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ABSTRACT 

    IN SEARCH OF ROLE OF YEAST REGULATORY PATHWAYS DURING THE 

LATE STAGES OF WINE FERMENTATION 

 

While searching for roles of Saccharomyces cerevisiae regulatory pathways during the 

late stages of wine fermentation, a peculiar H
+
 homeostasis was found in an industrial wine 

strain, while fermenting natural grape must (NGM). Intracellular pH (pHi) of the population 

remained in the range 6.0 – 6.4, decreasing by the end of glucose fermentation (pHi 5.2 at 

15
o
C), although cells remained viable. The plasma membranes of late stationary cells became 

almost impermeable to H
+
. To ensure replicability of subsequent experiments, a synthetic 

grape must was designed (ISA-SGM), in which we obtained similar fermentative profiles as 

in NGM for the wine strain and for laboratory strains. Fluorescence Ratio Imaging 

Microscopy (FRIM) was used to estimate pHi of individual cells of strain BY4741. Even at 

the end of fermentation, we found subpopulations with “healthy” cytosolic pH (i.e. pHi 6-7). 

Sixty-two single-deletion mutants of BY4741 were screened to identify genes required for 

optimal wine fermentation performance, leading to the identification of 10 determinants 

whose absence improved fermentation performance, while 37 were deleterious. Principal 

Component Analysis revealed that deletion of some genes involved in transcription, cell 

cycle and stress response led to improved performance, while reduced performance was 

associated mainly with genes involved in membrane functions. 

 

 

 

 

 

 

Key-words: proton homeostasis, regulatory pathways, Saccharomyces cerevisiae, stress response, wine 

fermentation.  
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RESUMO 

EM BUSCA DO PAPEL DE VIAS DE REGULAÇÃO DE LEVEDURA DURANTE OS 

ESTADIOS FINAIS DA FERMENTAÇÃO VINÁRIA 

 

Na procura do papel de vias regulatórias de Saccharomyces cerevisiae durante os 

estadios finais da fermentação vinária, encontrou-se um comportamento peculiar da 

homeostase protónica numa estirpe industrial, fermentando mosto de uva natural (NGM). O 

pH intracelular (pHi) da população manteve-se cerca de 6,2, baixando até ao final da 

fermentação (pHi 5,2 a 15
o
C), embora as células permanecessem viáveis. As membranas 

plasmáticas no final da fase estacionária tornaram-se quase impermeáveis a H
+
. Para garantir 

a reprodutibilidade de experiências posteriores, desenhou-se um mosto de uva sintético (ISA-

SGM), no qual se obtiveram perfis fermentativos semelhantes aos obtidos em NGM com a 

estirpe industrial e estirpes laboratoriais. Por “Fluorescence Ratio Imaging Microscopy” 

(FRIM) determinou-se o pHi de células individuais da estirpe BY4741. No final da 

fermentação, encontraram-se subpopulações com pH citosólico "saudável" (i.e. pHi 6-7). No 

rastreio de 62 mutantes de BY4741 com deleção única procuraram-se genes implicados no 

desempenho óptimo da fermentação vinária, tendo-se identificado 10 genes cuja ausência foi 

benéfica, enquanto que 37 eram prejudiciais. A Análise em Componentes Principais indicou 

que eliminação de alguns genes envolvidos na transcrição, ciclo celular e resposta a stress 

implicou melhor desempenho, enquanto que a eliminação de genes envolvidos em funções 

membranares conduziu a pior desempenho. 

 

 

 

 

 

Palavras-chave: fermentação vinária, homeostase protónica, resposta ao stress, Saccharomyces cerevisiae, vias 

de regulação. 
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Chapter I – Introduction 

 

The thesis entitled “In search of role of yeast regulatory pathways during the late stages 

of wine fermentation” consists of a theoretical introduction, followed by chapters based on 

original papers. A final chapter summarizes the main findings and provides future 

perspectives for utilization of the main findings. 

As a whole, the two original papers published, one submitted and one in preparation for 

publication in specialized scientific journals present methods and raise hypothesis, which can 

be further investigated in the years to come. 

