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General introduction 

Although microbes cannot be seen with the naked eye, a whole world of 

microbial life exists. Microorganisms were the first form of life on planet earth. 

These tiny creatures dominate the Earth's biosphere by constituting 60% of its 

biomass, yet only a small fraction (1% of all microbial species) is explored [1]. 

Moreover, approximately 90% of all cells in a human body are microbes [2]. 

Generally, microbes have a bad reputation because of their often-negative 

connotation in the news. They are, however, essential members of our food 

web and ecosystem. Therefore, understanding of and knowledge about 

microbial life and its interaction with our ecosystem is a cornerstone of a 

sustainable society. Life on Earth is divided into five kingdoms: monera, 

protista, fungi, plantae, and animalia. Fungi have a quite unique and prime role 

in the terrestrial ecosystem by serving as decomposers and symbionts. They 

have a profound agricultural, medical, and biotechnological importance in our 

daily life [3]. Fungi are eukaryotic, heterotrophic organisms, and exist in diverse 

forms ranging from unicellular yeast to filamentous fungi, mushrooms, lichens, 

etc. with approximately 0.5–9.9 million species [4]. Undoubtedly, yeast is one of 

the important groups of the fungal kingdom. It may be considered as the first 

known domesticated microorganism as it has been used in the production of 

food and beverage for thousands of years [5]. Yeasts are unicellular fungi that 

reproduce asexually by budding or division. They are distributed between the 

Basidiomycota and Ascomycota Phyla. So far, only 1500 yeast species have 

been characterized, which is estimated to be 1% of all yeast species occurring 

on earth [6]. Being lower eukaryotes, yeasts are attractive organisms to study 

fundamental biological processes of the eukaryotic cell. Saccharomyces 

cerevisiae and Schizosaccharomyces pombe are two well characterized yeasts 

and established model experimental systems [7]. Yeast has been used as 

model organisms to identify key molecules that regulate the cell cycle in all 

eukaryotic organisms, including plants, animals and humans. These discoveries 

not only give us a fundamental understanding of the cell cycle but also have 

profound medical implications. Deregulation of cell cycle progression in normal 

human cells may transform them into cancer cells. Indeed the discovery of 

regulatory mechanisms in yeasts governing the cell cycle of eukaryotes opened 

new possibilities for cancer treatment [8, 9]. 
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The yeast Saccharomyces cerevisiae  
The budding yeast Saccharomyces cerevisiae, also known as baker’s yeast, is 

the most extensively studied eukaryotic organism [10]. Despite its simplicity, S. 

cerevisiae is similar to higher eukaryotes in cell structure and cell cycle, and it 

contains all major membrane-enclosed compartments present in higher 

eukaryotes.  

The organism has many advantageous features over other eukaryotes, 

which makes it a highly suitable system for biological studies; it is cheap and 

easy to cultivate has a short generation time (~90 min in rich medium) and, 

grows as dispersed cells. It has a highly versatile DNA transformation and 

homologous recombination system and can grow in both aerobic and anaerobic 

conditions [11]. Unlike many other microorganisms, S. cerevisiae can exist 

stably in either haploid or diploid states. In 1996, it was the first eukaryote 

organism whose entire genome was sequenced and made public [12] which 

significantly accelerated yeast genetic research. The genome contains ~6000 

open reading frames (ORFs) distributed over 16 chromosomes constituting 

~12.8 Mb. Thanks to the yeast research community, who created non-essential 

gene deletions mutant collection, approximately 80% of genes have been 

characterized functionally [10, 12]. Roughly 31% of yeast protein sequences are 

similar to the mammalian [13].  

A major distinct difference between yeasts and other eukaryotic cells (such 

as mammalian cells) is the cell wall. Yeast cells are surrounded by a cell wall 

that maintains cell shape and protects the organism from mechanical and 

environmental insults. The wall constitutes 10-25% of total dry weight [14] and 

is an essential organelle [15]. 

 

Yeast: Friend or Foe  

Yeasts facilitate our life in many ways. We cannot ignore their significance in 

the food industry for the production of bakery products, fermented beverages or 

in biotech products. Some of this includes enzymes, vitamins, capsular 

polysaccharides, carotenoids, polyhydric alcohols, lipids, glycolipids, citric acid, 

ethanol, and carbon dioxide production. However, their leading role in food 

spoilage [16, 17] and opportunistic infections obscure to some extent their 

image as microbes with a beneficial role in human health. Figure 1 illustrates 
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the evolutionary relationship between the most important yeast species that are 

discussed in this thesis. 

 

 
Figure 1. Phylogenetic relationships among Saccharomycotina yeasts.  

