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Abstract 

Weak organic acids (WOA) are widely used preservatives to prevent fungal 

spoilage of foods and beverages. Exposure of baker’s yeast Saccharomyces 

cerevisiae to WOA leads to cellular acidification and anion accumulation. Cells 

activate ATP consuming membrane transporters to remove protons and anions 

in order to adapt and grow. We explored to what extent ATP depletion inhibits 

growth in WOA treated cells. WOA adaptation of cultures reduced the rate of 

WOA entry compared to unadapted cells, most likely as a result of changes in 

plasma membrane or cell wall composition. Next, we monitored cellular ATP 

and ADP concentrations of S. cerevisiae wild-type, pma1-007, pdr12Δ upon 

exposure to acetic acid (HA) and sorbic acid (HS). Intracellular ATP 

concentrations were dependent on the severity of the WOA stress. 

Unexpectedly, we observed lower cellular ATP levels with moderate stress than 

with growth inhibitory concentrations of both acids. Still, at moderate HA levels, 

ATP reduction is not a major cause of growth inhibition, whilst pH decrease is. 

Since ATP utilization was differentially regulated during moderate and severe 

stress conditions, we propose that the energy depletion alone cannot be the 

cause of growth inhibition during HA, and HS stress. Rather, the cells appear to 

diminish ATP consumption in high stress conditions, likely to prevent futile 

cycling and maintain energy reserves for growth resumption in more favorable 

conditions. The mechanism for such decision making remains to be established.  
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Introduction 

Every year, large quantities of food are contaminated by microbes and become 

unfit for human consumption. Inhibition of food spoilage microbes in large-scale 

food industries has been carried out by using weak organic acids such as 

sorbic, acetic, benzoic, propionic acid, which are considered to be safe for 

human consumption. In aqueous solution, WOA exists in pH-dependent 

equilibrium between uncharged acidic molecules and their charged anions. In 

low pH solution, weak acids exist in their protonated, uncharged state, and can 

freely permeate the plasma membrane. Upon encountering high pH (~7.2) 

inside the cell they dissociate to form charged protons and anions which cannot 

pass back through the membrane [1-3]. Diffusion of weak acids into the cell 

continues until an equilibrium is reached. The release of protons and 

subsequent cytoplasmic acidification [4] leads to inhibition of essential 

metabolic functions [5, 6], inhibition of glycolysis [7], disruption of pH 

homeostasis [1], and consumption of extensive cellular energy for the expulsion 

of protons and anions [8, 9]. 

The first consequence of WOA stress is cellular acidification. Intracellular pH 

affects many cellular processes, and even a slight deviation of pHi already 

affects intracellular metabolic reactions, as it influences the ionization states of 

acidic and basic side chains of amino acids and thereby protein activity [10]. pHi 

is also a critical component of the total electro-chemical gradient which is 

responsible for the transport of molecules across membranes [10]. In yeast 

intracellular acidification is partly counteracted by the activity of Pma1p, a 

plasma membrane H+-ATPase pump. PMA1 is an essential gene that encodes 

the major pHi regulator in baker’s yeast. [11]. Pma1p activity is increased during 

growth under stress conditions that reduce pHi [4, 12]. It pumps H+ ions out of 

the cell using ATP (adenosine-5’-triphosphate) hydrolysis and therefore 

consumes extensive ATP. The membrane H+-ATPase consumes about 20% of 

the ATP produced during normal conditions [13] and up to 60% during weak 

acid stress [12]. WOA stress also induces the plasma membrane ATP-binding 

cassette (ABC) transporter Pdr12p, which is believed to be essential for the 

adaptation of S. cerevisiae to lipophilic WOA by pumping out anions [4, 8, 14]. 

PDR12 was shown to be important for the adaptation of yeast cells to grow in 

the presence of lipophilic weak acid preservatives, since pdr12Δ mutants were 

hypersensitive to lipophilic acids at low pH [14, 15]. The deletion mutant is 
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however not sensitive to highly lipophilic, long-chain fatty acids alcohols and 

dicarboxylic acids [15], and induction of the protein is not sufficient for tolerance 

to sorbic acid [16]. Once outside, the protons and anions exported from the cell 

will re-associate due to the low medium pH, and can diffuse back over the 

membrane. This constitutes a futile cycle that will provide a constant drain of the 

cell’s energy reserves unless diffusional entry of acid, pumping activity, or both, 

are decreased [17, 18]. 

