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The influence of acetic and propionic acids on baker’s yeast was investigated in order to expand our
understanding of the effect of weak organic acid food preservatives on eukaryotic cells. Both acids
decreased yeast survival in a concentration-dependent manner, but with different efficiencies. The acids
inhibited the fluorescein efflux from yeast cells. The inhibition constant of fluorescein extrusion from cells
treated with acetate was significantly lower in parental strain than in either PDR12 (ABC-transporter
Pdr12p) or WAR1 (transcriptional factor of Pdr12p) defective mutants. The constants of inhibition by
propionate were virtually the same in all strains used. Yeast exposure to acetate increased the level of
oxidized proteins and the activity of antioxidant enzymes, while propionate did not change these
parameters. This suggests that various mechanisms underlie the yeast toxicity by acetic and propionic
acids. Our studies with mutant cells clearly indicated the involvement of Yap1p transcriptional regulator
and de novo protein synthesis in superoxide dismutase up-regulation by acetate. The up-regulation of
catalase was Yap1p independent. Yeast pre-incubation with low concentrations of H2O2 caused cellular
cross-protection against high concentrations of acetate. The results are discussed from the point of view
that acetate induces a prooxidant effect in vivo, whereas propionate does not.
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Introduction
Weak organic acids (WOAs) are naturally occurring
compounds that inhibit or prevent the growth of
many microorganisms. Monocarboxylic WOAs are
the most widely used acid preservatives in industrial
food and beverage production. The major WOA
food preservatives include acetic acid (AA) and pro-
pionic acid (PA), the concentration of which usually
ranges from 0.1 to 1.0 M. Because WOAs may be
potentially harmful to humans, the effects of these
compounds on eukaryotic cells have been extensively
studied. The yeast Saccharomyces cerevisiae is a good
model system to investigate acid stress and defense
against it in eukaryotes, since its protective mechan-
isms are generally similar to those of higher
organisms.1–6

It was found that WOAs were mutagenic towards
the mitochondrial genome in aerobically grown
baker’s yeast.2 Accumulation of acid anions in the
yeast cells also resulted in energetic stress,7 pro-
grammed cell death,8–12 and inhibition of essential
metabolic pathways.13–15 On the other hand, baker’s
yeast is shown to be relatively resistant to monocar-
boxylic WOAs.14,16

One of the most important mechanisms protecting
yeast against acid stress is prevention of intracellular
accumulation of acid anions to high, potentially
toxic levels. ATP-binding 2cassette Pdr12p appears to
be acting as an efflux pump for WOA anions. It is
well documented that S. cerevisiae is capable of
growing in the presence of sorbate due to induction
of Pdr12p via War1p transcriptional factor-dependent
pathway.17 Pdr12p is responsible for the active extru-
sion of benzoate, propionate, fluorescein, catabolic
products of amino acids, and multicyclic compounds
such as caffeine.18–20 However, possible role of the
involvement of the pump in acetate efflux from

Correspondence to: Halyna M Semchyshyn and Volodymyr I Lushchak.
Department of Biochemistry and Biotechnology, Vassyl Stefanyk
Precarpathian National University, 57 Shevchenko Str., 76025 Ivano-
Frankivsk, Ukraine. Email: semchyshyn@pu.if.ua (HM Semchyshyn);
lushchak@pu.if.ua (VI Lushchak)1

© W.S. Maney & Son Ltd. 2011
DOI Redox Report 2011 VOL. 16 NO. 1 1

mailto:semchyshyn@pu.if.ua
mailto:semchyshyn@pu.if.ua
mailto:semchyshyn@pu.if.ua
mailto:lushchak@pu.if.ua
mailto:lushchak@pu.if.ua
mailto:lushchak@pu.if.ua


