
Electrochemical Evaluation of the Inhibitory Effects of Weak
Acids on Zygosaccharomyces bailii

JINSHENG ZHAO,† ZHENYU YANG,† MIN WANG,‡ YAO LU,† AND

ZHENGYU YANG* ,†

Technical Institute of Physics and Chemistry, Chinese Academy of Sciences,
Beijing 100101, People’s Republic of China, and Department of Medicine, University of Ehime,

Matsuyama 790-8577, Japan

The changes in intracellular redox activity or in mitochondrial electron transport could be taken as
indications of the changes in the physiological state of living cells, based on which a mediated electro-
chemical method was purposed to evaluate the inhibitory effects of weak acids on Zygosaccharomyces
bailii, a known food spoilage yeast. The dual mediator systems menadione/ferricyanide and 2,6-
dichlorophenolindophenol/ferricyanide were employed as probes to detect the variance in intracellular
redox activity and in mitochondrial electron flux, respectively. Measurements were made with a
microelectrode voltammetric method to assay the ferrocyanide accumulations arising from menadione-
or 2,6-dichlorophenolindophenol-mediated reduction of ferricyanide by Z. bailii suspensions by the
presence or absence of increasing concentrations of weak acids. The results obtained from 2 h of
incubation showed that the variance in electrochemical response revealed some physiological
information underlying the inhibitory effects of weak acid on the yeast. For the first time, it was shown
that the mediated electrochemical method provides an adjunct to the conventional method based on
respiration inhibition for establishing levels for the utilization of preservatives in the food industry.
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INTRODUCTION

Weak carboxylic acids were used as food preservatives to
inhibit microbial activity. Most references on this subject refer-
red to their toxic effects on growth or on respiration rate (1-4).
However, cellular catabolic activity may continue under condi-
tions at which growth is fully arrested, causing alteration to
foods and drinks (5, 6). In fact, food spoilage is frequently due
to CO2 evolution during fermentation without any measurable
microbial growth, based on which the measure of respiration
inhibition has been proposed as a reasonable approach for estab-
lishing levels for the utilization of preservatives in the food in-
dustry (3,4). However, the results from respiration inhibition
reflect only the activities in the mitochondrion and have been
considered to be of no significance in terms of the elucidation
of physiological mechanisms underlying the inhibitory effects
of weak acids.

All of the major metabolic pathways in cells involve redox
reactions and specific redox couples that cycle between oxidized
and reduced states. It has been shown that redox activity cannot
be viewed as an isolated process; its regulation is closely
connected to central and peripheral reactions in carbon and
nitrogen metabolism. It is expected that the intracellular redox
activity may change selectively with changes in the cellular
environment, such as those due to the introduction of toxic

substances, growth factors, and nutrients (8). Changes in the
mitochondrial electron transport have also been used as the
indication of the changes in the physiological state of living
cells (9). Perhaps we could indirectly evaluate the cytotoxic
effects of weak acids on microorganisms by referring to
intracellular redox activity inhibition or electron transport
inhibition. Mediated electrochemical measurements have been
proved to be potent in evaluating intracellular redox activity or
mitochondrial electron transport of living cells with the aid of
appropriate mediator systems (8,10).

The double-mediator system, containing menadione/ferro-
cyanide, has been used to detect intracellular redox activity of
eukaryotic cells. Menadione mediates the transfer of electrons
from the insides of cells to ferricyanide, which cannot permeate
into the membrane of eukaryotic cells (Figure 1). The detection
of intracellular redox activity using menadione as electron-
transfer mediator was based on the fact that menadione is
lipophilic and can diffuse through the cell membrane and then be
reduced by the cytosolic and mitochondrial enzymes catalyzing
electron transfer from NAD(P)H to quinone substrates (11). The
2,6-dichlorophenolindophenol/ferricyanide system has been
frequently used to detect cellular respiration activity in living
cells (12,13), because 2,6-dichlorophenolindophenol (DCPIP)
has been considered directly accept electrons from the mito-
chondrial electron transport chain of eukaryotic cells (14-16).