Hydrolysis of ATP supplies the energy for various cellular processes and is 

essential for cellular growth. The absolute intracellular ATP concentration 

depends on the adenylate pool and on the energy charge, or the fraction of ATP 

in the adenylate pool [19]. The ATP concentration could thus be a subtle 

indicator of the relative activity of catabolic and anabolic routes [20]. In this 

study we aimed to determine whether either ATP dependent extrusion of acids 

or decrease of diffusional entry of acids by remodeling of the plasma membrane 

or cell wall is more important as adaptive strategy in S. cerevisiae.  

 

Materials and Methods 

Yeast strains and plasmids 

Saccharomyces cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) 

and the derivatives pma1-007 (YGL007W::kanMX4) and pdr12Δ 

(YPL058C::kanMX4) were used in this study (EUROSCARF, Germany). All 

strains were transformed with plasmid pYES-ACT-pHluorin to measure pHi as 

described earlier [4]. All chemicals were purchased from Sigma–Aldrich 

(Germany), unless otherwise indicated. 

 

Growth Conditions 

Cells were grown at 30°C in a defined mineral media medium according to [21] 

using 2% glucose. Pre-inocula were grown to late exponential phase (OD600 > 

2.0) in Erlenmeyer flasks shaking at 200 rpm in the same media as above, 

buffered at pH 5.0 with 25 mM potassium citrate. Strains were cultivated in 500 

ml batch fermenters to an initial OD600 of 0.1, with a steady airflow (500 ml/min) 

and stirring rate (600 rpm). External pH was maintained at 5.0 by titration with 

0.2M KOH using Applikon ADI 1030 Controller (Applikon, Schiedam, the 

Netherlands). At early exponential phase, stress was introduced to cultures [4].  
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Measurement of OD600 and pHi  

Intracellular pH was measured as described before [1]. Growth (OD600) and pHi 

were monitored at regular intervals for 4 h. Cells from the batch fermenters 

were transferred to CELLSTAR black polystyrene clear bottom 96-well 

microtiter plates (BMG Labtechnologies, Germany). OD600 and pHi of the 

cultures were measured in a FLUOstar Optima microtiter plate reader (BMG 

Labtechnologies, Germany) in three technical replicates. The samples for 

extraction of metabolites were collected at t= 0, 0.5, 1, 2, 4 hours.  

 

Determination of acid entry rate 

Growing cultures of S. cerevisiae were exposed to HA (45 mM) and HS (1 mM), 

or control conditions at pH 5.0 and 30°C for 4 hours. Cells were harvested by 

centrifugation at 5000 rpm for 5 min, washed, and suspended in fresh medium 

(with or without glucose). Pre-exposed cultures were pulsed with WOA and pHi 

was monitored at one-second intervals. 

 

Nucleotide extraction  

Metabolites were extracted with boiling ethanol after quenching in methanol 

[22]. Briefly, pre-weighed cell culture samples (20 ml) were quenched using 

60% (v/v) ice cold aqueous methanol (60 ml). Samples were centrifuged at 

5000 g for 5 min at -20°C. Boiling ethanol 75% (v/v) was added to the pellet and 

incubated for three minutes at RT. After centrifugation for 5 minutes at -10°C 

the supernatant was transferred to eppendorf tubes. The liquid was evaporated 

using a Speed-Vac (Brand, location), the residue was reconstituted in 180 µl of 

demi water, and stored at -80°C until further analysis. 

 

Nucleotide quantification 

Metabolite measurements were performed by fluorometric detection of 

NADH/NADPH using appropriate coupling enzymes. Emission was measured at 

460 nm after excitation at 340 nm using a FLUOstar Optima microtiter plate 

reader (BMG Labtechnologies, Germany). 

Enzymatic determination of ATP was done at 30°C in TEA buffer (66 mM, 

pH 7.6) containing 6.6 mM MgSO4 and 0.65 mM NADP+. ATP was consumed 

by hexokinase (1.9 U/ml) in reaction with glucose (0.1 mM). The reaction 
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reached an end point after 10 minutes, and NADH concentrations were 

determined.  