S. cerevisiae cells is still debated.20–22 In vivo, the
activity of Pdr12p can be readily monitored as fluor-
escein extrusion from the cell.18,20 Here we measured
fluorescein efflux from yeast cells in the presence of
acetate and propionate with the aim to compare the
effects of these acid food preservatives on the Pdr12p
transport system.
The effects of WOAs are rather complex and yeast

response involves other defense mechanisms. For
example, antioxidant system was shown to be involved
in yeast adaptation to AA.18,20 There seems to be little
information available on the possible role of antioxi-
dant enzymes in yeast defense against PA. In order
to expand our understanding of S. cerevisiae response
and adaptation to WOA-induced stress, the influence
of AA and PA on the level of oxidized proteins and
the activity of antioxidant enzymes was investigated
in this work.
It is widely believed that cell exposure to mild stress

results in the acquisition of cellular resistance to lethal
stress, what is called ‘adaptive response’. The phenom-
enon has been observed in various organisms, includ-
ing S. cerevisiae. For example, yeast exposed to a mild
dose of oxidative stress could subsequently survive an
otherwise lethal dose of the same or another
stress.5,6,23–25 The latter is known as ‘cross-adaptation’
or ‘cross-protection’. In the present work, we exam-
ined the influence of cell pre-adaptation by sublethal
concentrations of hydrogen peroxide on yeast survival
under acid stress. Possible mechanisms of yeast resist-
ance to WOAs and coordination of antioxidant
system response are discussed.

Materials and methods
Yeast strains
The S. cerevisiae strains usedwere as follows:W303-1A
(wild type, MATa ura3-1 leu2-3,112 his3-11,15 trp1-1
ade2-1 can1-100) and its isogenic derivatives ΔPDR12
(W303-1A pdr12Δ::hisG-URA3-hisG) and ΔWAR1
(W303-1A war1Δ::HIS3) kindly provided by Prof. K
Kuchler (Medical University of Vienna, Austria);
YPH250 (wild type, MATa trp1-Δ1 his3-Δ200
lys2-801 leu2-Δ1 ade2-101 ura3-52) and its isogenic
derivatives ΔCTT1ΔCTA1 (YPH250 ctt1Δ::URA3
cta1Δ::TRP1), ΔYAP1 (YPH250 yap1Δ::HIS3)
earlier described.26,27

Construction of ΔSOD1ΔSOD2 strain
The strain ΔSOD1ΔSOD2 (sod1Δ::kanMX sod2Δ::
TRP1) was constructed from YPH250. SOD1 gene
was disrupted using pUC-sod1Δ::URA3 plasmid
donated by Dr E Gralla (University of California
at Los Angeles).28 To disrupt SOD2, the
pUCsod2Δ::TRP1 plasmid was constructed as follows:
SOD2 gene was amplified using the primers SOD2-F1
(5′-TGGCTGAGATTCTCCTTGATGGCGAAGCA

A-3′) and SOD2-R1 (5′-TC GGGAATAAAGGCT
GAGCTCATTTTCGTA-3′ ). The SacI site was
designed in the SOD2-R1 primer (underlined). The
amplified fragment was digested with BamHI and
SacI, and the resultant fragment was cloned into the
BamHI–SacI site of pUC19. The resultant plasmid
(pUCSOD2) was digested with StyI followed by
Klenow fragment treatment, and the StyI–StyI fragment
in SOD2 was replaced with TRP1 gene further treated
with Klenow fragment. The resultant plasmid
(pUCsod2Δ::TRP1) was digested with BamHI and
SacI, and the sod2Δ::TRP1 fragment was introduced
to the SOD2 loci of wild type and sod1Δ::URA3
strains of YPH250. Disruption of SOD2was confirmed
by polymerase chain reaction.

Growth conditions, WOA stress, and cell pre-
treatment with H2O2

Yeast cells were grown at 28 °C with shaking at
175 rpm to early stationary phase (24 hours) in a
liquid medium containing 1% yeast extract, 2%
peptone, and 1% dextrose (YPD) 2. Aliquots of exper-
imental culture were incubated with different AA or
PA concentrations at pH 3.0 and 28 °C for 120
minutes. At low pH, AA (pKa 4.75) and PA (pKa

4.88) exist mainly in the undissociated state, in which
they enter the cell rather easily. In order to reach
maximum penetration of acids into cells, the pH
values of YPD medium was adjusted to 3.0 with
HCl.21,29 Control cells were incubated in YPD
medium at pH 6.75 or 3.0 without organic acids. At
рН 3.0–4.5, YPD medium has been shown to act as
a buffer system and recommended to be used for
yeast incubation under WOA-induced stress.29,30

To study pre-adaptation effect on cell survival under
weak organic stress, aliquots of experimental culture
were pre-incubated with 0.05, 0.10, and 0.25 mM
H2O2 at pH 6.75 for 30 minutes, followed by incu-
bation with 200 mM AA at pH 3.0 for 120 minutes.

