 50 mM AA, the
DCCD-sensitive Nat/H™ ratio decreased in S. cerevisiae ATCC 9804,
suggesting a partial loss of Na™ efflux efficiency at this AA concentra-
tion. Increasing AA imposes a proton stress that nonlinearly uncouples
potassium uptake from proton efflux in dose-dependent manner under
oxygen-limited conditions, consistent with AA-induced collapse of ion-
transport efficiency. Interestingly, DCCD-sensitive K'/H" ratio
remained constant in S. cerevisiae ATCC 13007 under AA stress (Fig. 5B),
suggesting limited capacity or regulation of K* uptake under oxygen
limitation. Consistent with these changes, the ion exchange balance
remained constant under control and 10 mM AA conditions but
increased markedly at 20-50 mM AA, with the magnitude of the in-
crease depending on strain and oxygen availability (Fig. 5C and D).
Thus, rather than a uniform increase in proton efflux, AA stress induces a
redistribution of ion transport efficiency that is both strain- and oxygen-
dependent.

Intracellular pH and transmembrane pH gradient measurements
were consistent with progressive cytoplasmic acidification accompa-
nying the AA-induced ion-transport imbalance (Fig. 6). A reduction in
the transmembrane H' gradient is expected to alter the electrochemical
driving forces for membrane ion transport [9]. This interpretation is
consistent with the previously observed upregulation and activation of
Pmal, Vmal and Na*/H" and K' transport systems in response to AA
stress under acidic pH (Table 2). Our results showed that 50 mM AA
causes the decrease in the intracellular pH up to 5.6, which is lower than
earlier observed value in literature [46], showing that 80 mM AA causes
decrease of cytosolic pH to 5.7. This can be associated with lower
extracellular pH which leads to more AA import in the cells and corre-
sponding intracellular acidification. Notably intracellular pH below 5.2
leads to the loss of viability and metabolic activity in S. cerevisiae [46].

The cytoplasmic acidification can associate also to the disruption in
proper K'/H" transport systems as indicated by the results from Fig. 5.
Thus, earlier research revealed that to maintain balanced membrane
potential, S. cerevisiae relies on the coordination of potassium uptake
and efflux systems and disruption of high-affinity potassium uptake re-
sults in plasma membrane hyperpolarization, whereas the absence of
potassium efflux systems leads to plasma membrane depolarization
[59].

Furthermore, a decrease in transmembrane pH gradient can disrupt
membrane transport processes. To our knowledge, no direct experi-
mental measurements of membrane potential (A¥) at pH 3.0 have been
reported. Under standard conditions, the membrane potential of
S. cerevisiae cells is approximately —170 mV at pH 4.0 [60,61]. Another
study reported that decreasing the extracellular pH to 3.0 further re-
duces the membrane potential [62], resulting in an estimated value of
approximately —130 mV. The reduction in ApH observed under
increasing AA stress is expected to decrease the proton-motive contri-
bution to transmembrane ion transport and may alter the driving forces
governing K+ and Na + transport. Although membrane potential was
not directly measured in the present study, the observed changes in
K+/H+ coupling are consistent with altered electrochemical conditions
at the plasma membrane. According to the proton motive force equa-
tion, the decrease in the transmembrane pH gradient from ~3.3 to ~2.6
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observed in under oxygen-limited conditions (Fig. 6) could lead to an
additional membrane depolarization of approximately 40 mV. Alto-
gether, these estimations suggest that exposure to 50 mM AA may
depolarize the membrane to approximately —90 mV, a range that may
favor Tokl channel activation and consequently support K* efflux [62,
63].