ADP was also determined at 30°C in the buffer containing 66 mM TEA-pH 

7.6, 6.6 mM MgSO4, 66 mM KCl, 0.2 mM NADH and lactate dehydrogenase 

(1.8 U/ml). This step eliminates pyruvate and converts it into lactate, after 

completion of the reaction 0.2 mM phosphoenolpyruvate and pyruvate kinase 

(1.8 U/ml) was added to measure the levels of ADP. The end point of this 

reaction was found to be 40 minutes after enzyme addition. The concentration 

of ATP and ADP was expressed in µmol/3*107 cells/ml assuming the number of 

cells at OD600 1 was ~3*107cells [1]. The recovery of the ATP after extraction 

was 90.75% and this represents the efficiency and stability of the metabolite 

during this extraction procedure (Table 1).   

 

Table 1. Metabolite recovery after extraction in boiling ethanol coupled with 60% 

methanol quenching.  

 

Results 

S. cerevisiae acquires resistance to weak organic acids by activating the 

membrane H+-ATPase Pma1p and transporters to expel protons and anions. 

Both processes consume ATP. Baker’s yeast does not degrade or metabolize 

the weak organic acids in the presence of glucose [14], so this energy 

dependent extrusion will be futile unless cells restrict the diffusional entry of 

WOA. Therefore, we probed the cells’ ability to restrict the diffusional entry of 

weak acids. We have used two different WOAs, sorbic acid and acetic acid. 

Both acids have different toxic effect despite their identical pKa values. This is 

due to their different degree of lipid solubility, allowing HS to enter much more 

readily than HA [4]. We pulsed HA and HS to growing cultures of S. cerevisiae 

and estimated the initial entry by measuring cellular acidification (Fig. 1A, C). 

We confirmed that HS acidifies cells faster than HA. Next, we adapted the 

Sample Exogenous ATP

added 

Measured ATP Difference Recovery 

1 0 8.40 ± 0.40 - - 

2 5 12.00 ± 0.80 3.60 ± 1.02 90 % 

3 7.60 14.40 ± 0.36 6.00 ± 0.30 90 % 

4 10 17.20 ± 1.18 8.80 ± 1.50 93 % 
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cultures, exposing them to 40 mM of acetic acid or 1 mM sorbic acid, both of 

which inhibit growth by approximately 50%. After 4 hours of adaptation, cells 

were washed, suspended into fresh media and pulsed with HA and HS (Fig. 1). 

The rate of acidification was much lower and the drop in pH after 1 min was less 

in pre-adapted than in control cultures. A reduction of the rate of acidification 

can be accomplished in two ways: Membranes can be altered to reduce the 

entry of the acids [17], but an induction of proton pumping activity could also 

cause a slower acidification [4].  

 

Figure 1. Effect of 20 mM acetic acid (A, B) and 1.2 mM sorbic acid (C, D) on 

acidification rate and the intracellular pH after 1 min in control and pre-adapted cultures 

of S. cerevisiae wild-type in the presence (black) and absence (gray) of glucose. Data 

presented are the average of three independent cultivations and error bars represent 

standard deviation. An asterisk indicates significance of the difference between control 

and pre-adapted in the presence and absence of glucose (two-tailed t-test; *=p<0.05; 

**=p<0.01; ***=p<0.001). Black asterisk represents pre-adapted vs control in the 

presence of glucose, gray asterisk represents pre-adapted vs control in the absence of 

glucose, black asterisk above line represents with glucose vs without glucose. 

 

To distinguish between these options, we compared the acidification rate of pre-

adapted and control cultures of S. cerevisiae wild type in the presence and 

absence of glucose. Removal of glucose from medium leads to the depletion of 
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the ATP pool within minutes, and thereby arrests the pumping activity. 

Differences in acidification should, under these circumstances be caused by 

changes in influx. In the absence of glucose, the rate of acidification was similar 

to that in the presence of glucose, and pre-adaptation led to a similar decrease 

in acidification rate. This suggests that cells indeed decrease the diffusional 

entry of WOAs by remodeling plasma membrane or cell wall. It should be noted 

that while the absence of an energy source did not affect the acidification rate, 

the pHi reached after 1 min was lower in cultures without glucose (Fig. 1B, D). 