 

1. Saccharomyces cerevisiae 

Saccharomyces means sugar mold or fungus and cerevisiae has its origin in the Gaelic 

word “kerevigia” and the old French word “cervoise”. Both these ancient words for 

cerevisiae mean beer. Saccharomyces cerevisiae has been connected with human civilization 

for a very long time. This species is the most fully studied eukaryotic microorganism, which 

aids the understanding of the biology of the eukaryotic cell and hence, ultimately, of human 

biology. For several centuries, S. cerevisiae has been used in the production of food (e.g. 

baking) and alcoholic beverages (e.g. brewing, distilling, and winemaking), and today this 

microorganism is also used in pharmaceutical industry studies. Some reasons that explain 

why S. cerevisiae is a very attractive organism to work are related to its almost non-

pathogenicity, and to its long history of application in the production of food and beverages, 

being classified as a GRAS organism (Generally Regarded As Safe). Also, it is used in 

several biotechnological processes due to the controled fermentation and process technology 

for large-scale production (e.g. extensions of substrate range, improvements of productivity 

and yield, elimination of by-products) (Ostergaard et al. 2000). Another important 

biotechnological reason is that S. cerevisiae (laboratory strain S288C; MATα SUC2 mal mel 

gal2 CUP1 flo1 flo8-1 hap1 (Mortimer and Johnston 1986; Gaisne et al. 1999; Sherman 

2002)) was the first eukaryotic organism for which the whole genome sequence was 

completed and annotated and made publicly available (Goffeau et al. 1996). This sequence 

has been further certified as the best annotated eukaryotic genome (Goffeau 2000). In this 

case, the nucleotide and protein sequences are provided by the Saccharomyces Genome 

Database (SGD; http://www.yeastgenome.org) and are revised as SGD is updated. 

The S. cerevisiae genome contains about 12 Mb of DNA distributed between 16 

chromosomes which contain a total of about 6000 genes (Goffeau et al. 1996; Sherman 2002).  
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In summary, the favorable characteristics of S. cerevisiae, together with the advanced 

functional genomics resources, strategies and methods already available, make it an optimal 

reference organism for studies of integrative systems biology at the cellular level.  

 

1.1.  Taxonomy 

 
The taxonomical classification of Saccharomyces cerevisiae was proposed in 1883 by 

Meyen ex E.C. Hansen and is described in Table 1. 

 

Table 1: Taxonomical classification of Saccharomyces cerevisiae 

Domain Eukaryota 

Kingdom Fungi 

Phylum Ascomycota 

Class Saccharomycetes 

Order Saccharomycetales 

Family Saccharomycetaceae 

Genus Saccharomyces 

Species Saccharomyces cerevisiae 

 

This classification, based in a range of characteristics, is fully described and updated in 

Kurtzman et al. (2011). 

 

2. Winemaking and wine fermentation performed by Saccharomyces cerevisiae 

Every work dealing with the history of wine postulate the first alcoholic fermentations as 

a “happy accident”: harvested grapes that were not eaten began to rot, and Saccharomyces 

spp “moved in”, taking advantage of the free sugary meal. These early wines probably tasted 

good and had an interesting, pleasing, psychotropic effect. However, it must have been a 

rather primitive beverage by today’s standards. The early farmers learned from this 

experience and repeated the “accidents” of previous “vintages” (Pretorius et al. 2012). 

Winemaking is a process that leads to the conversion of grape juice (must) into wine and 

the nature of microorganisms involved have been reviewed extensively in the past (Pretorius 

2000; Swiegers et al. 2005). In short, several non-Saccharomyces yeast species may be 

dominant at the beginning of fermentation, depending on the specific microflora present in 
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the vineyard, on the grapes or in the cellar (Bokulich et al. 2014). Several such species may 

successively dominate the early stages of fermentation (Le Jeune et al. 2006). Among the 

yeast species that are present in juice, species of the genus Saccharomyces tend to dominate 

by the end of spontaneous fermentations (Frezier and Dubourdieu 1992). The microbial 

ecology of wine grape berries was very well-reviewed by Barata et al. (2012). 

During wine fermentation, yeasts are submitted to an extremely wide gradient of stress 

situations. After a short stage of active duplication, yeasts reach the stationary phase and 

most of the fermentation is carried out by resting cells (Fig. 1). As fermentation proceeds, 

sugar concentration decreases, ethanol concentration increases and temperature sometimes 

rises enhancing the deleterious effect of the other forms of stress. While transforming must 

into wine, the physiological state of the yeast suffers important changes (Rossignol et al. 

2003). 

 

 

 

 

 

 

 

 

 

Figure 1: Example of a S. cerevisiae fermentation profile. In details, this figure illustrates the 

fermentation kinetic of EC1118 yeast strain in MS300 medium. The arrows represent the sample 

points aimed of study of the authors where the image was extracted from (Rossignol et al. 2003). 

 

While the glycolysis pathway (extensively reviewed in Snoep 2005; Teusink et al. 2000) 

profoundly transforms and changes the chemical and sensorial matrix of grape juice, quality 

of wine is more profoundly affected by other metabolic activities of the yeast during and after 

fermentation. Indeed, few, if any of the major components of grape juice are left untouched 

(Fig. 2), including many varietal metabolites that are seen as signatures for specific wines 

(Swiegers and Pretorius 2007). 