In the present paper, dual mediator systems menadione/fer-
ricyanide and DCPIP/ferricyanide were employed as probes to
detect the inhibitory effects of weak acids onZygosacchromyces
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bailii, a known food spoilage yeast (17). Measurements were
undertaken with a microelectrode voltammetric method to assay
ferrocyanide accumulations arising from menadione- or DCPIP-
mediated reduction of ferricyanide by cell suspensions in the
absence or presence of increasing concentrations of weak acids
(18). The results of this study suggested that the mediated
electrochemical method appears to be an adjunct method for
establishing levels for the utilization of preservatives in the food
industry.

MATERIALS AND METHODS

Reagents.Potassium hexacyanoferrate(III),D-(+)-glucose, sodium
chloride, yeast extract power, potassium dihydrogen phosphate, diso-
dium hydrogen phosphate trihydrate, potassium chloride, peptone, 96%
ethanol, acetic acid, benzoic acid, and 37% hydrochloric acid were
obtained from Shanghai Reagent Corp. (Shanghai, China). Menadione
and DCPIP were purchased from Merck (Darmstadt, Germany). All
chemicals used in this study were of analytical reagent grade, and all
solutions were prepared using distilled and deionized water.

Microorganism. Z. bailii AS 2.312 was obtained from the strain
collection center of the Institute of Microbiology, Chinese Academy
of Science (Beijing, China). The strains were maintained on agar slants
containing (g/L): glucose, 30 g/L; yeast extracts, 3 g/L; peptone, 5
g/L; and agar, 15 g/L; pH 6.0 at 4°C.

Solution Preparations.Phosphate buffer (pH 6.0), containing 0.1
M KH2PO4 and 0.08 M Na2HPO4, was used for washing cell pellets.
Phosphate-buffered saline (pH 6.0) was prepared from 0.1 M KH2-
PO4, 0.08 M Na2HPO4, and 0.1 M KCl. Potassium ferricyanide solutions
were prepared in phosphate-buffered saline to give a concentration of
0.30 M. Glucose solution was prepared in phosphate-buffered saline
to give a concentration of 15.0 g/L glucose. Menadione was dissolved
in 96% ethanol to give a 20 mM solution, filter-sterilized, and stored
in a light-proof container at 4°C. DCPIP was dissolved in 96% ethanol
to give a 20 mM solution, filter-sterilized, and stored at 4°C.

Cultivation Conditions. Z. bailii was prepared in a medium
containing the following compounds:D-glucose, 21.5 g/L; yeast
extracts, 3 g/L; peptone, 5 g/L; KH2PO4, 4 g/L; Na2HPO4, 4 g/L; pH
5.5. The media were sterilized by autoclaving at 120°C for 15 min,
and glucose was autoclaved separately at 110°C for 10 min. After
sterilization and cooling, solutions were mixed to form a complete med-
ium prior to inoculation. A 250 mL Erlenmeyer flask containing 50 mL
of medium was inoculated from a fresh agar plant and inoculated at 30
°C on a rotary shaker at 250 rpm. Growth proceeded overnight for a
minimum of 9 h and a maximum of 13 h to allow cell growth to

stationary phase, after which the broth was centrifuged at 10000g for
10 min and the cell pellet was washed twice with phosphate buffer
and resuspended in phosphate-buffered saline solution. The cells were
adjusted to the desired optical density measured at 600 nm (OD600 )
9.0).

Determination of Cell Optical Density. All spectrophotometric
measurements were performed using a Shimadzu UV-1601 UV-bis
spectrophotometer controlled by UV-1601 PC V.3 software (Shimadzu
Corp., Kyoto, Japan). A measured aliquot of the cell suspension was
centrifuged at 10000 rpm for 10 min. The supernatant was removed,
and the pellet was reconstituted by the addition of 1.5 mL of distilled
water. Sample dilution factors were chosen such that the measured opti-
cal density (600 nm) was between 0.1 and 0.6 unit, using water as a
reference.