Therefore, the initial acidification rate truly reflects diffusional entry, and this is 

reduced by the pre-adaptation. Adapted cells could not overcome the diffusional 

entry completely, and energy is still required for the maintenance of pHi in the 

presence of WOA, even after pre-adaptation. This energy demand might result 

in depletion of cellular ATP and therefore reduced growth.  

 

Effect of WOA on growth, pHi and adenylate nucleotide levels of S. 
cerevisiae wild-type  

To test the effect of WOA on energy depletion, we measured the intracellular 

concentrations of adenine nucleotides (ATP, ADP), and simultaneously 

monitored growth and pHi. We exposed S. cerevisiae wild-type to 

concentrations of HS and HA inhibiting growth by 50 and 100% in our previous 

work. For acetic acid this corresponded to 40 mM and 70 mM, while for HS 1 

mM and 2 mM were used. Growth and pHi profiles are shown in figure 2. 

Addition of WOA caused immediate acidification (Fig. 2B). After 40 mM HA, 

recovery started instantaneously, and pHi was restored almost to the pHi of 

unstressed cell after 80 min (Fig 2B). However, no pHi recovery was observed 

with 70 mM HA stress for the time frame studied, and growth was not resumed 

(Fig 2A, B). Cellular ATP was depleted by 60% in 40 mM HA stressed cells. 

Remarkably, 70 mM caused only a 21% reduction (Fig. 2C). ADP was also 

reduced in both conditions, but lower at moderate than at severe stress (Fig. 

2D).  

The HS concentrations used in these conditions did not recapitulate the 60% 

and 90% growth inhibition observed in our previous work [1, 4], possibly due to 

a different experimental setup. Growth inhibition and acidification were slightly 

higher with 2 mM than with 1 mM HS stress. We did not observe recovery of 

either pHi or growth within the time frame (Fig. 2E, F). 
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Figure 2. Effect of acetic acid (left hand panels) and sorbic acid (right hand panels) on 
growth (A, E), intracellular pH (B, F), cellular ATP (C, G) and ADP (D, H) concentrations 
of S. cerevisiae wild-type. Growing cultures were exposed to 0 mM (■ and black bar), 40 
mM/1 mM (○ and gray bar) and 70 mM/2 mM (▲ and dark gray bar) of HA/HS at t=0. 
Data presented are the average of three independent cultivations and error bars 
represent standard deviation. An asterisk indicates significance of the difference 
between acid exposed and control cultures at similar time point (two-tailed t-test; P < 
0.05).  
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With 1 mM HS, ATP levels decreased by ~51% at t=0.5 h and did not recover 

till t=4 h. Decrease of ATP after 2 mM HS stress was less than after 1 mM HS 

(Fig. 2G). The ADP concentrations were decreased by moderate stress 

conditions, while no significant decrease was observed at the higher dosage.  

 

Reduction of Pma1p activity sensitizes toward HA 

S. cerevisiae decreases Pma1p activity through Hsp30p activation upon WOA 

stress, which reserve cellular ATP for adaptation [23]. Therefore, we 

hypothesized that if ATP depletion is the cause of growth inhibition, decreasing 

Pma1p activity would increase the cellular ATP level and could decrease the 

growth inhibition.  

Cells with reduced Pma1p activity did not show any sensitivity to HS 

compared to wild-type (Fig. 3E), and pHi reduction and recovery were similar, 

consistent with our previous experiments [4]. Growth recovery of pma1-007 

coincided with pHi restoration during HS stress. The ATP concentration of 

pma1-007, with half the H+-ATPase activity, initially decreased less than in wild-

type, with only 28% for 1 mM, compared to 51% in wild-type. Upon 1 mM HS 

stress, it did however continue to decrease over the course of time. The ATP 

level in 2 mM HS treated cells behaved similar to the wild-type (Fig. 3G). In both 

stress conditions ADP levels were significantly reduced by the addition of the 

acid (Fig. 3H). The reduced ATP consumption did, however, not lead to an 

alleviation of the growth inhibition. 