 

 

 



 

 6 

 

 

 

 

 

 

 

 

 

Figure 2: Convertion of grape juice into wine by wine yeasts. The large number of compounds 

synthesized or modified by wine yeast has a major impact on wine quality and style. (extracted from 

Pretorius et al. 2012). 

 

Great wines result from great combinations between the determinant factors: grape 

variety and “health” status, climate, soil, landscape, technology, innovation and 

craftsmanship. Thus, every choice in each of those factors will constitute the art in 

winemaking leading to the craft of the great diversity of wine styles.  

There is a classical fear that technological innovation could result in wine homogeneity. 

Such fear is most of the times unfounded. If we consider technology creating diversity by 

offering more options to grape-growers and winemakers, most probably would be possible to 

respond more efficiently to market needs and consumer preferences.  

Current challenges of wine industry are quite wide (Pretorius et al. 2012) and desperately 

require collaboration between traditional and modern point of views due to:  1) an endemic 

oversupply of wine globally, 2) prohibitionist-like information campaigns from some anti-

alcohol activists, 3) outbreaks of new diseases and pests in vineyards and 4) climate change 

and environmental concerns. 

Control of fermentation kinetics is generally considered as a prerequisite for monitoring 

the characteristics of wine. However, optimizing alcoholic fermentations is still a difficult 

challenge, justifying why in several wineries incomplete fermentations remain a problem. 

 

3.  Stuck fermentations 

Over the past twenty years, a trend of wine producers has been observed to produce 

grapes with increased sugar to total acid ratios, to obtain higher concentrations of phenols and 

aromatic compounds in order to “increase” wine quality. As a consequence, the musts 
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obtained from these grapes are more difficult to process because they present difficulties for 

yeast reproduction, particularly in the warmer climates (Loureiro and Malfeito-Ferreira 2003). 

As a result, fermentations can take longer to finish or become incomplete (sluggish and stuck 

fermentations, respectively) and this still remains a major problem in wine fermentation 

worldwide. They have an important economic impact, despite many improvements in 

winemaking processes, such as the control of oxygen concentration and temperature, the use 

of selected yeasts and the correction of nutrient deficiencies.  

A residual sugar concentration of less than 2 g/L is considered by winemakers to indicate 

a dry or complete fermentation. A stuck fermentation is considered when it ceased 

prematurely and sluggish when the rate of fermentation is too low for practical purposes, 

leaving a higher residual sugar content than desired in the wines at the end of the 

fermentation (Mendes-Ferreira et al. 2004; Maisonnave et al. 2013). Various causes of slow 

or stuck fermentations have been identified (Bisson 1999; Malherbe et al. 2007). Factors such 

as deficiencies of nitrogen (Barbosa et al. 2012; Mendes-Ferreira et al. 2004), oxygen 

(Orellana et al. 2014) and vitamins, especially thiamine (Maisonnave et al. 2013), excessive 

clarification (Bisson 1999; Henschke 1997) and high ethanol concentration (Santos et al. 

2008) also sometimes combined with high temperature, have been identified, among other 

factors, as potentially responsible for fermentation problems. 

Stuck fermentations directly decrease productivity and may reduce wine quality. The 

resulting wines, which contain high concentration of residual sugar, are susceptible to 

microbiologic instability. One of the risks is the use of this remaining sugar by acetic acid 

bacteria (e.g. Gluconobacter spp., Acetobacter spp.) to generate acetic acid as well as for the 

synthesis of glucane, biogenic amines and precursors of ethylcarbamate (Lonvaud-Funel 

1999). Also, dangerous wine spoilage yeast (e.g. Zygosaccharomyces spp., Torulaspora spp., 

Dekkera bruxellensis) can grow producing off-flavours or sediment and cloudiness (Barata et 

al. 2012).  The addition of SO2 (2 to 3 g/hL) can prevent this organoleptic spoilage and a 

special restart procedure can be applied to accomplish the fermentation. Various treatments 

of the stuck wine before the restarting procedure have been recommended, including the use 

of yeast hulls to remove inhibitory compounds, such as fatty acids (Henschke 1997), and 

alcohol removal techniques (Bisson and Butzke 2000). Many processes to restart 

fermentation have been developed by yeast manufacturers and researchers. Basically, a new 

yeast starter is prepared from dried selected yeast and progressively allowed to acclimate to 

the stuck wine. Santos et al. (2008) supported the recommendation of wine yeast suppliers to 

pre-adapt the cells to ethanol before using them as an inoculum to restart stuck fermentations. 
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The number and duration of acclimation stages may differ between restart procedures (Bisson 

and Butzke 2000). The assessment of glucose transport in the presence of a high ethanol 

concentration was proposed as a test for preliminary selection of yeast strains suitable to 

restart stuck wine fermentations (Santos et al. 2008). 