The phylogenetic tree represents the evolutionary relationships between yeasts 

mentioned in this study. The tree is based on the alignments of 1137 protein families that 

have single-copy orthologues in the 21 species considered. WGD; whole genome 

duplication, CTG; yeast species that translates the CTG codon as serine rather than 

leucine. The two species discussed in this thesis are boxed. Picture adapted from [18] 

 
Food Spoilage – impact and causes 
Almost every 7th person on planet earth cannot get enough food to attain a 

sufficient level of nutrition. This daunting number raises the question whether 

we have in principle enough food on earth to feed all? The answer is yes! In fact 

we produce more food than we need. The main reason for the remaining 

‘hunger’ problem on earth is that people cannot afford to pay for sufficient 

nutrition, either due to low income or high prices [19, 20]. In addition, the food 

demand constantly increases as the population on earth increases. It is 

predicted that food demand will be increased by 70% in 2050 [21]. On the other 

hand 30 to 50% of food produced for mankind is spoiled, which causes a huge 

economic loss and constitutes a major concern for all of us. Food spoilage is 
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defined as any change in organoleptic properties of food products that render 

food unacceptable for human consumption [22]. There are various factors which 

contribute to food spoilage “from farm to fork” including microbes, enzymatic or 

chemical reactions, temperature, physical damage, insects, parasites, and 

moisture. Up to 40% of food is spoiled by microbes like bacteria, molds and 

yeasts. A major proportion of this spoilage is caused by yeasts because of their 

ability to grow in extreme environmental conditions [23]. Mainly 10 yeast 

species- Dekkera bruxellensis, Issatchenkia orientalis, Debaryomyces hansenii, 

Kloeckera apiculata, Pichia membranifaciens, Zygosaccharomyces bailii, 

Zygosaccharomyces bisporus, Saccharomyces cerevisiae, Zygosaccharomyces 

rouxii, Schizosaccharomyces pombe and Candida holmii 

(Saccharomycesexiguus)- are responsible for major spoilage losses in food and 

beverages [24]. In fact, the useful physiological characteristics of yeast such as 

growth at low pH, high osmotic conditions, weak acid resistance and high 

temperature tolerance, which make them a valuable cell factory for industrial 

purpose, also make them notorious spoilage agents [25]. In view of the 

aforementioned characteristics, we studied S. cerevisiae as model for spoilage 

yeasts. S. cerevisiae is quite similar to Zygosacchromyces strains and able to 

spoil food. The main focus of this study was to explore to explore the 

physiological response of S. cerevisiae to antifungal conditions posed in 

processed/stored foods or in nature. 

 

Pathogenic yeasts 
More than 200 fungal species have been recognized as human pathogens [26]. 

Most of them are commensal organisms that rarely infect immunocompetent 

individuals. As opportunistic pathogens they infect immunocompromised and 

immune deficient individuals such as those with diabetes, neutropenia, burns, 

persons with intravascular catheters, patients undergoing hemodialysis, 

abdominal surgery, and total parenteral nutrition, as well as those under 

prolonged therapy with broad-spectrum antibiotics or corticosteroids [27]. 

Candida spp. are opportunistic pathogens and the most common cause of 

fungal infections in humans [28]. The genus Candida contains more than 150 

different species but only a limited number of these species are human 

pathogens [27]. The major pathogenic species of this genus are C. albicans, C. 

glabrata, C. parapsilosis, C. tropicalis, and C. krusei [29]. Infections by Candida 
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spp. have increased significantly in the last three decades and are responsible 

for considerable morbidity and mortality [30]. Major reasons for this increased 

epidemiology are the rise of the AIDS epidemic, an increasingly aged 

population, otherwise immunocompromised patients and the more widespread 

use of indwelling medical devices [30]. All Candida spp. except C. glabrata are 

capable of growing as pseudohyphae or filamentous hyphae above 37°C. This 

was shown to be an essential virulence trait of this group [31]. C. glabrata is a 

non-dimorphic, haploid, budding yeast, ranked second after C. albicans in terms 

of candidiasis in the United States [32]. Although C. glabrata is less virulent 

than C. albicans, it has a higher mortality rate because of its innate resistance 

to many antifungal drugs [32, 33]. These include polyenes, echinocandins, and 

especially azoles, the most commonly prescribed medication against mycotic 

infections [30]. Moreover, compared to C. albicans, we know very little about its 

virulence factors, drug resistance mechanisms, and interactions with its host 

[30]. The complete genome of C. glabrata was sequenced in 2004 [34], but in 

the last 8 years only 176 ORFs (out of 5212) have been characterized [35] 

although systematic deletions efforts are ongoing. Comparative genomic 

approaches revealed that C. glabrata is phylogenetically more closely related to 

the non-pathogenic yeast S. cerevisiae than to other pathogenic Candida spp. 

[36].  

 

Yeast in dynamic environmental conditions 

In nature, laboratory conditions or in industrial processes, microbes face 

fluctuating environmental conditions such as temperature, ion concentrations, 

osmotic pressure, pH, nutrient availability, toxic chemicals, radiation, or 

fluctuation in the concentration of weak organic acids. Environmental 

conditions/fluctuations that threaten the survival of a cell, or at least prevent it 

from performing optimally, are generally considered as cell stress [37]. There 

has been emerging interest in the study of stress response and tolerance 

mechanisms mainly due to their potential role in the survival and growth of 

yeast under industrial conditions as well as medically relevant conditions. 

Moreover, many fundamental principles of cellular and molecular biology have 

been discovered while studying how cells respond to stressful conditions [37]. 

Yeast cells maintain stable internal environments for optimal growth and 

function. Sudden exposure of yeast cells to stress perturbs the intracellular 
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processes and normal physiology. In order to survive/proliferate, yeasts must 

have fast acting adaptation mechanisms, which not only repair the damage but 

also develop resistance against ongoing insult. While extensive studies have 

been done to investigate environmental stress responses at the genomic level, 

relatively little is known about its interaction with the regulation of yeast stress 

physiology.  

Clearly, yeast has to change its physiology to adapt to stress conditions. 