Cell survival was evaluated as colony-forming units.
To evaluate respiratory-deficient petites, triphenylte-
trazolium chloride was used.2

Fluorescein distribution and efflux
from whole cells
Cell suspensions (∼108 cells/ml) were incubated with
50 μM fluorescein diacetate (FDA) as described pre-
viously.20 Briefly, after loading with FDA the yeast
cells were (1) pelleted and cell-free supernatant was
used for measurement of extracellular fluorescein flu-
orescence, (2) vortexed in the incubation medium to
measure total fluorescence of intra- and extracellular
fluorescein, or (3) harvested, washed, and vortexed
for intracellular fluorescence measurement in cell-
free extract. The intensity of fluorescence was deter-
mined using λexcitation= 435 nm and λemission=
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525 nm with a SpectraMAX GeminiEM 96-well plate
spectrafluorometer and Soft Max Pro 4.7 software
(both fromMolecular Devices, Sunnyvale, CA, USA).

Assay of superoxide dismutase and catalase
activities and protein carbonyls levels
The parameters were measured spectrophotometri-
cally with a Specoll 211 spectrophotometer (Carl
Zeiss, Germany) and CΦ-46 (ΠOMO, USSR). The
activity of superoxide dismutase (SOD) and catalase
was assayed in cell lysates as described previously.31

The content of carbonyl proteins (CPs) was measured
by determining the amount of dinitrophenylhydrazone
formed upon reaction with 2,4-dinitrophenylhydra-
zine.31 To inhibit de novo protein synthesis, yeast
cells were pre-exposed to 15 μM cycloheximide.

Protein measurement and statistics
Protein concentration was determined by the
Coomassie brilliant blue G-250 dye-binding
method32 with bovine serum albumin as the standard.
Experimental data were expressed as the mean value of
3–6 independent experiments± the standard error of
the mean (SEM), and statistical analysis was per-
formed using analysis of variance (ANOVA) followed
by a Student–Newman–Keuls test.

Results
Toxicity of acetate and propionate
The survival of the wild-type yeast decreased with
increasing acid concentrations, accounting for 75% at
200 mM acetate (Fig. 1A) and 62% at 200 mM propio-
nate (Fig. 1B) relative to control. Mutant cells defec-
tive in either PDR12 (ABC-transporter Pdr12p) or
WAR1 (transcriptional factor of Pdr12p) demonstrated
higher sensitivity to both acids compared to the par-
ental strain. However, the susceptibilities of two
knockouts to the acids differed: at concentrations up
to 100 mM yeast demonstrated higher sensitivity to
propionate compared with acetate. Parental strain
was less tolerant to low concentrations of propionate

than acetate. In contrast, very few of the mutant cells
were able to survive after treatment with 200 mM
AA (Fig. 1A), whereas about 30–35% of defective
cells survived stress induced by 200 mM PA (Fig. 1B).
Piper2 found that sorbate and benzoate were muta-

genic towards the mitochondrial genome in aerobi-
cally grown baker’s yeast. In the present study, we
used the same test with triphenyltetrazolium chloride
to evaluate the amount of respiratory-deficient
petites. Neither acetate nor propionate increased the
petites amounts (not shown), which might reflect the
absence of mutagenic effects towards mitochondrial
DNA.

Acetate and propionate effects on fluorescein
efflux from yeast cells
In the present study, yeast cells were incubated with
FDA freely diffusing into cytosol, where it is cleaved
by intracellular esterases to fluorescein. The latter
can be extruded from the cell by Pdr12p.18,20 Fig. 2
shows the dynamics of intra- and extracellular fluor-
escein distribution in cell suspension during yeast incu-
bation with FDA. The accumulation of fluorescein in
the cells increased in parallel to its extrusion during the
first 20 minutes of yeast exposure to FDA. Then the

Figure 1 Survival of S. cerevisiaeW303-1Awild type and its derivatives ΔPDR12 and ΔWAR1 after treatment with AA (A) and PA
(B). Data are mean± SEM (n= 4–6). Significantly different from respective values obtained: *under treatment with 80 mM AA (A)
with P< 0.005 or 20 mM PA (B) with P< 0.05 and for aW303-1A wild strain with P< 0.05.