To further quantify intracellular acidification and evaluate cyto-
plasm buffering capacity of each strain under AA stress, intracellular
proton concentration ([H']y,) was calculated from measured pHj,
values in S. cerevisiae ATCC 9804 and ATCC 13007 under aerobic or
oxygen-limited conditions (Table 1). Results revealed substantial dif-
ferences in cytoplasmic acidification between strains, AA concentra-
tions, and oxygen conditions. ATCC 9804 consistently maintained lower
intracellular proton accumulation than ATCC 13007 under comparable
conditions, particularly during aerobic growth. The absence of a
detectable increase in [H1;, at 10 mM AA in ATCC 9804 correlates with
its unchanged growth rate, suggesting effective buffering and proton
extrusion capacity. In contrast, ATCC 13007 exhibited significant in-
creases in [H']i, even at low AA concentrations, indicating limited
buffering capacity or higher proton permeability. Oxygen limitation
amplified intracellular proton accumulation in both strains.

The intracellular ATP data (Fig. 7) further supports this relationship
between energetic status and intracellular pH control. Under oxygen-
limited conditions, ATCC 9804 exhibited a pronounced increase in
ATP at 10-20 mM AA, whereas ATCC 13007 showed a much smaller
response at 10 mM AA and a lower capacity to maintain ATP under
severe stress. The dramatic ATP depletion in ATCC 13007 at 50 mM AA
coincided with the strongest intracellular acidification and growth in-
hibition observed under oxygen limitation. Thus, the ability to maintain
ATP availability may contribute to sustaining the active proton export or
vacuolar accumulation and required to limit cytoplasmatic proton
accumulation. Although ATP levels alone cannot establish a causal
relationship with intracellular pH regulation, the parallel changes in
ATP availability, proton fluxes, and intracellular pH support a close
association between cellular energy status and the capacity to maintain
pH homeostasis during AA stress.

Thus, in this study, we demonstrate that AA tolerance in S. cerevisiae
is not solely determined by acid concentration but is fundamentally
reshaped by oxygen availability and strain background. By directly
quantifying Na*, K, and H" fluxes, we show that AA stress induces a
strain- and oxygen-dependent reorganization of plasma membrane ion
transport rather than a uniform increase in proton efflux. The working
model of observed results is presented in Fig. 8. Oxygen limitation
stimulates intracellular acidification and disrupts ion flux coordination,
leading to non-linear shifts in Na*/H" and K*/H" exchange and a
marked increase in ion exchange imbalance that correlates with growth
inhibition. Notably, the more tolerant strain, S. cerevisiae ATCC 9804,
maintains lower intracellular proton accumulation and more efficient
ion flux coupling, and a higher capacity to maintain intracellular ATP
availability under AA stress, particularly under oxygen-limited condi-
tions. Moderate AA stress was accompanied by increased intracellular
ATP, particularly in ATCC 9804 under oxygen limitation, whereas se-
vere AA stress caused ATP depletion, most strongly in ATCC 13007.
Together with the ion-flux and pH data, these findings suggest that AA
tolerance depends on the capacity to match the energetic cost of ion and
proton homeostasis with available ATP-generating capacity. These
findings indicate that successful AA adaptation requires not only effi-
cient ion transport and intracellular pH regulation but also sufficient
energetic capacity to sustain these processes. The ability of ATCC 9804
to preserve ATP availability under stress may therefore contribute to its
superior maintenance of ion and pH homeostasis compared with ATCC
13007.

From an industrial perspective, the results suggest that AA tolerance
should be evaluated under oxygen conditions that reproduce the
intended fermentation process rather than under a single standardized
aeration condition. For lignocellulosic hydrolysate fermentation, strains
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such as ATCC 9804-like phenotypes, characterized by preservation of
ATP availability, intracellular pH and coordinated K*/Na'/H" trans-
port under oxygen limitation, may represent more suitable candidates
for AA-rich substrates. Process development could additionally use
controlled oxygen availability during the early growth and stress-
adaptation phase to support energy-dependent ion homeostasis, fol-
lowed by optimization of oxygen supply according to the desired bal-
ance between biomass formation, respiration and ethanol production.
The ion-exchange balance and intracellular ATP response identified here
may therefore serve as physiological screening indicators for selecting
strains and defining oxygen-management strategies. These applications
require validation in hydrolysates and larger-scale fermentations, where
AA concentration, sugar composition and other inhibitors may interact.
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