Recently Zakrzewska et al. showed that growth rate determines stress 

tolerance to a large extent. The authors convincingly showed that in order to 

acquire stress tolerance S. cerevisiae decreases its growth rate [38]. 

Intracellular pH is a crucial determinant of yeast physiology [39, 40] and known 

to control growth [41].   

 

Intracellular pH in yeast 

Maintenance and regulation of intracellular pH (pHi) within a narrow 

physiological range is essential for normal cellular functioning. Yeast cells 

maintain a neutral pHi during growth to ensure the optimal operation of 

fundamental processes [40]. Intracellular pH is tightly controlled in growing cells 

but minor fluctuations within the normal physiological pHi range have been 

observed. These are believed to play important role in different physiological 

processes such as cell proliferation, cell cycle progression, apoptosis, DNA and 

RNA synthesis [40, 42]. Dysregulation of pHi interferes with different cellular 

functions and plays an important role in for instance cancer and Alzheimer’s 

disease in higher eukaryotes [43, 44].  

Virtually all cellular processes are pH dependent: Changes in pH influence 

all acidic or basic molecules (and almost all the molecules in cells are either) by 

protonation–deprotonation events, which affects charge, structure, and function 

of such molecules [40, 45]. For example, metabolic conversions are mediated 

by enzymes, most of which are sensitive to pH. Phosphofructokinase, a rate 

limiting enzyme of glycolysis, is an example of a highly pH-sensitive enzyme 

[42]. In frog muscle at alkaline pH (7.0-7.5) its activity is increased about 100-

fold [46]. Besides, the substrates of these enzymes are also acids or bases, and 

their charge may very well affect their interaction with the active site of the 

enzymes (catalytic site).  
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pH homeostasis also affects membrane structure and function: Distribution of 

phospholipids, which are essential building blocks of most cellular membranes 

is pH dependent [40, 47]. Recently, Libera et al. suggested that the intracellular 

pH affects the translocase-mediated inward movement of aminophospholipids 

[47], which are responsible for the asymmetric distribution of phospholipids [48]. 

Additionally, the interactions of the membrane lipids with proteins are affected 

by pH, as exemplified in [49].  

Unlike prokaryotes, eukaryotic cells are highly compartmentalized with a 

variety of chemically defined sub environments that allow specific cell functions 

to operate more effectively. Therefore, each membrane-enclosed organelle has 

its own specific pH as shown in Fig. 2 [40]. Maintenance and regulation of the 

pH in these organelles is essential for various cellular processes. For example, 

the lysosome-like vacuole contains a number of hydrolytic enzymes that work at 

a lower pH (~5.6) [40]. Another example is ATP synthesis by mitochondria; the 

mitochondrial matrix maintains a slightly alkaline pH (~7.5) by pumping protons 

from the matrix [50] into the intermembrane space through a multi-protein 

complex electron transport system. The resulting proton gradient together with 

the membrane potential ∆Ψ constitute the proton-motive-force (PMF). This PMF 

is used by the F0F1-ATP synthase to synthesize ATP from ADP and inorganic 

phosphate [45]. 

 

Maintenance and regulation of pHi in yeast 

As discussed earlier, tight regulation of intracellular pH in the cytosol and 

subcellular organelles is required for the normal functioning and survival of the 

cell. Therefore, yeast has evolved sophisticated mechanisms to ensure pHi 

homeostasis comprised of proton pumping ATPases, antiporters, electrogenic 

transporters and the deployment of intracellular biomolecules as intrinsic pHi 

buffers.  

The plasma membrane H+-ATPase (Pma1p) is the major pHi regulator in S. 

cerevisiae. The protein belongs to the family of P2-type ATPases and is one of 

the most abundant proteins in the yeast plasma membrane. Pma1p transports 

protons from the cytosol to the extracellular medium using the hydrolysis of 

ATP. The enzyme consumes at least 20% of all cellular ATP during growth [51]. 

Pma1p activity creates an electrochemical gradient of  
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Figure 2. pH distribution in yeast cell.  

pH values of different cellular compartments of a yeast cell. Yeast has to maintain and 

regulate compartmental pH to perform essential cellular processes. To that end very well 

developed systems comprising P-type ATPases, antiporters, and symporters have 

evolved. See the description in the text for more details. Picture is adapted from [40] 

 

protons across the plasma membrane, which is the driving force for nutrient 

uptake by secondary active transport [52]. Overall, Pma1p is required for many 

physiological functions and as a consequence is essential for cell viability [53]. 

S. cerevisiae also has a second plasma membrane P2-ATPase (Pma2p) which 

is a homolog of Pma1p, sharing 89% identity at the level of the amino acid 

sequence. PMA2 is a non-essential gene and expressed at much lower levels 

(300-fold) than PMA1 under normal growth conditions [54]. Although in acidic 

environments (pH 2.5), PMA2 expression is increased, overall it has little 

contribution to pHi homeostasis. 

In eukaryotic cells, the pH within intracellular organelles is controlled by 

vacuolar proton-translocating ATPases (V-ATPases) [55]. V-ATPases are ATP 

dependent proton pumps which export protons across membranes generally 
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from the cytosol to different secretory compartments. This electrogenic activity 

eventually creates a pH gradient across membranes that can be used for 

secondary active transport by symport/antiport systems supporting various 

physiological processes. Moreover, V-ATPases are also required for stable 

localization of Pma1p and efficient cytosolic pH homeostasis [56]. Recently it 

has been shown that V-ATPase acts as a cytosolic pH sensor and is required 

for full activation of the PKA pathway in response to glucose [57].  