Figure 2 Time course of intra- and extracellular fluorescein
distribution in S. cerevisiae YPH250. Data are from
representative experiment.
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fluorescence intensity of extracellular fluorescein
exceeded the intracellular one. Although extra- and
intracellular fluorescence demonstrated different
dynamics, the total fluorescence corresponded well to
their sum. Recently, we obtained very similar data
with another yeast strain.20 Because the incubation
for 20–30 minutes yielded maximum fluorescein
accumulation, further experiments were performed
using 20-minute incubation with FDA.
To characterize the influence of acetate and propio-

nate on Pdr12 transport system in S. cerevisiae, we
measured the efflux of fluorescein from wild type
and in either PDR12 or WAR1 defective yeast cells.
Exogenously added WOAs linearly inhibited fluor-
escein extrusion from the yeast cells. Half-maximal
inhibition of fluorescein efflux was virtually the same
for both acids in the wild type (Table 1). The efflux
of fluorescein from the mutant cells defective in
PDR12 or WAR1 was also inhibited by AA, but inhi-
bition constants were ∼3-fold higher than those in the
parental strain. It seems that Pdr12p in some way
affects fluorescein transport system in the presence of
AA, but not PA (Table 1). Neither the defect in
PDR12 nor the defect in WAR1 changed inhibition
constant in the experiments, where PA was used.

Acetate and propionate effects on CP content
and activity of antioxidant enzymes
Fig. 3 shows that under control conditions (without
AA) the mutant strain defective in War1p (ΔWAR1)
had a 2-fold higher CP content than the wild type
(W303-1A). Exposure to AA increased CP levels by
1.4-fold in the parental strain and by 1.3-fold in
ΔWAR1. It should be added that yeast incubation at
pH 3.0 without acetate did not affect CP content in
both strains (Fig. 3). In contrast to acetate, PA did
not change CP level in the yeast cells (Table 2).
The activity of SOD was significantly higher in the

wild strain and the ΔWAR1mutant after cell treatment
with AA high concentrations (Fig. 4A). Both defective
strains also demonstrated concentration-dependent
increase in catalase activity (Fig. 4B). In the wild
type, 50–150 mM AA was either inhibitory or not
effective, while 200 mMAA increased catalase activity

by 40% relative to pH 3.0 control, and by 60% relative
to neutral control. In contrast to acetate, PA did not
change SOD and catalase activities in the wild-type
yeast (Table 2).

Role of SOD, Yap1p, and catalase in yeast
susceptibility to AA
In order to clarify the role of antioxidant enzymes in
yeast survival under AA-induced stress, we used
strains derived from YPH250: ΔCTA1ΔCTT1 (defec-
tive in both catalases), ΔSOD1ΔSOD2 (defective in
both SODs), and ΔYAP1 (lacking Yap1p transcrip-
tional regulator of catalases and SODs). Incubation
of YPH250 cells with AA caused concentration-
dependent killing (Fig. 5). It should be noted that
YPH250 strain demonstrated somewhat higher sensi-
tivity to 200 mM AA as compared to W303-1A
(Fig. 1A) and virtually the same sensitivity to PA
(not shown). Inactivation of genes encoding S. cerevi-
siae catalases did not affect cell susceptibility to
200 mM AA. However, the defects in genes encoding
SODs increased the sensitivity to 200 mM AA by

Figure 3 CP content in S. cerevisiae W303-1A wild type and
its derivative ΔWAR1 under exposure to AA. Data are mean±
SEM (n= 3–4). Significantly different from respective values
for: *controls with P < 0.005 and aW303-1A wild strain with
P < 0.005.

Table 1 Inhibition constants (mM) of fluorescein efflux from
different strains of S. cerevisiae in the presence of 25–400 mM
AA and 10–200 mM PA

Strain

Half-maximal inhibition constant

AA PA

W303-1A (wild type) 18.6± 4.0 15.3± 4.7
ΔPDR12 53.9± 2.8* 18.3± 2.5**
ΔWAR1 55.0± 2.8* 15.2± 2.8**

Data are mean± SEM (n= 3–4). Significantly different from
respective values for: *W303-1A wild type with P< 0.005 and
**AA with P< 0.005.