Incubation of Cells with Mediator(s) and Substrates. A total
volume of 20.0 mL of incubation suspension was prepared for each
trial. The standard incubation suspension comprised 12 mL of cell
suspension (final OD600 ) 6.0), 3.0 mL of ferricyanide solution (final
concentration) 45 mM), 4.0 mL of glucose solution (final concentra-
tion ) 3.0 g/L), and 100µL of menadione or DCPIP solution (final
concentration) 100 µM), and required amounts of acetic or benzoic
acid were then added to the cell suspensions. Cell suspensions were
adjusted to pH 4.5 with 2 mol/L HCl, and the final volume of cell
suspensions was adjusted to 20 mL with sterile distilled water.
Incubation of cells with mediators and substrate was for 2 h at 30°C
on a rotary shaker under oxygen-free nitrogen sparging. At the
completion of incubation, the cells were pelleted by centrifugation
(10000 rpm, 4°C, 15 min), and the supernatants were adjusted to pH
7.0 with 2 M NaOH and then taken for analysis. Unless stated otherwise,
all trials were performed in duplicate.

Analytical Methods. Steady-state voltammetry was conducted using
an electrochemical working station (CHI 900) (CHI Corp., Austin, TX)
controlled by CHI 900 software. Steady-state voltammograms were ob-
tained at a scan rate of 10 mV s-1 scanning from 500 to 100 mV versus
Ag/AgCl reference electrode. A 15µm diameter Pt disk working elec-
trode (CHI Corp.) was used as the working electrode, and a Pt gauze
auxiliary electrode was used to complete the three-electrode electrochem-
ical cell. The microelectrode was pretreated by polishing with a 0.05
µm alumina/water slurry on a flocked twill polishing cloth (Leco Corp.,
St. Joseph, MI) and then cleaned with pure water in an ultrasonic bath.
All measurements were performed in triplicate, and the steady-state
currents at 500 mV were measured and taken as the oxidative limiting
current of microbially produced ferrocyanide. The data are the mean(
standard deviation (SD) from triplicate analyses in duplicate experiments.
The standard deviations are shown as error bars on the plotted data.

RESULTS AND DISCUSSION

Voltammetric Measurements of Menadione- or DCPIP-
Mediated Reduction of Ferricyanide.The use of voltammetric
microelectrodes has been shown to be a simple, reliable, and
rapid method for determining the concentration of electroactive
species such as ferrocyanide (19); diffusion limiting currents
(quantitatively related to concentration) can be established in
the second time scale with virtually zero destruction of analyte.
In this work, ferrocyanide accumulations arising from mena-
dione- and DCPIP-mediated reduction of ferricyanide indicate
the intracellular redox activity and the electron flux through
the electron transport chain, respectively, withinZ. bailii cells.
Before incubation, the mediators were fully in their oxidized
form; voltammogram measurements showed only cathodic
currents due to reduction of ferricyanide (Figure 2). After
incubation for 2 h with cell suspensions, the voltammogram
has shifted down the current axis and there is both cathodic
current (arising from the reduction of ferricyanide) and anodic
current (arising from the oxidation of ferrocyanide) (Figure 2).
The cathodic current in the 100-200 mV region decreased as
some of the ferricyanide had been microbially converted to
ferrocyanide. At the same time, the anodic current in the 400-