The activity of the major potassium transport system (Trk1p-Trk2p) also 

contributes to pH homeostasis. Trk1p and/or Trk2p transport K+ into cells using 

the electrical membrane potential produced by Pma1p. Moreover, mutants 

(trk1Δ, trk2Δ) have a high membrane potential, corroborating the importance of 

Trk1p and Trk2p in sustaining Pma1p electrogenic activity and ensuring 

intracellular pH homeostasis [58]. Although both genes are nonessential in 

baker’s yeast, the mutants are unable to grow at extreme pH values (pH<3.0) 

[59]. Nha1p is a Na+(K+)/H+ antiporter. The protein is located in the plasma 

membrane of S. cerevisiae and belongs to a large and ubiquitous family of 

Na+/H+ exchangers. Nha1p influences pH homeostasis by regulating the 

intracellular potassium concentrations. Cells lacking the Nha1 antiporter 

showed high cytosolic pH most likely due to reduced H+ influx [60, 61]. Nhx1p is 

another Na+(K+)/H+ antiporter, localized in the late endosomes [60] and vacuolar 

membrane [62]. Nhx1p regulates cellular pH to control vesicle trafficking from 

late endosomes to the vacuole [61]. Its deletion results in decreased pHi and 

defective vacuolar protein sorting [40]. A third Na+/H+ antiporter occurring in S. 

cerevisiae is Kha1p which is localized to Golgi vesicles and believed to 

contribute to K+ and pH homeostasis. Its deletion mutant showed aberrant 

growth at high extracellular pH values. Similar to what has been described 

earlier, vacuolar antiporters (Vcx1p, Vnx1p) are also involved in pH regulation 

[40]. 

 

Intracellular pH in different stress conditions 

The work described in this thesis focuses on physiological response to 

antifungal/stress conditions posed in processed or stored foods or in nature. 

Different techniques are being used to inhibit microbial growth and extend food 

shelf life. This includes the additions of food preservatives, creating growth 

inhibitory conditions (low pH, low water activity, high osmotic conditions 
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salts/sugar), high/low temperature, etc. The main purpose of food preservatives 

is to extend food shelf-life, protecting the quality of food and ensuring 

appropriate levels of protection against food borne illness.  

 

Weak organic acid stress 

Like us, fungi are also eukaryotes. Therefore, it is difficult to find preservatives 

without affecting cellular processes in normal human cells and hence human 

health [23]. Only a very limited number of chemicals is approved for use as food 

preservatives because of safety reasons. An important and common class of 

food preservatives is weak organic acids (WOA), which are widely used in food 

and beverages to prevent spoilage. WOA do not kill spoilage yeasts but rather 

inhibit their growth [63]. The most widely used weak organic acids are sorbic 

(HS), benzoic (HB), propionic (HP), and acetic acid (HA). They are naturally 

occurring compounds present in fruits and vegetables or a product of biological 

fermentation processes [64]. In general, salts of WOA are used in food and 

beverage owing to their high solubility in aqueous solutions.  

When weak acids are dissolved in water they partially dissociate and exist in 

a dynamic pH-dependent equilibrium between molecular acid (undissociated 

form) and their respective anions (dissociated form) [65]. 

 ↔ +  

 

The equilibrium is characterized by the acid dissociation constant Ka 

 K = [H ][A ][HA]  

 

or its negative logarithm, pKa [pKa = -logKa] [66, 67].  

 

The relation between pKa and pH is derived by taking the common logarithm of 

both sides of above-mentioned equation, which gives the Henderson-

Hasselbalch equation. 
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  pH = pK + log 	[A ][H ]	
 

The pKa value represents the pH at which the concentrations of the 

undissociated and dissociated acids are equal. WOA are more efficient in food 

products with low pH, because decrease of pH increases the amount of the 

undissociated, uncharged form of the acid, and this form is considered to be 

toxic [63]. 

WOA are thought to enter yeast cells by either simple diffusion or facilitated 

diffusion. Diffusion is the process by which molecules move from a region of 

high concentration to a region of lower concentration [68]. Cell membranes are 

more permeable to uncharged neutral molecules than dissociated charged 

molecules. Hence, the undissociated form of WOA is much more prone to 

diffuse across the membrane. Hitherto, only one membrane channel, the 

aquaglyceroporin Fps1p, has been proposed to facilitate entry of undissociated 

WOA in the presence of glucose [69]. However, in other studies fps1Δ did not 

show any resistance to acetic acid [70] and initial acidification was similar to 

wild-type (chapter 4). Diffusional entry of weak acid preservatives depends on 

the WOA physicochemical properties, concentration gradient, and pHex. The 

most important factor that determines the ability of a WOA to cross the 

biological membranes is its lipid-solubility. Because eukaryotic membranes are 

composed of phospholipids and lipid-soluble proteins, only molecules that have 

some degree of lipid solubility can pass through [71]. Lipid solubility or 

lipophilicity of any compound is measured by its octanol/water partition 

coefficient, which indicates the ratio of the concentration of the compound in the 

octanol and the water phase in a dual solvent system [72]. With the increase of 

partition coefficient value (Log Poctanol/water further referred to as Log P) the 