We have shown previously that for HA, acidification correlates strongly with 

growth inhibition, and the effect of HA on growth and pHi was enhanced by 

decreasing Pma1p activity [4]. Indeed, the mutant pma1-007 was more 

sensitive to HA. Even moderate stress (40 mM) had severe effect on growth of 

the mutant compared to wild-type (Fig. 3). Therefore, to still assess the effect of 

a 50% growth inhibitory concentration, we included a 25 mM HA stress 

condition. Thus, three concentrations (25 mM, 40 mM and 70 mM) of acetic acid 

stress were added to growing cultures of pma1-007 cells. Intracellular pHi of 

pma1-007 dropped below pH 5.0 with all three concentrations, and growth and 

pHi were recovered after the 25 mM HA stress only (Fig 3A, B). As observed 

with wild-type, the lower concentration of HA (25 mM) caused a strong depletion 

of ATP, while the higher concentrations (40 mM and 70 mM) actually led to a 

smaller reduction of ATP (Fig. 3C). 
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Figure 3. Effect of acetic acid (left hand panels) and sorbic acid (right hand panels) on 
growth (A, E), intracellular pH (B, F), cellular ATP (C, G) and ADP (D, H) concentrations 
of S. cerevisiae pma1-007. Growing cultures were exposed to 0 mM (■ and black bar), 
25 mM (∆ and light gray bars), 40 mM/1 mM (○ and gray bar) and 70 mM/2 mM (▲ and 
dark gray bar) of HA/HS at t=0. Data presented are the average of three independent 
cultivations and error bars represents standard deviation. An asterisk indicates 
significance of the difference between acid exposed and control cultures at similar time 
point (two-tailed t-test; P < 0.05). 
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Interestingly, growth of pma1-007 was hardly affected by 25 mM HA stress, but 

the drop in the cellular ATP was prominent and ATP remained low up to 4 hours 

after the initial stress (Fig. 3C). ADP concentrations were also decreased 

compared to control (Fig. 3D). Therefore, reduction of Pma1p activity did not 

lead to higher ATP concentrations upon stress, and did not alleviate the stress 

phenotype. Rather, it enhanced the effect of acetic acid stress because of 

insufficient proton extrusion capacity. It appears, therefore, that the ATP 

consumption by the proton pump is not contributing strongly to the growth 

inhibitory effect of these two weak acids  

 

Effect of WOA on growth, pHi and adenylate nucleotide levels of S. 
cerevisiae pdr12Δ 
The role of Pdr12p under acetic acid stress remains ill-understood. We showed 

previously that Pdr12p is not required for HA resistance and its deletion had no 

effect on growth. Since Pdr12p is not expressed and its activity is not required 

for the extrusion of anions or protons during HA stress, we hypothesized that 

deletion of the gene would not affect acetic acid sensitivity, or adenylate 

nucleotide concentrations upon acetic acid stress. Indeed, upon acetic acid 

stress, the growth profile of pdr12Δ was similar to the wild-type (Fig. 4A). Both 

concentrations led to a pHi decrease to below 5, and like wild-type pHi could be 

restored only in the 40 mM HA stress condition (Fig. 4B). The pattern of 

adenylate nucleotides observed in pdr12Δ was similar to that of wild-type, (Fig. 

4C, D) corroborating the idea that Pdr12p activity does not contribute to ATP 

depletion in case of acetic acid stress. Cellular ADP concentrations were also 

reduced (Fig. 4D) again more strongly at lower stress. 

Pdr12p expression is induced by sorbate and benzoate after approximately 

60-90 minutes of acid exposure to levels almost as high as Pma1p [8, 16]. The 

pHi of pdr12Δ cultures decreased to 6.5 and 6.0 upon exposure to 1 mM and 2 

mM of HS, respectively (Fig. 4F). Upon exposure to 1 mM HS, pdr12Δ cells 

recovered growth after 4 hours of adaptation (Fig. 4E). However, cells treated 

with 2 mM HS did not recover growth and pHi, in line with our previous analysis. 

If Pdr12p activity was a major energy consuming factor upon acid stress, we 

would expect that deletion of PDR12 would reduce ATP consumption compared 

to wild type in the case of HS stress. Indeed, in contrast to the wild type cells,  
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Figure 4. Effect of acetic acid (left hand panels) and sorbic acid (right hand panels) on 

growth (A, E), intracellular pH (B, F), cellular ATP (C, G) and ADP (D, H) concentrations 

of S. cerevisiae pdr12Δ . Growing cultures were exposed to 0 mM (■ and black bar), 40 

mM/1 mM (○ and gray bar) and 70 mM (▲ and dark gray bar) of HA/HS at t=0. Data 

presented are the average of three independent cultivations and error bars represents 

standard deviation. An asterisk indicates significance of the difference between acid 

exposed and control cultures at similar time point (two-tailed t-test; P < 0.05). 
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ATP levels were decreased only little during sorbic acid stress from t=0.5 to t=4 

hours as shown in figure 4G. 