Figure 1. Detection of intracellular redox activities with use of menadione
to link intra- and extracellular redox pairs: (A) two-electron reduction of
menadione to menadiol; (B) hypothetical menadione reaction cycle.
Menadione (M) diffuses into a yeast cell, where it is reduced to menadiol
(MH2), which then diffuses out of the cell and reacts with ferricyanide,
labeled for simplicity Fe3+, converting it into ferrocyanide, labeled Fe2+,
and regenerating menadione (M) to repeat the cycle. Ferrocyanide
accumulations arising from the above reaction cycle was assayed by
microelectrode voltammetric measurements
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500 mV regions increased, representing the diffusion limiting
current for the electrochemical oxidation of microbially pro-
duced ferrocyanide. The steady-state anodic plateau current
measured atE ) 500 mV was used as a relative measure of the
amount of ferrocyanide produced. The lipophilic mediators
menadione and DCPIP haveE° values (-81 and 5 mV versus
Ag/AgCl, respectively) significantly more negative than that of
ferricyanide (113 mV versus Ag/AgCl) and hence will not
interfere with the ferricyanide voltammogram. In fact, at the
concentrations used in this work, meaningful voltammograms
could not be obtained for either menadione or DCPIP.Figure
2 shows the steady-state voltammograms of the supernatant
obtained after a 2 hincubation ofZ. bailii suspensions with
menadione/ferricyanide mediator system or DCPIP/ferricyanide
mediator system. The limiting oxidative currents of ferrocyanide
arising from menadione- and DCPIP-mediated reduction of
ferricyanide were 49.9( 3.49 and 19.7( 0.98 nA, respectively.

Effect of Menadione and DCPIP Concentrations on the
Signal Detected in the Double-Mediator System.Steady-state
voltammetry of the supernatant after incubation indicates the
amounts of reduced and oxidized ferricyanide. Thus, monitoring
the concentration of this mediator to ensure oversupply is
straightforward. However, the optimal concentration of the
lipophilic mediator can be determined only indirectly. FreshZ.
bailii cells were incubated with several concentrations of
menadione in the presence of excess (45 mM) ferricyanide, and
the results are presented inFigure 3A. The limiting current
values were independent of menadione concentration above 70
µM but decreased (as expected) as the menadione concentration
decreased.Figure 3B shows how the limiting current response
varied with DCPIP concentrations in the presence of 45 mM
ferricyanide. The limiting current increased linearly at lower
DCPIP concentrations before leveling off at∼90 µM DCPIP.
The concentrations selected for both menadione and DCPIP
were 100µM, and the concentration selected for ferricyanide
is 45 mM in the following experiments.

Inhibitory Effects of Weak Acids on Z. bailii. In this paper,
the inhibitory effects of weak acids onZ. bailii were assessed
indirectly through the intracellular redox activity or the mito-
chondrial electron transport inhibition by the presence or absence
of increasing concentrations of acetic acid or benzoic acid in
Z. bailii suspensions. The oxidative limiting currents of the
ferrocyanide accumulations arising from menadione-mediated
reduction of ferricyanide were designatedRM, and the oxidative

limiting currents of ferrocyanide accumulations arising from
DCPIP-mediated reduction of ferricyanide were designatedRD.
Figure 4 shows a plot of relativeRM against acetic acid
concentrations present inZ. bailii suspensions. The relativeRM

values decreased steadily in the presence of increasing concen-
trations of acetic acid, which indicates the steadily lowered
intracellular redox activity by the presence of increasing
concentrations of acetic acid inZ. bailii suspensions. Some
previous studies have reported that the activities of some
glycolytic enzymes ofSaccharomyces cereVisiaeethanol-
producing yeast) was inhibited by acetic acid, and enolase was
the enzyme most severely affected among the glycolytic
enzymes (20,21). The inhibition on some glycolytic enzymes
of Z. bailii might account for the decrease in intracellular redox
activity, which further led to the decrease in the relativeRM