lipophilicity of a compound increases. In other words, WOA that have a high 

Log P are more lipophilic and could diffuse into cells faster than WOAs with 

lower Log P values (Fig. 3). For example, sorbic acid (Log P = 1.33) acidifies 

cells much faster than acetic acid (Log P = -0.17), despite having similar pKa 

values (chapter 2). Moreover, there is much evidence that suggests that 

lipophilicity of WOA determines its toxicity [73 and chapter 2]. It is usually 

assumed that undissociated acid can freely diffuse into cells until an equilibrium 
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with equal concentrations of protonated acid on both sides of the membrane is 

reached. Lipophilic WOA may also affect the physical and chemical properties 

of the membranes as they are lipid soluble and may partition into the membrane 

[73]. However, we found no evidence of this and showed that the plasma 

membrane is not damaged in WOA stressed cells of S. cerevisiae (chapter 2). 

 

Figure 3. Lipophilic acids cause higher growth inhibition because they diffuse into 

cells faster.  

(A) S. cerevisiae cells were challenged with different concentrations of WOA which 

inhibit 50% growth rate. The concentration that gives rise to a 50% growth inhibition is 

much smaller (≤1 mM) for lipophilic acids compared to less lipophilic (42 mM). (B) 

Growing cultures of S. cerevisiae were exposed to 2 mM of four different WOA and the 

acidification rate was measured at seconds time resolution. Clearly lipophilic acids 

acidify cells much faster than less lipophilic acids. Together the data suggests that 

toxicity of WOA increases with their lipophilicity because the rate of their diffusional entry 

is increased. (chapter 2) 

 

Upon entering the cells, the undissociated form of WOA dissociates at the 

relatively neutral cytosolic pH (~7.0) to a proton and an anion. As both 

compounds are charged, they are unable to cross the plasma membrane by 

diffusion (Fig. 4). The resulting excess of protons drops the intracellular pH 

(including the vacuolar and mitochondrial compartments). The level of 

acidification depends, as discussed previously, on the structure and 

concentration of the WOA, in competition with cellular activities counteracting 

the acidification. The resulting lower cytosolic pH affects many essential cellular 

processes required for growth. Thus, decreasing the internal pH has an 

immediate effect on the growth rate of yeast cells. To ensure homeostasis of 

the intracellular pH and linked membrane potential, S. cerevisiae increases the 

activity of Pma1p to its maximal level [74, 75]. To confirm its essential role in 
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pHi homeostasis the growth of PMA1 mutants in the presence of WOA was 

assessed. Because PMA1 is an essential gene, mutants pma1- 205 [76] and 

pma1-007 (a hypomorphic allele) [77], both with ~50% reduced Pma1p activity, 

have been used in such studies. Strains with lowered Pma1p capacity show 

hypersensitivity to WOA stress [75] but susceptibility was much higher for the 

polar acetic acid than for lipophilic acids (chapter 2). Therefore, we concluded 

that the major growth inhibitory mechanism of acetic acid is intracellular 

acidification, while sorbic and benzoic acid are likely to have additional 

antimicrobial effects [78 and chapter 2]. Other pHi regulators such as the V-

ATPase also contribute to prevent cellular acidification caused by WOA. As 

expected their mutation lead to increased susceptibility to various weak organic 

acids [79].   

Accumulation of WOA anions is also toxic for yeast cells [80]. High 

concentration of certain anions can interfere with various metabolic processes, 

increase intracellular turgor pressure, disorganize mitochondria, or produce 

endogenous oxidative stress [81, 82]. It is generally accepted that intracellular 

anions trigger major stress responses that help in the adaptation [82]. WOA 

anions directly or indirectly induce the activity of a zinc-finger transcription 

factor, War1p, which is rapidly phosphorylated and induces the plasma 

membrane ATP-binding cassette transporter gene, PDR12 [83]. Upon exposure 

to WOA stress, Pdr12p accumulates at very high levels in the plasma 

membrane, which leads to efflux of the water-soluble WOA anions from cells. A 

pdr12Δ mutant shows high susceptibility to HB, HP and HS. Cells lacking 

Pdr12p are not sensitive to dicarboxylic acids or highly lipophilic compounds 

suggesting that only specific WOA anions (C3-8) such as HS, HP and HB induce 

PDR12 expression. However, it has been shown that Pdr12p can also export 

multicyclic compounds such as caffeine, catabolic products of amino acids and 

fluorescein [82, 84].  

Pdr12p is not involved in acetic acid resistance. An acetate sensitivity 

phenotype of pdr12Δ was considered an artifact resulting from the mutant’s 

auxotrophic requirements for aromatic amino acids [85]. Rather, S. cerevisiae 

mediates the efflux of acetate anions through multidrug transporters such as 

Tpo2p and Tpo3p, the genes of which are regulated by Haa1p [86]. Haa1p is a 

transcription activator and thought to be a main player to acquire HA resistance 
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 Figure 4. S. cerevisiae cells before and after weak acid stress.  

See description in the text. 
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as it controls 80% of all yeast genes that respond to HA stress [87]. Cells 

lacking Haa1p or Tpo2p/Tpo3p accumulate high concentrations of radiolabeled 

HA and display an extended lag phase compared to parental cells in response 

to HA stress [79, 86]. Hitherto, pHi dynamics were not studied in cells lacking 

WOA anion exporting systems, but it has been proposed that anion 

accumulation must affect Pma1p activity [88] because extrusion of anions also 

moves negative charge that counterbalances the positive charge of H+-ATPase 

extruded protons [88]. Thus, anion extrusion may well be required to restore pHi 

(chapter 2).  