Table 2 CP levels and activities of SOD and catalase in
S. cerevisiae W303-1A cells under PA treatment

Incubation
conditions

CP level
(nmol/mg
protein)

SOD activity
(U/mg
protein)

Catalase
activity (U/mg

protein)

Control (pH
6.75)

12.8± 0.5 316.3± 6.6 34.3± 4.4

Control (pH
3.0)

12.5± 0.9 322.7± 11 33.0± 4.3

PA (pH 3.0)
10 mM ND 310.0± 23 34.3± 3.2
50 mM ND 291.7± 34 33.0± 2.5
100 mM 10.1± 1.0 346.7± 18 39.0± 4.7

ND, not determined.
Data are mean± SEM (n= 3).
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32%. The Yap1p deletion mutant behaved similarly to
the mutant defective in both SODs (Fig. 5).
Similarly to W303-1A strain (Fig. 4), yeast exposure

to 200 mM AA increased the activity of SOD and cat-
alase in YPH250 (Fig. 6). However, in the ΔYAP1
mutant, cell incubation with 50–200 mM AA did not

change SOD activity (Fig. 6A), while catalase activity
increased (Fig. 6B) in a similar way as in the wild-type
strain. In addition, cycloheximide, an inhibitor of
protein synthesis in eukaryotes, prevented the AA
effect on SOD, but not catalase (not shown).

Cross-protection by H2O2 against AA high
concentrations
Yeast pre-adaptation by sublethal concentrations of
hydrogen peroxide increased cell viability under AA-
induced stress in dose- and strain-dependent manners
(Fig. 7). For example, pre-incubation with 0.10 and
0.25 mM H2O2 elevated by 1.3-fold cell viability
after exposure to 200 mM AA in W303-1A and
YPH250 wild strains. Survival of the ΔWAR1
mutant cells after pre-incubation increased by 6.6-
fold. However, H2O2 pre-adaptation did not improve
the survival of the ΔYAP1 mutant significantly.

Discussion
In this study we have demonstrated different effects of
AA and PA on baker’s yeast S. cerevisiae. First of all,
we examined yeast survival under exposure to AA or
PA (Fig. 1A and B). It is well known that WOA tox-
icity is essentially determined by their hydrophobicity

Figure 4 Activities of SOD (A) and catalase (B) in S. cerevisiae W303-1A and its derivatives ΔPDR12 and ΔWAR1 under AA
treatment. Data are mean± SEM (n= 4–6). Significantly different from respective values for: *control (pH 3.0) with P< 0.05,
aW303-1A wild strain with P< 0.01, and bcontrol (pH 6.75) with P< 0.05.

Figure 5 Survival of S. cerevisiae YPH250 and its derivatives
ΔCTA1ΔCTT1, ΔSOD1ΔSOD2, and ΔYAP1 under AA
treatment. Data are mean± SEM (n= 4–6). Significantly
different from respective values obtained: *under treatment
with 80 mM AA with P< 0.005 and afor YPH250 with P< 0.05.

Figure 6 Activities of SOD (A) and catalase (B) in S. cerevisiae YPH250 and its derivative ΔYAP1 under AA treatment. Data are
mean± SEM (n= 5–6).*Significantly different from respective values for control (pH 3.0) with P< 0.05.
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and pKa.
5 Although both AA and PA are hydrophilic

and have quite close pKa, PA was more toxic to yeast
at low concentrations and less toxic at high concen-
trations relative to AA. Earlier it was also found that
S. cerevisiae demonstrated higher sensitivity to low
doses of PA comparing with AA.7,33 In general,
baker’s yeast cells are known to be relatively resistant
to monocarboxylic WOAs.14,16 At least three different
mechanisms are supposed to be responsible for that:
(1) prevention of diffusion of exogenous acid mol-
ecules into the cell, (2) extrusion of intracellular acid
molecules from the cell, and (3) acid metabolism.
Thus it can be suggested that the difference in yeast
sensitivities to AA and PA is due to some difference
in at least one of the abovementioned mechanisms.
At low pH, WOAs with low pKa exist mainly in the

undissociated state; therefore, they rather easily enter
the cell by passive diffusion as neutral molecules. It
has been reported that AA can also enter the cell by
Fps1p-mediated facilitated diffusion.34–36 However,
no information on the relation between aquaglycero-
porin Fps1p and PA could be found.
At neutral intracellular pH acid molecules dis-

sociate.16,37,38 Yeast can extrude acid anions through
the anion efflux pump Pdr12p, which has been found
to mediate resistance to both AA and PA.18