values.Figure 4 also shows how theRD values varied with
acetic acid concentrations inZ. bailii suspensions. The curve
for the relativeRD values showed two distinct trend tendencies.
Initially, the relativeRD values increased rapidly, before reaching
the maximum value at∼40 mM acetic acid. This was followed
by an almost linear decrease. Uncoupling theory has frequently
been proposed to interpret the inhibitory effect of weak acid.
According to the theory, the drop in intracellular pH resulting
from inflow of weak acid is neutralized by the action of the
plasma membrane ATPase, which pumps protons out of the cell
at the expense of ATP hydrolysis. To maintain the intracellular
pH, additional ATP must be generated, which should be
achieved by increasing the respiratory activity. However, ATP
production cannot be raised infinitely; at high acid concentra-
tions the proton pumping capacity of the cell is exhausted,
resulting in depletion of the proton motive force and the death
of living cells (22,23). With regard to present work, at lower
acetic acid concentrations (<40 mM acetic acid), the inflow of
acetic acid caused a minimal drop in intracellular pH, which
was tolerable for the yeast strain to maintain its normal activity,
and in response to the drop in intracellular pH, the yeast would
increase ATP production by enhancing respiration, which was
reflected by the enhanced fluctuations in relativeRD values.
Previous studies have reported that any compounds that destroy
the proton motive force would stimulate respiration (24). The
increase in respiratory activity of yeast cell upon addition of
lower concentrations of weak acid has been few reported in the
previous works based on respiration rate (25, 26), the reason
for which might be the lesser precision of the test apparatus.
Further increase in acetic acid concentrations led to significant
decrease in glycolytic activities and depletion of the proton
motive force, and also acidification of the cytoplasm finally.
At higher acetic acid concentrations (>40 mM), the values in
both relativeRM and relativeRD decreased steadily and reduced
by 70% in both cases by the presence of 160 mM acetic acid.
Interestingly, the acetic acid concentrations responsible for 50%
inhibition of both relativeRM and relativeRD (C50%) are
comparative and comparable to the previous results obtained
from respiration inhibition (C50%) (25). Figure 5 shows the
inhibitory effects of benzoic acid on the relativeRM and the
relativeRD values ofZ. bailii, which followed the similar spectra
depicted inFigure 4 except that the initial stimulation magnitude
in the relativeRD values was not so evident as that in case of
acetic acid. Benzoic acid was more effective than acetic aid
with respect to their inhibitory effect onZ. bailii, which was
consistent with the previous reports based on respiration
inhibition (25). Practical operations in our laboratory have found
that the lowest concentrations of acetic acid and benzoic acid
to keep the apple juice intact from the spoilage ofZ. bailii cells

Figure 2. Steady-state voltammograms of 45 mM ferricyanide, 3 g/L
glucose, and 100 µM menadione or 100 µM DCPIP in phosphate-buffered
saline (curve A) and of the solutions after a 2 h incubation of Z. bailii
suspensions with 100 µM menadione (curve C) or 100 µM DCPIP (curve
B), 45 mM ferricyanide, and 3 g/L glucose in phosphate-buffered saline.
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(under pH 4.5 and 30°C) for a week were 200 and 10 mM,
respectively. Under the above weak acid concentrations, both
the relativeRM and the relativeRD values ofZ. bailii suspensions
treated as inFigures 4and5 were approaching zero (data note
shown). To establish levels for the utilization of preservatives
in the food industry, the lowest dose levels of weak acid should
be the concentration levels at which both the relativeRM and
the relativeRD values approach zero. Further effort should be
made to optimize the mediated electrochemical method and to
compare the method with the conventional method based on
respiration inhibition.

Conclusion. Coupling with the joint utilization two dual-
mediator systems, menadione/ferricyanide and DCPIP/ferricya-
nide, an electrochemical method has been used for toxic
evaluation of weak acids onZ. bailii. The variance in electro-
chemical response by the absence and presence of weak acid
was used to indicate the inhibitory effects of weak acid on the
yeast. The results discussed in this paper showed that the
electrochemical method could reveal some intracellular response
of yeast cells to weak acid inhibition, which cannot be
completely accessible to the conventional method based on

growth or respiration. The mediated electrochemical method
provides us with an adjunct to the conventional method to
establish levels for the utilization of preservatives in the food
industry with the advantage of rapid and simple operation.
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(1) Viegas, C. A.; Sá-Correia, I. Toxicity of octanoic acid in
Saccharomyces cereVisiaeat temperatures between 8.5 and 30
°C. Enzyme Microb. Technol.1995,17, 826-831.