Protons and anions are accumulated in the yeast cell during weak acid 

stress but cells activate counteracting mechanisms and expel both at the cost of 

cellular ATP (Fig. 4). It has been shown that Pma1p consumes at least 20% of 

total cellular ATP to translocate protons produced during metabolism, in normal 

growth conditions [51, 60] but ATP consumption can be increased up to 60% 

upon WOA stress [52]. This suggests that pHi recovery and anion removal in 

response to WOA are energetically very costly and could deplete the cellular 

ATP [89]. Holyoak et al. showed that addition of HS to yeast cultures decreases 

the cellular ATP. They inferred that the reduction was due to increased 

consumption of ATP by membrane pumps and transporters because HS did not 

affect the glycolytic or respiratory flux [75]. This suggests that HS or the sorbate 

anion would not affect ATP production which is in contradiction to the notion 

that WOAs reduce the cytosolic pH of S. cerevisiae and thereby inhibit 

glycolysis [90]. However, we showed that HS indeed does not inhibit growth 

through decreased pHi (chapter 2 & 3). A complete analysis would require an 

understanding of the specific effects of the acid or anions in ATP generation as 

well as consumption.  

S. cerevisiae, in contrast to, for instance the food spoiler Z. bailii, cannot 

degrade WOA in the presence of glucose [82]. When WOA proton and anion 

are pumped out of cells, the protons re-associate with anions due to the low 

pHex and diffuse back into the cells, constituting a cycle that drains cellular 

energy. ATP dependent efflux of protons and anions will be futile unless cells 

decrease the diffusional entry of WOA. Although not much work has been done 

in this field, it is highly unlikely that cells can resume growth or adapt without 

restricting passive diffusion of WOA. It has been proposed that yeast cells could 

limit the diffusional entry of WOA by reorganizing the structure of cell wall and 
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plasma membrane [79]. In response to lipophilic WOA, S. cerevisiae decreases 

cell wall porosity by increasing SPI1 expression, which encodes a 

glycosylphosphatidylinositol (GPI) anchored cell wall protein [91]. Although 

there is no evidence that confirms that alterations of the cell wall decrease WOA 

entry, decreasing cell wall porosity may help to reduce access to the plasma 

membrane. This would then hamper membrane perturbation, likely lower the 

rate of diffusion over the membrane and through that lower the rate of 

intracellular acidification and anion accumulation [91]. Moreover, Spi1p 

mediated changes in cell wall specifically protect cells from WOA with higher 

molecular mass and lipophilicity [91]. Changes in membrane lipid and 

composition are observed in response to WOA stress with 2,4-

dichlorophenoxyacetic (2,4-D) acid and decanoic acid. Cells exhibited a higher 

saturation degree of the principal fatty acyl chains in response to 2,4-D, which 

alters the fluidity of membrane and thus may restrict the diffusional entry of 

WOA [79, 92]. While we did not perform a membrane composition analysis, we 

did show clearly that WOA adaptation of yeast cells leads to decreased 

diffusional entry of WOA (chapter 3). S. cerevisiae cells may also stop WOA 

entry by destabilization of channels or pores which provide routes for entry [69].  

 

Intracellular pH and nutrients 

Glucose is the preferred carbon and energy source in yeasts. Maintenance of 

intracellular pH is an energy demanding process, and the continuous presence 

of external energy source is required. As soon as this carbon and energy 

source is depleted or withdrawn from the medium growth is arrested, and pHi 

starts to decline to eventually reach pHex. The main reason of pHi drop is the 

rapid inactivation of Pma1p and V-ATPase [57, 93]. Recently, it has been 

shown that yeast uses its cytosolic pH to monitor the availability of fermentable 

carbon sources. It is proposed that pHi decline upon glucose depletion 

disassembles the V-ATPase, which acts as an intracellular glucose sensor. 

Addition of glucose to starved cells corresponds with rapid cytosolic 

acidification, the consequence of protons produced during metabolic activities in 

addition to those coming into the cell as co-substrate of nutrient-proton 

symporters [57]. Glucose also activates the plasma-membrane H+-ATPase [94] 

which immediately starts exporting protons to restore pHi. Activity of Pma1p is 

so high that it leads to cytosolic alkalinization. Increase in cytosolic pH 
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assembles the V-ATPase which is required for full activation of the protein 

kinase A (PKA) pathway [57]. The PKA pathway is activated in response to 

glucose and essential for yeast viability and proliferation [95].  

Another example is binding of phosphatidic acid (PA) to a transcription 

regulator Opi1p. Opi1p is a negative regulator of transcription of the genes 

involved in the lipid metabolism and phospholipids biosynthesis. In normal 

growth conditions in the presence of glucose Opi1p binds to PA, keeping the 

transcription factor confined to membranes and therefore outside the nucleus, 

and lipid synthesis continues. As soon as PA is depleted in the endoplasmic 

reticulum, Opi1p is released and migrates to the nucleus where it represses the 

lipid metabolism. Interestingly, Young et al. in 2010 showed that PA acts as pH 

biosensor. When pHi declines in response to glucose removal/depletion, Opi1p 

is released from PA, leading to the repression of the transcription of genes 

responsible for lipid metabolism. By increasing pHi, Opi1p binds to PA and lipid 

metabolism starts. The pKa of the phosphomonoester headgroup of PA has 

been measured in the range of 6.9 to 7.9, in the pHi range of yeast, thus at high 

pHi PA is in deprotonated state which has more affinity for the positively 

charged Opi1p interaction surface. Decrease in intracellular pH increases the 

protonation state of PA, which lowers its affinity for Opi1p [49, 93].  