The drop in the ATP was 7% in pdr12Δ cells with 1 mM of sorbic acid, and 

21% with 2 mM, in which case the ATP contents were mostly recovered during 

the time course (Fig. 4G). No significant difference was observed in cellular 

ADP concentrations during the first hour of stress exposure. Interestingly, the 

cells were also able to maintain a slightly higher pHi (6.5) with 1 mM sorbic acid. 

 

Discussion 

Weak organic acids are widely used food preservatives in food and beverage 

industries because they are particularly efficacious towards yeast and fungal 

spoilage [24]. Characteristically, weak-acid preservatives do not kill yeast but 

rather inhibit growth [3], and this ability of yeasts to survive and proliferate in the 

presence of WOA is an important spoilage factor. Various mechanisms are 

thought to contribute to the growth inhibitory effect, but quantitative mechanistic 

understanding is still lacking. 

We showed that the adaptation to WOA resulted in a decreased diffusional 

entry of the molecule. It has been suggested previously that adapted cells 

decrease the diffusional entry of acids by remodeling their plasma membranes 

and reinforcement of cell wall structure to decrease its porosity [17]. However, 

other studies inferred that it is the result of the high active extrusion of protons 

to counteract the diffusional entry [14]. To distinguish between these two 

mechanisms, we analyzed how the initial acidification rate depended on both of 

these aspects. Because the rate of acidification was not dependent on the 

presence of an energy source, and therefore truly reflects the WOA entry rate, 

we concluded that WOA adapted cells indeed decrease the entry by alteration 

of either the structure of the plasma membrane or their cell wall composition. 

However, the minimal pHi reached after acid exposure did depend on the 

presence of glucose, showing that the ATP generated using this carbon source 

is required for sustained pHi homeostasis upon acid exposure. Acquisition of 

resistance to WOA by ATP-dependent efflux of protons and anions is a very 

expensive protective mechanism that could contribute to the WOA mediated 

growth inhibition. 
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Effect of WOA on the cellular concentration of ATP  

The intracellular concentration of ATP depends on the balance between energy 

production and consumption. Acetic and sorbic acid are known to stimulate 

different response in yeast, but in both stress conditions S. cerevisiae uses ATP 

dependent membrane transporters to expel protons and anions, likely 

consuming large amounts of ATP, which may deplete the cellular ATP pool and 

thus inhibit growth [14]. HS was previously shown not to affect ATP production 

[12]. Therefore we assume that the decrease in ATP observed is due to 

increased consumption, likely because of the activities of Pma1p and Pdr12p, 

the major proton and anion exporter during HS stress in S. cerevisiae [14]. We 

showed that cells do use ATP in the presence of WOA [12] but its depletion is 

not a major contribution to growth inhibition; we hypothesized that if ATP 

depletion were the major cause of growth inhibition, the reduction of ATP 

dependent extrusion of WOA protons and anions should increase cellular ATP. 

This ATP will be available for adaptation as suggested earlier [23]. Therefore, 

we included pma1-007 and pdr12Δ mutants in our study. In these mutants the 

ATP consumption for export of protons and anions should, respectively, be 

decreased, allowing us to assess whether the ATP depletion contributes to 

growth inhibition. 

Neither pma1-007 nor pdr12Δ showed significant hypersensitivity to HS, 

which is consistent with the results we reported earlier [4]. However, this is 

seemingly in contrast with other studies where both mutants showed increased 

sensitivity against HS [8, 9, 12]. The reasons for such discrepancies could be 

due to different experimental setup as suggested earlier [4]. We observed 

higher intracellular ATP depletion in wild-type than pma1-007 and pdr12Δ cells 

during HS stress. This reconfirms the activation of Pma1p and Pdr12p in the 

above mentioned conditions [8, 9, 12], and shows that these activities are a 

significant ATP burden. Thus, we assumed that though Pma1p and Pdr12p are 

induced during HS stress, neither one is truly essential during sorbic acid 

adaptation in S. cerevisiae [4, 16]. Because the growth inhibition phenotype of 

the presence of WOA was not alleviated in either mutant, we can conclude that 

it is unlikely that the cellular energy depletion by these transporters has a strong 

causal relationship to the growth inhibition. 