Few studies about restarting fermentations have been reported under laboratory 

conditions. Thus, till now, no accurate and reproducible procedure has been described for 

restarting the fermentation of stuck wines. Recently, some authors established a laboratory-

scale fermentation restart procedure (Fig. 3) based on a real fermentation restart proceeding 

and the same group developed a synthetic medium simulating a stuck wine (Maisonnave et al. 

2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Adaptation of the restarting fermentation procedure at laboratory scale (extracted from 

Maisonnave et al. 2013). 

 

 

4. Dynamic of the fermentative process and stress responses 

Yeast cellular adaptation and survival in changing environments require the rapid 

reprogramming of the transcriptional machinery towards molecular damage repair and cell 

survival (Estruch, 2000). The degree of stress resistance is normally inversely correlated with 

the rate of cellular growth. Therefore, upon stress unicellular organisms are challenged to 

balance two antagonistic gene expression programs, the growth- and the stress-related 
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programs (López-Maury et al. 2008).  

Genome-wide expression profiling in model organisms, including the budding and 

fission yeasts, has provided insight into major principles of eukaryotic transcriptional 

regulation in response to a wide range of stress conditions (López-Maury et al. 2008; Brauer 

et al. 2008). Yeast cell rapidly synthesize protective compounds and activate transcriptional 

factors, adjusting the transcriptional profile. As an example, Pérez-Torrado et al. (2005) 

postulated that many stress response genes are induced by several harsh conditions through 

the general stress responsive elements (STREs), which targets the transcriptional factors 

Msn2,4 (Pérez-Torrado et al. 2005). This pathway is also called as the “general stress 

response pathway,” and is responsible for the increased expression of different genes 

involved in protein folding and glycogen metabolism (Estruch 2000; Pérez-Torrado et al. 

2005). Apart form this general response cells also display specific responses to certain 

stresses. In the following topics, there will be an attempt to cover the more relevant stresses 

that occur during wine fermentation and consequently yeast specific responses (Fig. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Main fermentative stresses and yeast responses during wine fermentation. 
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4.1.  Osmotic stress 

 
One of the first challenges cells face when are inoculated in grape must is the high sugar 

concentration (glucose and fructose), leading to hyperosmotic stress sometimes characterized 

by the loss of cellular water and consequently of turgor (Klipp et al. 2005; Wood 1999). 

Osmotic stress can be considered as an imbalance of intracellular and extracellular 

osmolarities, sufficient to cause a deleterious change in the physiology of the cell (Csonka 

and Hanson 1991). This high sugar concentration poses a problem to the yeast, as the 

abundant food brings adverse osmotic conditions potentially threatening to their survival (i.e. 

the sweet taste of death). 

 

4.1.1.  Osmotolerance and osmoadaption 

 
Osmoregulation in yeast depends on the ability to sense external stimuli that triggers 

changes in physiology, biochemistry and other cellular functions to shape the needs of the 

cell in response to the environmental change. There are two forms of ‘response’ which any 

cell may apply after exposure to osmotic pressure: osmotolerance and osmoadaption. 

Osmotolerance may be defined an innate ability to cope with the harsh effects of 

hyperosmotic pressuret and as a mechanism cells use to maintain viability in those 

environments. A ‘robust’ membrane structure (Sharma et al. 1996), vacuolar well-functioning 

(Latterich and Watson 1993; Nass and Rao 1999) and trehalose levels storage (Singer and 

Lindquist 1998) are some examples of intrinsic factors reported by some authors (Gibson et 

al. 2007). Macromolecules that stabilize cellular membranes, proteins and nucleic acids, with 

residual effect on the intracellular water potential have been considered as promoting 

osmotolerance (Gibson et al. 2007). 

Osmoadaption, contrarily, is a highly refined sensing and response system that may also 

be activated as a form of severe or persistent response (Gibson et al. 2007). It might also 

represent the processes by which cells balance and adjust physiology in order to survive in 

unfavourable osmotic conditions (Poolman and Glaasker 1998). Sometimes this involves the 

accumulation of one or more types of compounds (compatible solutes), to prevent cellular 

water loss (Blomberg and Adler 1992; Hernández-Saavedra et al. 1995).  