Not much is known about the role of pHi in the signaling of other nutrients 

such as nitrogen, phosphate, etc., but because of known pHi-growth relations 

[96], it seems quite likely that pHi must have a role in mediating the signaling of 

other nutrients. 

 

Intracellular pH and salt stress 

Yeast often encounters high solute environments in their natural habitat, for 

instance the high sugar content of grapes. Sudden increase of dissolved solute 

concentration in the extracellular environment imposes osmotic stress to cells, 

which causes a rapid efflux of water and alters the cellular turgor pressure [97]. 

Maintenance of cellular water balance is essential for survival of all forms of life. 

Therefore, immediate action is required to counteract the stress.  

With the increase of extracellular osmolarity, cellular water flows out to 

higher solute concentration by osmosis, shrinkage of the cells, which leads to 

increased ion concentration in the cell [97]. This phenomena inhibits the growth 

until the cell readjusts to the new environmental conditions. The key strategy in 
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osmoregulation is the accumulation of 

compatible solutes to counterbalance 

external osmolarity (Fig 5). In S. cerevisiae, 

the primary compatible solute is glycerol. 

Therefore, cells immediately close their 

Fps1p aquaglyceroporin to prevent loss of 

glycerol [98]. Meanwhile, yeast activates 

the high osmolarity glycerol (HOG) 

signaling system, which is also known to 

contribute to above-mentioned events (Fig. 

5). The key player in this system is the 

Hog1p MAP (mitogen-activated protein) 

kinase cascade which induces genes 

involved ion homeostasis, control of the cell 

cycle, and which regulates a number of 

processes to enhance the synthesis and 

accumulation of glycerol. S. cerevisiae 

senses hyperosmotic conditions by 

osmosensing membrane proteins, Sln1p 

and Hkr/Msb2p. Both sensors 

independently phosphorylate the MAPK 

kinase Pbs2p, which activates the Hog1p 

MAPK. Finally, the activated form of Hog1p 

MAPK translocates into the nucleus where 

it regulates gene expression [97]. Osmotic 

stress also acidifies the cells and disrupts 

pHi homeostasis [99-102]. In addition it has 

been shown that recovery of pHi correlates 

with growth; The osmotolerant yeast  

 

Figure 5. Schematic representation of adaptation to hyperosmotic stress. 

(A) Growing yeast cell before stress. (B) At high osmotic conditions, cellular volume 

decrease by losing water. (C) Fps1 channel is closed to accumulate glycerol and Hog1p 

is phosphorylated. (D) Hog1 moves to the nucleus and regulates genes expression to 

increase the synthesis of glycerol. (E) Turgor pressure is regained and Hog1 is 

deactivated. Figure is adapted from [103] 
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Zygosaccharomyces mellis manages osmotic shock better than S. cerevisiae 

because it can recover pHi to the normal physiological range [101].  

The exact mechanism of acidification upon osmotic stress is not clear and 

poorly studied. There are three different possible mechanisms that could 

contribute to cellular acidification in osmotic stress: When yeast cells are 

exposed to osmotic stress, they shrink by losing cellular water which increases 

the intracellular proton concentrations (Fig. 5) [101]. However, this cell 

shrinkage occurs in seconds, while the pHi drop is gradual and maximum 

acidification occurred after several minutes [99, 100]. Moreover, similar levels of 

cell shrinkage have different effects on the pHi [99]. This suggests that 

shrinkage of cells is not the cause of cellular acidification. Another possible 

mechanism involved in osmotic stress induced acidification could be a reduced 

activity of plasma membrane H+-ATPase activity [102]. It is proposed that 

osmotic stress deforms the plasma membrane, which initiates conformational 

changes in the Pma1p enzyme that lead to inhibition of proton extrusion [102, 

104]. Last but not least we observed an effect of extracellular pH on the pHi of 

NaCl stressed cells (Fig. 6). The experiment suggests that osmotic shock 

performed in an acidic environment might increase the membrane permeability 

for protons. Together, these data support the notion that the regulation of pHi 

and the osmoadaptation mechanism are intertwined. The Hog1p pathway plays 

an essential role in both.  

Hog1p is involved in many other stress conditions during which acidification 

is a cause of growth inhibition. For instance, Hog1p is required to acquire 

resistance against citric and acetic acid [69, 105].  

 

 

Figure 6. Effect of pHex on the pHi of S. 
cerevisiae in the presence of osmotic 

stress.  

Growing culture of S. cerevisiae wild-type 

were pre-exposed to 1 M NaCl stress at 

pHex 7.4. At t=0 pHex (7.4) was changed to 

pHex 3.0. Intracellular pH was measured 

at one-second intervals during one 

minute. 
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Recently, it was shown that Hog1p is activated in response to glucose depletion 

and re-addition to starved cultures. Under these conditions, we know that pHi 

tends to decrease. Moreover, it was shown that this activation of Hog1p was not 

a response to osmotic stress [106].  