However, later works by the same research group
reported that acetate did not induce expression of
PDR12 gene, while PA did.17,39 It was believed that
expression of Pdr12p is controlled by the sole War1p
transcriptional factor.17 To date, it is well documented
that weak acid stress-induced response depends on the
following transcription factors: War1p, Msn2/Msn4p,
Rim101p, and Haa1p,5,38 and the sole War1p-target
gene, PDR12, was identified among the genes acti-
vated by Haa1p in response to AA.40 Analysis of
these controversial data demonstrates that possible
role of the Pdr12p involvement in acetate efflux is
still an open problem.

The common approach to study physiological role
of any protein is an investigation of physiology of
cells lacking the activity of this protein. Two different
ways can be used: knockout isogenic strains and
specific protein inhibitors. Both of these ways were
applied earlier in our laboratory in the in vivo investi-
gation of dual antioxidant/prooxidant role of
SOD.31,41

To the best of our knowledge, no specific inhibitor
of Pdr12p has been found; therefore, most researchers
use defective mutant cells. However, auxotrophic
markers present in mutant strain may lead to incorrect
evaluation of gene function. Several years ago it was
reported that previous experiments, in which Pdr12p
has been identified as the main system responsible
for AA extrusion from yeast cells, were experimental
artifacts.21 Authors observed inability of the mutant
lacking Pdr12p to grow in the presence of acetate
only for yeast auxotrophic for tryptophan and con-
cluded that WOAs inhibited uptake of tryptophan
from the medium.21 It should be noted that all
strains used in this study, parental and isogenic deriva-
tives, are trp1-1 auxotrophs. Thus, the effects observed
do not seem to be associated with tryptophan metab-
olism. In one of the latest works by Mira et al.40, a
4.2-fold increase in PDR12 gene expression by
acetate is reported, which is not in agreement with
the previous suggestion about artifacts.21 3It is possible
that other targets than tryptophan metabolism may
exist for acetate and be responsible for its toxicity.

One more experimental approach for in vivo evalu-
ation of Pdr12p-mediated anion transport is measure-
ment of fluorescein extrusion from yeast cells.18,21

Therefore, next we compared AA and PA effects on
fluorescein efflux from yeast cells (Table 1). Both
acids inhibited fluorescein extrusion in all strains
used. Earlier it was shown that orthovanadate, an
inhibitor of ATPases, and cyanide, an inhibitor of oxi-
dative phosphorylation, did not affect fluorescein

Figure 7 Survival of S. cerevisiae cells pre-treated with sublethal doses of H2O2 under exposure to AA. Strains used: W303-1A
and ΔWAR1 (A), and YPH250 and ΔYAP1 (B). Data are mean± SEM (n= 5–6). *Significantly different from respective values for
cells exposed to 200 mM AA with P< 0.01.
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efflux.20 At the same time, iodoacetate, a glycolytic
inhibitor, significantly suppressed fluorescein extru-
sion showing that glycolysis plays a critical role in
this case.20 It is possible that glycolytic inhibition
caused by WOAs may be responsible for lower activity
of Pdr12p. It cannot be excluded that certain proteins,
e.g. Pdr10p42 or Fps1p36,43, involved in membrane
transport and found to modulate Pdr12 activity, can
also be affected by AA and PA. Taking into account
that quite recently 650 genes were identified as deter-
minants of tolerance to AA,37 complex investigation
is needed to clarify the role of Pdr12p efflux pump
in yeast response to acid stress. One can conclude
that Pdr12p affected the inhibition of fluorescein
transport by acetate, but not propionate, since the con-
stants of inhibition by acetate and propionate were
different for the mutants (Table 1).
It is widely believed that AA toxicity is associated