Acetic acid is known to challenge the intracellular pH and accumulate as 

protonated acid in cells [4, 25]. As expected, growth, pHi and intracellular ATP 
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levels in pdr12Δ cells were similar to the wild-type cells, reconfirming that 

Pdr12p is not instrumental to withstand HA stress [14]. Plasma membrane H+-

ATPase was shown to be essential for pHi and growth recovery in the presence 

of acetic acid [4, 26]. Intracellular ATP data revealed that the increased 

susceptibility of pma1-007 is due to reduced capacity of proton extrusion rather 

than ATP consumption. The minimum ATP level was observed at moderate 

stress (25 mM) where both growth and pHi were completely restored. In 

addition, severe HA stress, with lower pHi and stronger growth inhibition, 

resulted in a reduced ATP depletion.  

Overall, we observed that when cells were subjected to severe WOA stress, 

they did not spend ATP to recover growth and pHi. In fact, cells appear to have 

evolved mechanisms that prevent WOA induced ATP depletion, since ATP 

levels were higher in severe stress conditions where growth was completely 

inhibited, compared to moderate stress where ATP levels were lower but growth 

was partially inhibited. This phenomenon was seen with both acetic acid, where 

we have shown previously that growth inhibition was mainly caused by 

acidification, and with the more lipophilic sorbic acid, where we expected other 

aspects of WOA to lead to growth inhibition [4]. This implies that cells somehow 

sense the severity of the stress and change the strategy of adaptation, not 

consuming ATP for futile attempts at recovery, but rather reserving it, in spite of 

the low pHi and high anion concentrations that now necessarily persist in the 

cell. This should then be advantageous for later recovery of growth. Whether 

the sensing, or cellular decision making, is directly controlled by for instance pHi 

itself, or by some as yet unknown signaling mechanism, remains to be 

established. Understanding how pHi affects cellular decision making to control 

the biochemical activity could provide powerful tools in understanding the 

biological mechanism of stress response and adaptation.  

 

References 

 

1. Orij, R., et al., In vivo measurement of cytosolic and mitochondrial pH using a 
pH-sensitive GFP derivative in Saccharomyces cerevisiae reveals a relation 
between intracellular pH and growth. Microbiology, 2009. 155(Pt 1): p. 268-78. 

2. Brul, S. and P. Coote, Preservative agents in foods - Mode of action and 
microbial resistance mechanisms. Int J Food Microbiol, 1999. 50(1-2): p. 1-17. 

3. Lambert, R.J. and M. Stratford, Weak-acid preservatives: modelling microbial 
inhibition and response. J Appl Microbiol, 1999. 86(1): p. 157-64. 



                                                                                                         Yeast adaptation to weak acids 

89 
 

4. Ullah, A., et al., Quantitative analysis of the modes of growth inhibition by weak 
organic acids in yeast. Appl Environ Microbiol, 2012. 

5. Krebs, H.A., et al., Studies on the mechanism of the antifungal action of 
benzoate. Biochem J, 1983. 214(3): p. 657-63. 

6. Bracey, D., C.D. Holyoak, and P.J. Coote, Comparison of the inhibitory effect of 
sorbic acid and amphotericin B on Saccharomyces cerevisiae: is growth 
inhibition dependent on reduced intracellular pH? J Appl Microbiol, 1998. 85(6): 
p. 1056-66. 

7. Pearce, A.K., I.R. Booth, and A.J. Brown, Genetic manipulation of 6-
phosphofructo-1-kinase and fructose 2,6-bisphosphate levels affects the extent 
to which benzoic acid inhibits the growth of Saccharomyces cerevisiae. 
Microbiology, 2001. 147(Pt 2): p. 403-10. 

8. Piper, P., et al., The pdr12 ABC transporter is required for the development of 
weak organic acid resistance in yeast. EMBO J, 1998. 17(15): p. 4257-65. 

9. Holyoak, C.D., et al., The Saccharomyces cerevisiae weak-acid-inducible ABC 
transporter Pdr12 transports fluorescein and preservative anions from the 
cytosol by an energy-dependent mechanism. J Bacteriol, 1999. 181(15): p. 
4644-52. 