Thus far, the molecular basis of the interaction between Hog1p and pHi 

homeostasis has not been explored under high osmotic conditions. 

 

Temperature dependence of pHi  

All microorganisms have an optimum growth temperature at which they 

reproduce at maximum rate. S. cerevisiae can grow in the temperature range of 

20°C to 42°C depending on the strain and growth conditions. Generally, 30°C is 

considered optimum temperature for S. cerevisiae in laboratory conditions 

although it can grow faster with increasing temperature reaching a maximum at 

approximately 34oC [107]. Temperatures either below or above the optimum 

temperature range are considered stress and impair growth. Temperature 

influences yeast metabolism because expression, activity, and metabolic 

interactions of the enzymes are affected by temperature [107]. Additionally, 

mitochondria are acutely temperature sensitive, and are reversibly inactivated 

above 37°C [108]. Lastly, membrane fluidity changes with temperature, which is 

crucial for membrane transport [109].  

Intracellular pH homeostasis at different temperatures is not well 

characterized. With the increase of temperature (>30°C) intracellular pH 

decreases [110-112] and growth rate increases up to 37°C (Fig. 7, our 

unpublished data). There are several explanations for cellular acidification at 

high temperature but its relation with growth is presently unknown.  

 
Figure 7. Growth and pHi 

profile of S. cerevisiae at 

different temperatures. 

S. cerevisiae grown at a range 

of ambient temperatures in 

SCM medium buffered with 

potassium citrate at pH 5.0. 

Maximum specific growth rates 

and pHi values at the time of 

maximum growth are shown.  
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The increase of membrane fluidity with the increase of temperature may lead to 

changes in ion diffusion [113]. Furthermore, there is evidence that thermal 

stress acidifies cells by damaging the plasma membrane [110]. Another cause 

of intracellular acidification could be the reduced activity of Pma1p through heat 

shock proteins such as Hsp30p. Hsp30p is a hydrophobic protein at the plasma 

membrane of S. cerevisiae which is activated in response to various stresses 

including heat [114]. It is suggested that Hsp30p saves cellular energy for 

adaptation, by downregulation of Pma1p [114]. 

Although we do not know much about the role of pHi in thermal stress it is 

likely that initial acidification in response to heat shock contributes to thermo 

tolerance [112]. Cells acquire thermotolerance after exposure to low ambient 

pH, WOA and ethanol. Furthermore, the acquisition of thermotolerance was 

less at high ambient pH compared to low pHex [38, 112]. In all three stress 

conditions pHi is reduced, suggesting the possibility that acidification acts as a 

signal to induces thermotolerance [112].  

 

Outline of the thesis 

The main aim of this research was to investigate the response of pHi to different 

environmental conditions, and its role in the adaptation to these changes. We 

focused on the conditions that are used in food industries to inhibit microbial 

growth such as weak acid preservatives and salts to increase the osmolarity. 

Yeast responds to stress by activating various pathways associated with cell 

cycle and growth control, nutrient uptake, metabolism, cell survival and stress 

adaptation. Intracellular pH directly or indirectly affects all above mentioned 

programs and has a strong correlation with growth [96]. The idea was to gain a 

better understanding of how yeast is able to adapt and survive in the presence 

of stress and what role intracellular pH plays in this process. 

In chapter 1, we review the regulation and maintenance of cytosolic pH in 

yeast and its significance under different growth and stress conditions, with 

specific reference to those conditions in which food preservatives are present. 

Weak acid preservatives are widely used in food industries to prevent microbial 

spoilage. They have been used for centuries but their exact antifungal 

mechanism remains elusive. In chapter 2, we explored the antifungal 

mechanism of the four different weak acid preservatives sorbic, benzoic, 

propionic and acetic acid. These acids differ in their lipid solubility and specific 
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effects. We studied their effect on growth and pHi of Saccharomyces cerevisiae. 

We compared wild type and several mutants that interfere with proton and anion 

export, specifically pma1-007, pdr12Δ, tpo2Δ and haa1Δ. Three antifungal 

mechanisms -acidification, anions toxicity, and membrane disruption- were 

studied and an effort was made to determine the major growth inhibitory 

mechanism of WOA. In chapter 3, the focus of the research was to measure the 

impact of the presence of WOA on the cell’s energy status by probing cellular 

ATP concentrations and relating it to the observed growth inhibition. Cellular 

ATP, growth, pHi and initial acidification rate were monitored in response to 

sorbic and acetic acid. Wild-type data were compared with mutants known to 

affect ATP turnover during WOA stress. 

In chapter 4, the effect of osmotic and salt stress on intracellular pH and 

growth of S. cerevisiae were studied. We analyzed the effects of mutation that 

are known to affect osmoadaption or pHi regulation. Taking the converse 

approach, we also analyzed the role of the Hog1p-pathway in pHi homeostasis 

upon acetic acid stress.  

Lastly, in chapter 5, we describe the adaptation of the technique to monitor 

pHi in vivo to the pathogenic yeast C. glabrata. We analyzed the pHi response 

of this yeast to host and infection associated conditions such as high 

temperature, the presence of weak acids (lactate, acetate) and antifungal drugs 

in comparison with S. cerevisiae, which has evolved in a different environmental 

niche.     
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