(2) Helle, S.; Cameron, D.; Lam, J.; White, B.; Duff, S. Effect of
inhibitory compounds found in biomass hydrolysates on growth
and xylose fermentation by a genetically engineered strain ofS.
cereVisiae. Enzyme Microb. Technol.2003,33, 789-792.

(3) Guerzoni, M. E.; Gardini, F.; Duan, J. Interaction between
inhibition factors on microbial stability of fruit-based systems.
Int. J. Food Microbiol.1990,10, 1-18.

(4) Terrel, F.; Morris, J.; Jonhson, M.; Gbur, E. Yeast inhibition in
grape juice containing sulfur dioxide, sorbic acid and dimethyl
dicarbonate.J. Food Sci.1993,58, 1132-1134.

(5) Van Udden, N. Ethanol toxicity and ethanol tolerance in yeasts.
Annu. Rep. Ferment. Proc.1985,8, 11-58.

Figure 3. Effects of menadione (A) and DCPIP (B) concentrations on the electrochemical response detected after a 2 h incubation of fresh Z. bailii cells
with 45 mM ferricyanide and 3 g/L glucose. Incubation and voltammetric measurement conditions are identical to those in Figure 2, except the lipophilic
mediator concentrations. Each experiment was performed in duplicate, and each sample was analyzed in triplicate. The data are the mean ± SD from
triplicate analyses in duplicate experiments.

Figure 4. Toxic effects of acetic acid on the relative RM (b) and relative
RD (9) of Z. bailii cells. Measurements were undertaken after a 2 h
incubation by the presence or absence of increasing concentrations of
acetic acid. Incubation and voltammetric measurement conditions are
identical to those depicted in Figure 2. Each experiment was performed
in duplicate, and each sample was analyzed in triplicate. The data are
the mean ± SD from triplicate analyses in duplicate experiments.

Figure 5. Toxic effect of benzoic acid on the relative RM (b) and relative
RD (9) of Z. bailii cells. Measurements were undertaken after a 2 h
incubation by the presence or absence of increasing concentrations of
benzoic acid. Incubation and voltammetric measurement conditions are
identical to those in Figure 2 . Each experiment was performed in duplicate,
and each sample was analyzed in triplicate. The data are the mean ±
SD from triplicate analyses in duplicate experiments.

Inhibitory Effects of Weak Acids on Z. bailii J. Agric. Food Chem., Vol. 52, No. 24, 2004 7249



(6) Booth, I. R.; Kroll, R. G. The preservation of foods by low pH.
In Mechanisms of Action of Food PreserVation Procedures;
Gould, G. W., Ed.; Elsevier Applied Science: London, U.K.,
1989; pp 119-160.

(7) Stryer, L.Biochemistry; W. H. Freeman: New York, 1995; pp
443-652.

(8) Rabinowitz, J. D.; Vacchino, J. F.; McConnell, H. M. Potentio-
metric measurement of intracellular redox activity.J. Am. Chem.
Soc.1998,120, 2464-2473.

(9) Ertl, P.; Unterladstaetter, U.; Bayer, K.; Mikkelsen S. R.
Ferricyanide reduction byEscherichia coli:kinetics, mechanism,
and application to the optimization of recombinant fermentations.
Anal. Chem.2000,72, 4949-4956.

(10) Baronian, K. H. R.; Downard, A. J.; Lowen, R. K.; Pasco, N.
Detection of two distinct substrate-dependent catabolic responses
in yeast cells using a mediated electrochemical method.Appl.
Microbiol. Biotechnol.2002,60, 108-113.

(11) Velasquez, I.; Pablo, J. P. Kinetic characterization of the
rotenone-insensitive internal NADH: ubiquinone oxidoreductase
of mitochondria fromSaccharomyces cereVisiae.Arch. Biochem.
Biophys.2001,389, 7-14.

(12) Ertl, P.; Robello, E.; Battaglini, F.; Mikkelsen, S. R. Rapid
antibiotic susceptibility testing via electrochemical measurement
of ferricyanide reduction byEscherichia coliand Clostridium
sporogenes. Anal. Chem.2000,72, 4957-4964.