 

4.1.2.  Response to hyperosmotic stress 

 
Environments with a high external osmolarity induce water efflux and cell shrinkage. 
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Both situations are detrimental to cell growth (Saito and Posas, 2012). Yeast can be 

considered a very interesting microorganism due to their ability to grow and vigorously 

ferment media with ≈ 40% (2.2 M) glucose (Watanabe et al. 2010), which is a high sugar 

concentration condition. Therefore, to cope with this increased osmolarity, several adaptive 

mechanisms are triggered, including transient arrest of cell-cycle progression, adjustment of 

transcription/ translation patterns and synthesis/retention of glycerol (Fig. 5). High osmolarity 

glycerol (HOG) signaling pathway is mainly responsible for this response, whose core 

“mechanism” is the Hog1 MAP kinase (MAPK) cascade.  

 

 

 

 

 

 

 

 

 

Figure 5: Effect of hyperosmotic shock on yeast cell. Following a hyperosmotic shock (e.g. by 

adding NaCl or sorbitol to the medium) yeast cells lose water and shrink within seconds. Cells adapt 

by accumulating glycerol. Following a hypo-osmotic shock cells take up water and swell and 

compensate by rapidly releasing glycerol (extracted from Ahmadpour et al. 2014). 

 

Hyperosmotic Hyperosmotic stress (Fig. 5) stimulates the HOG (High Osmolarity 

Glycerol) MAP kinase pathway (see also Fig. 6). The Hog1 MAPK controls several features 

of yeast osmoadaptation, including the production (at gene expression and metabolic level) as 

well as accumulation of the main osmolyte glycerol (Petelenz-Kurdziel et al. 2013). Hypo-

osmotic shock (Fig. 5) as well as cell wall damage and stimuli leading to cell wall remodeling 

activate a different MAPK pathway with Slt2 as the effector protein kinase (see Fig. 6), 

which controls expression of cell wall remodeling factors (Levin 2011) while the two other 

yeast MAPKs, Fus3 and Kss1, control mating responses and morphological adaptations, 

respectively (Chen and Thorner 2007). The complete MAPK system closely communicates.  
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Figure 6: Communication of Fps1 with different 

pathways. Communication of Fps1 with the two yeast 

osmosensing pathways, with the HOG pathway as well as 

with the cell wall integrity Slt2 pathway. Blue proteins 

are protein kinases, red proteins are part of sensing 

complexes and green indicates a G-protein signalling 

complex. (extracted from Ahmadpour et al. 2014). 

 

 

 

4.1.3.  Overview of the HOG pathway 

 
 Hog1 MAPK cascade belongs to MAPK cascades that are evolutionarily conserved 

signaling units in fungi and yeast (Chen et al. 2001). The composition of each MAPK 

cascade is based on three sequentially activating kinases (Fig. 7), each of MAPK cascade is 

activated by specific types of stimuli, inducing specific adaptive responses (Saito and Posas 

2012). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Schematic diagram of the MAP kinase module. Circles and hexagons represent, 

respectively, inactive and active forms of kinases. MAPK, MAP kinase; MAPKKK, MAPKK kinase 

(extracted from Saito and Posas 2012) 

 

The upstream part of the HOG pathway comprises two branches, Sln1 and Sho1 (Fig. 8). 

Pbs2 is the “meeting point” of either branch. Pbs2 is also the activator of the Hog1 MAPK 

(Brewster et al. 1993; Maeda et al. 1994). The Sln1 branch activates redundant Ssk2 and 
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Ssk22 MAPKKKs, which then activate Pbs2 (Maeda et al. 1995). Ste11 MAPKKK is 

activated by the Sho1 branch, converging in the activation of Pbs2 (Posas and Saito 1997). 

Finally, Hog1 MAPK once tranlocated into the nucleus regulates transcription and the cell 

cycle.   

 

 

 

 

 

  

 

 

 

Figure 8: Schematic diagram of the yeast HOG pathway. The protein names separated by a thrash are 

functionally redundant. Proteins that are specific to the Snf1 branch are colored green, those that are 

specific to the Sho1 branch are colored blue, and those that are common are colored black. The black 

horizontal bar represents the plasma membrane. Arrows indicate activation, whereas the T-shaped 

bars represent inhibition (extracted from Saito and Posas 2012) 

 

Even taking into consideration differences between gene expression analysis (due to 

experimental conditions and thresholds), it has been reported that nearly about 200 to 400 

genes are upregulated and approximately 150 to 250 genes are downregulated following a 

hyperosmotic shock (Hohmann 2002). 

Hog1 activity goes down to near basal levels once osmotic balance is re-established, 

Hog1 is exported back to the cytoplasm. Thus, Hog1 nuclear import/export is therefore a 

mechanism subjected to control (Saito and Posas 2012). 