10. Orij, R., S. Brul, and G.J. Smits, Intracellular pH is a tightly controlled signal in 
yeast. Biochim Biophys Acta-Gen Subjects, 2011. 1810(10): p. 933-944. 

11. Serrano, R., M.C. Kiellandbrandt, and G.R. Fink, Yeast plasma-membrane 
ATPase is essential for growth and has homology with (Na++K+), K+- and Ca-
2+-Atpases. Nature, 1986. 319(6055): p. 689-693. 

12. Holyoak, C.D., et al., Activity of the plasma membrane H+-ATPase and optimal 
glycolytic flux are required for rapid adaptation and growth of Saccharomyces 
cerevisiae in the presence of the weak-acid preservative sorbic acid. Appl 
Environ Microbiol, 1996. 62(9): p. 3158-64. 

13. Morsomme, P., C.W. Slayman, and A. Goffeau, Mutagenic study of the 
structure, function and biogenesis of the yeast plasma membrane H+-ATPase. 
Bba-Rev Biomembranes, 2000. 1469(3): p. 133-157. 

14. Mollapour, M., A. Shepherd, and P.W. Piper, Novel stress responses facilitate 
Saccharomyces cerevisiae growth in the presence of the monocarboxylate 
preservatives. Yeast, 2008. 25(3): p. 169-77. 

15. Hatzixanthis, K., et al., Moderately lipophilic carboxylate compounds are the 
selective inducers of the Saccharomyces cerevisiae Pdr12p ATP-binding 
cassette transporter. Yeast, 2003. 20(7): p. 575-585. 

16. Papadimitriou, M.N., et al., High Pdr12 levels in spoilage yeast (Saccharomyces 
cerevisiae) correlate directly with sorbic acid levels in the culture medium but 
are not sufficient to provide cells with acquired resistance to the food 
preservative. Int J Food Microbiol, 2007. 113(2): p. 173-9. 

17. Mira, N.P., M.C. Teixeira, and I. Sa-Correia, Adaptive response and tolerance 
to weak acids in Saccharomyces cerevisiae: a genome-wide view. OMICS, 
2010. 14(5): p. 525-40. 

18. Piper, P., et al., Weak acid adaptation: the stress response that confers yeasts 
with resistance to organic acid food preservatives. Microbiology, 2001. 147(Pt 
10): p. 2635-42. 

19. Ataullakhanov, F.I. and V.M. Vitvitsky, What determines the intracellular ATP 
concentration. Biosci Rep, 2002. 22(5-6): p. 501-511. 

20. Larsson, C., et al., Glycolytic flux is conditionally correlated with ATP 
concentration in Saccharomyces cerevisiae: a chemostat study under carbon- 
or nitrogen-limiting conditions. J Bacteriol, 1997. 179(23): p. 7243-50. 

21. Verduyn, C., et al., Effect of benzoic-acid on metabolic fluxes in yeasts - a 
continuous-culture study on the regulation of respiration and alcoholic 
fermentation. Yeast, 1992. 8(7): p. 501-517. 



Chapter 3  

90 
 

22. Gonzalez, B., J. Francois, and M. Renaud, A rapid and reliable method for 
metabolite extraction in yeast using boiling buffered ethanol. Yeast, 1997. 
13(14): p. 1347-1355. 

23. Piper, P.W., et al., Hsp30, the integral plasma membrane heat shock protein of 
Saccharomyces cerevisiae, is a stress-inducible regulator of plasma membrane 
H+-ATPase. Cell Stress Chaperones, 1997. 2(1): p. 12-24. 

24. Winter, G., et al., Caffeine induces macroautophagy and confers a cytocidal 
effect on food spoilage yeast in combination with benzoic acid. Autophagy, 
2008. 4(1): p. 28-36. 

25. Stratford, M., et al., Inhibition of spoilage mould conidia by acetic acid and 
sorbic acid involves different modes of action, requiring modification of the 
classical weak-acid theory. Int J Food Microbiol, 2009. 136(1): p. 37-43. 

26. Cid, A., R. Perona, and R. Serrano, Replacement of the Promoter of the Yeast 
Plasma-Membrane Atpase Gene by a Galactose-Dependent Promoter and Its 
Physiological Consequences. Curr Genet, 1987. 12(2): p. 105-110. 

 
 