(13) Takayama, K.; Kurosaki, T.; Ikeda, T.; Nagasawa, T. Bioelec-
trocatalytic hydroxylation of nicotinic acid at an electrode
modified with immobilized bacterial cells ofPseudomonas
fluorescensin the presence of electron transfer mediators.J.
Electroanal. Chem.1995,381, 47-53.

(14) Kumar, S.; Acharya, S. K. 2,6-dichlorophenol indophenol
prevents switch-over of electrons between the cyanide-sensitive
and insensitive pathway of the mitochondrial electron transport
chain in the presence of inhibitors.Anal. Biochem.1999, 89,
89-93.

(15) Cardoso, S. M.; Pereira, C.; Oliveira, C. R. Mitochondrial
function is differently affected upon oxidative stress.Free
Radical Biol. Med.1999,26, 3-13.

(16) Dumas, J.; Roussel, D.; Simard, G.; Ritz, P. Food restriction
affects energy metabolism in rat liver mitochondria.Biochim.
Biophys. Acta2004,1670, 126-131.

(17) Thomas, D. S.; Davenport, R.Zygosacchromyces bailii: a profile
of characteristics and spoilage activities.Food Microbiol.1985,
2, 157-169.

(18) Morris, K.; Catterall, K.; Zhao, H.; Pasco, N.; John, R.
Ferricyanide mediated biochemical oxygen demand-development
of a rapid biochemical oxygen demand assay.Anal. Chim. Acta
2001,442, 129-139.

(19) Yang, Z. Y.; Lu, Y.; Zhao, J. S.; Yang, Z. Y. Ultromicroelectrode
voltammetric investigation of intermicellar interaction and mi-
cellar growth of sodium dodecyl sulfate in aqueous NaCl
solutions.J. Phys. Chem. B2004,108, 7523-7517.

(20) Pampulha, M. E.; Loureiro-Dias. M. C. Activity of glycolytic
enzymes ofSaccharomyces cereVisiaein the presence of acetic
acid.Appl. Microbiol. Biotechnol.1990,34, 375-380.

(21) Zyl, C.; Prior, B. A.; Preez, J. C. Acetic acid inhibition of
D-xylose fermentation byPichia stipitis. Enzyme Microb. Tech-
nol. 1991,13, 82-86.

(22) Imi, T.; Ohono, T. The relationship between viability and
intracellular pH in the yeastSaccharomyces cereVisiae.Appl.
EnViron. Microbiol. 1995,61, 3604-3608.

(23) Postma, E.; Verduyn, C.; Scheffers, W. A. Enzymic analysis of
the crabtree effect in glucose-limited chemostat cultures of
Saccharomyces cereVisiae.Appl. EnViron. Microbiol.1989,55,
468-477.

(24) Chen, Y.; Suzuki, I. Effect of uncouplers on endogenous
respiration and ferrous iron oxidation in a chemolithoautotrophic
bacteriumAcidithiobacillus(Thiobacillus) ferrooxidans.FEMS
Microbiol. Lett. 2004, 234.

(25) Ferreira, M. M.; Loureiro-Dias, M. C.; Loureiro, V. Weak acid
inhibition of fermentation byZygosaccharomyces bailiiand
Saccharomyces cereVisiae. Int. J. Food Microbiol.1997, 36,
145-153.

(26) Kusumegi, K.; Yoshida, Hidetsugu.; Tomiyama, S. Inhibitory
effects of acetic acid on respiration and growth ofZygosacchro-
myces rouxii.J. Ferment. Bioeng.1998,2, 213-217.

Received for review July 4, 2004. Revised manuscript received
September 21, 2004. Accepted September 22, 2004. We are grateful
for the financial support from the National High Technology R&D
Program of China (Grant 2001AA514050).

JF048895C

7250 J. Agric. Food Chem., Vol. 52, No. 24, 2004 Zhao et al.