 

4.1.4.  Role of compatible solutes in osmotic stress 

 
Yeast cells take two main advantages from compatible solutes: 1) their accumulation 

allow the increase of intracellular osmotic potential without needing to produce stabilizing 

proteins (Yancey et al. 1982) and 2) compatible solutes can be readily assimilated after the 

removal of the osmotic stress (Kempf and Bremer 1998). 

In S. cerevisiae, glycerol is the compatible solute mainly accumulated during osmotic 

stress (Albertyn et al. 1994; Hohmann 1997) and is one of the most crucial products of HOG 
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response. Glycerol importance was shown in studies in which mutant strains affected in 

glycerol biosynthesis are unable to survive hyperosmotic conditions (Ansell et al. 1997; 

Hounsa et al. 1998). In anaerobic stress conditions, glycerol plays also an important role in 

the maintenance of the cytosolic redox balance (Ansell et al. 1997), through the reoxidation 

of the excess of NADH formed, for example, in amino acid synthesis (Wang et al. 2001). 

The rate-limiting step in glycerol formation induced by high osmotic stress is the 

expression of glycerol-3-phosphate dehydrogenase, which is encoded by GPD1 (Remize et al. 

2001). This gene product catalyzes the reduction of the glycolytic intermediate 

dihydroxyacetone phosphate (DHAP) to form glycerol-3-phosphate.  

 

4.2.  Nutrients imbalance 

 
Besides providing energy and building blocks to yeast cells, nutrients also exert crucial 

regulatory roles. Yeasts modify their fermentation rate according to the availability of 

nutrients, being more or less capable to withstand the stress of alcoholic fermentation (high 

ethanol concentrations, low pH, weak acids).  

Glucose repression pathway in S. cerevisiae was naturally raising importance due to its 

involvement in controlling ethanol fermentation (Carlson 1999). Additionally, specific 

nutrient signaling pathways regulate the uptake and metabolism of one absent/present 

nutrient, such as: nitrogen catabolite repression (NCR; Hofman-Bang 1999), general amino 

acid control (GAAC; Niederberger et al. 1981), phosphate regulation (Sabbagh 2013), and 

regulation by other nutrients like sulfate (Thomas and Surdin-Kerjan 1997), metal ions (Cyert 

and Philpott 2013), and vitamins (Hohmann and Meacock 1998).  

Nutrient signaling pathways, such as Ras, are responsible to mediate the intracellular 

glucose sensing during glycolysis, activating the synthesis of cAMP (Thevelein and de 

Winde 1999). Nitrogen-sensing target of rapamycin (TOR) pathway was discovered based on 

the discovery of TOR itself after inhibition caused by rapamycin, which forced yeast cells 

into a stationary phase arrest caused by nitrogen starvation (Zaragoza et al. 1998). 

On the other side, general nutrient signaling pathways regulate physiological and 

development processes such as growth and cell cycle control, stress tolerance, storage 

compound levels, aging, and pseudohyphal and invasive growth (Conrad et al. 2014).  
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4.2.1.  Lipids limitation 

 
Oxygen is required for the synthesis of sterols and unsaturated fatty acids (Fornairon-

Bonnefond et al. 2002). Lipids have also an important role in alcoholic fermentation viability 

at the end of fermentations which is drastically affected when unsaturated fatty acids or 

sterols lacks in the medium (Luparia et al. 2004). Some winemaking practices (mainly in 

white and in some rosé wines), such as strong clarification of musts, can strongly contribute 

to limit the availability of these compounds, being generally associated with a loss of yeast 

cell viability.  

Anaerobiosis is a condition present in alcoholic fermentations, having consequences in 

biosynthesis of sterols and unsaturated fatty acids. Many studies have reported the deleterious 

effect of excessive clarifications of musts on wine fermentations (Houtman and Plessis 1986). 

According to these authors, excessive clarifications normally lead first to sluggish 

fermentations, which can trigger cell death and stuck fermentations in more severe cases 

(Houtman and Plessis 1986). Yeast cell death in such conditions has been correlated with 

membrane lipid changes and with the inability of yeast to deal with ethanol toxicity. Indeed, 

plasma membrane has been considered as the major target of ethanol toxicity, and both 

sterols and unsaturated fatty acids can regulate membrane function thereby protecting against 

the negative effects of ethanol (Daum et al. 1998; Van der Rest et al. 1995). The protective 

effect of ergosterol may be related to a substantial restoration of the rigidity of the plasma 

membrane (Abe and Hiraki 2009), making ergosterol the main sterol in yeast. It is involved 

in the construction and maintenance of membrane structures and properties, such as integrity, 

fluidity, permeability, ethanol resistance and H
+
-ATPase activity (Traverso Rueda and 

Kunkee 1982; Zeng et al. 1993). All these properties have an impact on yeast’s fermentation 

ability and sterol has been referred as a “survival factor” (Bisson 1999; Traverso Rueda and 

Kunkee 1982). For example, Henderson and co-authors (2013) reported that in early stages of 

fermentation an elevated membrane concentration of phosphatidylinositol is associated with 

low biomass and stuck fermentations (Henderson et al. 2013). However, in the same study a 

higher level of ergosterol in the membrane was not associated with fermentation completion 

or thermotolerance (Henderson et al. 2013). 