with reactive oxygen species (ROS) generation and
programmed cell death induction in the yeast.8–12 To
study and compare possible mechanisms of acetate
and propionate effects on yeast, we monitored CP
accumulation and the activities of selected antioxidant
enzymes. These parameters are used as markers of oxi-
dative stress.44,45 Recently, both SOD and catalase
were claimed to play an important role in yeast
defense against AA-induced programmed cell death
via ROS detoxification.11 Here we found that acetate
elevated SOD and catalase activities and CP levels
(Figs 3 and 4), while PA did not change these par-
ameters (Table 2). Therefore, one may suggest that
different mechanisms underlie the yeast toxicity
caused by AA and PA. Based on the present results,
it can be assumed that AA indicates a prooxidant
effect in vivo, while PA does not.
Earlier, Piper2 reported that the ΔPDR12 mutant

exposed to benzoate and sorbate demonstrated
increased superoxide production. Recently, Mollapour
et al.16 suggested that reduction of endogenous
oxidative stress is one of the major advantages of
Pdr12p. Our study shows that CP level in the yeast
lacking War1p is significantly higher compared to
the parental strain (Fig. 3). These data together with
the results by others support the idea on oxidative
stress development in yeast defective in the Pdr12
transport system.
It was shown that Pdr12p was not under control of

either Yap1p or other yeast regulators responsive to
oxidative stress.14 Recent works reported that both
Pdr12p and Yap1p are members of the Haa1p-
regulon responsive to AA.5,40 Results presented in
Fig. 5 indicate that Yap1p is at least partially respon-
sible for yeast survival under stress induced by AA.
Yap1p is also involved in SOD activation by AA via
protein synthesis (Fig. 6A). However, the up-regu-
lation of catalase by AA seems to be Yap1p

independent (Fig. 6B). As earlier demonstrated, the
expression of the CTT gene encoding cytosolic cata-
lase T was enhanced by sorbic acid treatment via
Msn2p/4p-dependent way.46 Msn2p/4p was found
to be involved in acetate-stress response also.5,38,40

Therefore, the up-regulation of catalase by regulators
other than Yap1p under acetate-induced stress
(Figs 4B and 6B) cannot be excluded. As another poss-
ible explanation, acetate did not change the expression
of catalase genes, but instead activated pre-existing
non-active molecules. Earlier we suggested that cells
treated with low sublethal concentrations of hydrogen
peroxide accumulated non-active stress-protective
molecules, further activation of which made microor-
ganisms resistant to lethal concentrations of H2O2.

25,47

Overall, microorganism exposure to mild stress leads
to the acquisition of cellular resistance to lethal
stress.5,6,23–25 Here we found that H2O2 pre-incubation
increased the survival of yeast exposed to 200 mMAA
(Fig. 7). The highest protective effect was observed for
cells lacking War1p (Fig. 7A) and not found in the
ΔYAP1 mutant (Fig. 7B). Earlier Hatzixanthis
et al.39 demonstrated that H2O2 did not affect PDR12
expression. Piper2 also suggested that PDR12 induc-
tion by WOAs was not a direct response to oxidative
stress in sorbate-exposed yeast cells. Interestingly, in
an experiment of Papadimitriou et al.,22 pre-inducing
Pdr12p to maximal levels by subjecting cells to a mild
sorbic acid stress did not lead to cells with an acquired
resistance. The authors concluded that induction of the
pump by sorbate is not sufficient to acquire resistance
to acid stress. Therefore, the effects of low concen-
trations of H2O2 found in the present study seem not
associated with a direct activation of the acid extrusion
system (Fig. 7A), but rather depend on Yap1p tran-
scriptional regulator (Fig. 7B). It suggests that cells
possess complex mechanisms sensing various stress
conditions via intracellular redox status, which in turn
can be changed by such oxidant as H2O2.
In summary, several interesting conclusions can be

drawn: (1) PA was more toxic to yeast at low concen-
trations and less toxic at high concentrations relative
to AA; (2) Pdr12p in some way affects fluorescein
transport system in the presence of acetate, but not
propionate; (3) yeast exposure to AA increases the
level of oxidatively modified proteins and activity of
antioxidant enzymes, whereas PA does not change
these parameters; (4) Yap1p and protein synthesis de
novo is involved in SOD activation by AA, but not cat-
alase; (5) yeast pre-incubation with low concentrations
of hydrogen peroxide causes Yap1p-dependent cellular
cross-protection against toxic effect of high concen-
trations of AA. Finally, it is possible that different
mechanisms underlie the yeast toxicity by AA and
PA: acetate indicates a prooxidant effect in vivo,
whereas propionate does not.
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