 

4.2.2.  Nitrogen limitation 

 
Nitrogen composition of grape juice is important to ensure good wine fermentation 

performance. Nitrogen can be considered a special nutrient, because its availability 
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determines the fermentation rate and, to a large extent, the fermentation duration (Bely et al. 

1990). The amount of nitrogen available in the grape must vary from grape must to grape 

must, depending on abiotic and biotic factors (e.g. climate conditions, grape fertilization 

system, contaminants microorganisms) (Kunkee 1991). Low levels of nitrogen may induce 

slug fermentations or stop the fermentation process, with an important economic impact 

(Gutiérrez et al. 2013b). A low initial nitrogen concentration acts by limiting growth rate and 

biomass formation of yeast, resulting in a low rate of glycolysis (Bisson 1991). These 

problematic fermentations have economic relevance because wines with higher residual sugar 

are in risk of contamination and cannot be commercialized.  To avoid this problem, grape 

must is sometimes supplemented with ammonium salts. However, the amount of inorganic 

nitrogen needs to be controlled as an excess level can induce the production of toxic ethyl 

carbamate and hence alter yeasts’ amino acid preferences and wine aromatic properties 

(Sturgeon et al. 2013). Therefore, it is important to know the nitrogen content of grape juice 

and the nitrogen requirement for each specific yeast strain.  

The two main nitrogen sources of grape must are amino acids and ammonium, which 

yeasts consume through active transport and specific permeases (Magasanik 1992). In 

addition, yeast has a preference in consuming nitrogen sources based on their capacity of 

being assimilated in the central nitrogen metabolism (Jiranek et al. 1995), which is regulated 

by the nitrogen catabolic repression system (Magasanik 2005). Subsequently, the nitrogen 

enters the central nitrogen metabolism pathway as ammonium. This nitrogen source can be 

directly consumed or produced from amino acids through transamination, where glutamate 

dehydrogenases (Gdh1 and Gdh3) incorporate the ammonium to α-ketoglutarate or to 

glutamate through the action of glutamine synthase (Glt1) and generating glutamine 

(Magasanik and Kaiser 2001; Magasanik 2005).  

Nitrogen Catabolite Repression (NCR) allows yeast to select the best nitrogen source for 

growth. The availability of good nitrogen sources (glutamine, asparagine and ammonium) in 

the medium repress the level of enzymes and permeases required to use the poor nitrogen 

sources (Magasanik 1992), mainly by inhibiting the transcription of genes required for the 

use of poor nitrogen sources (Magasanik and Kaiser 2002). However, the regulation of this 

process during fermentation is still not well characterized (Deed et al. 2011). During the 

dynamic process of wine fermentation, nitrogen is consumed leading to changes in the 

mechanism of nitrogen regulation from a repressed condition to a derepressed condition 

(Beltran et al. 2004). Nitrogen regulation is affected by many genes, which can also vary 

among strains (Gutiérrez et al. 2013a; Marullo et al. 2007). Some authors suggest the shift 
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within the NCR regulation as an indicator to detect nitrogen limitation during grape must 

fermentation (Gutiérrez et al. 2013b). According to these authors, it could be achieved by 

monitoring transcriptional activity of these NCR genes, mainly comprised by core nitrogen 

metabolism genes (GDH1, GDH2), permease genes (AGP1, DUR3, DAL4, DAL5, GAP1) and 

catabolic pathway genes, including those for utilization of proline, arginine and urea (CAR1, 

PUT2) (Gutiérrez et al. 2013b). Therefore, Gutiérrez and co-authors (2013b) postulated that 

an efficient fermentation could be correlated with optimal nitrogen assimilation (Gutiérrez et 

al. 2013b).   

 

4.2.3.  Glucose limitation 

 
In S. cerevisiae, glucose not only serves as a carbon and energy source, but it also has a 

strong regulatory effect on a range of physiological properties. Actually, when yeast cells are 

grown on other carbon sources and it is added a pulse of glucose, normally a wide variety of 

processes are triggered (Rolland et al. 2002): 1) some are directed towards the optimal 

utilization of this sugar and 2) others are related to stress resistance and to the level of storage 

carbohydrates. Additionally, gluconeogenesis is inhibited, while glucose influx and the flow 

through glycolysis are stimulated. Some authors observed also a drastic increase in growth 

rate, preceded by a upshift in ribosomal RNA and protein synthesis (Rolland et al. 2000). 

The induction of several glucose-transporter-encoding HXT genes increases glucose-

uptake capacity. Saccharomyces cerevisiae contains several hexose transporters homologues 

(Hxt1-17, Gal2, Snf3 and Rgt2), all displaying different substrate affinities and expression 

patterns. Wine yeasts have a slight preference for glucose. S. cerevisiae express specific 

transporters depending on the concentration of glucose in the medium, specific high-affinity 

carriers (Hxt6 and Hxt7) highly expressed in a late phase of the fermentation, after growth 

arrest, are repressed by high levels of glucose. Low-affinity carriers such as Hxt1p and Hxt3 

are induced by the presence of a high glucose concentration, being more expressed at the 

beginning of the fermentation (Berthels et al. 2008). The transporters with intermediate 

affinity for glucose like Hxt2 and Hxt4, on the other hand, are induced by low levels of 

glucose and repressed when the level of glucose is high (Rolland et al. 2002) (Fig. 9). 

Grape sugar usually contains approximately equimolar amounts of glucose and fructose 

(Berthels et al. 2008), whereas S. cerevisiae, as a glucophylic yeast, preferentially uses 

glucose as a fermentable source of carbon and energy (Fig. 9). A complex regulatory network 

is activated when this sugar is present, downregulating many components involved in 
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transport and metabolism of alternative carbon sources, as well as respiratory function 

(reviewed by Broach 2012).  

 

 

 

 

 

 

 

 

 

 

Figure 9: Regulation of HXT transporter gene expression in response to glucose. In the absence of 

glucose, Rgt1-represses transcription of HXT1-4. Low amounts of glucose inhibit the Rgt1-repressing 

activity, a process triggered by Snf3 via Grr1-mediated ubiquitination. At high concentrations of 

glucose, Rgt2 triggers HXT1 expression. This involves Grr1-dependent conversion of Rgt1 into a 

transcriptional activator and another mechanisms in which several components of the main glucose-

repression pathway are involved. The Snf3- and Rgt2-mediated derepression of the HXT genes also 

involves sequestering at the plasma membrane of the transcriptional repressors Mth1 and Std1. At 

high glucose concentrations HXT2, HXT4, HXT6 and SNF3 are repressed by Mig1 via the main 

glucose-repression pathway. (extracted from Rolland et al. 2002)  

 

In situations of low level of glucose, Snf1 is responsible of promoting respiratory 

metabolism, glycogen accumulation, gluconeogenesis, autophagy, glyoxylate cycle, 

peroxisome biogenesis and aging (Hedbacker and Carlson 2008; Lin et al. 2003; Usaite et al. 

2009). Some authors reported as well an important role of Snf1 on the regulation of acetyl 

CoA homeostasis and histone acetylation to increase fitness and stress resistance (Zhang et al. 

2013). An activated Snf1 is also responsible for repressing anabolic processes, such as fatty 

acid and amino acid biosynthesis, through mainly the inactivation of acetyl CoA carboxylase 

(Chumnanpuen et al. 2012; Kuchin et al. 2002; Shirra et al. 2008). 

 

4.2.3.1.  Role of Ras/cAMP/PKA pathway 

 
The cAMP pathway has been reported to be essential for viability in budding yeast 

(Colombo et al. 1998).  cAMP depletion causes a response similar to nutrient starvation, i.e. 

stationary phase G0 permanently accumulation after cell arrestment at Start (G1 phase). It is 

also known that a reduced activity of the cAMP pathway causes enhanced heat resistance, 
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enhanced levels of protective compounds (glycogen and trehalose), constitutive expression of 

Heat shock protein genes and other stationary phase expressed genes (Colombo et al. 1998). 

PKA affects a wide variety of targets in yeast cells. In general, it acts positively on 

properties that are associated with fast growing cells and acts negatively on properties 

associated with slow fermenting growth, respiration or stationary phase (e.g. accumulation of 

carbohydrate stores, stress tolerance, and other stationary-phase characteristics (Thevelein 

and de Winde 1999)). For this, PKA directly phosphorylates cytosolic enzymes, e.g. trehalase 

(Schepers et al. 2012), phosphofructokinase 2 (Dihazi et al. 2003), pyruvate kinase (Portela et 

al. 2002), and fructose-1,6-bisphosphatase (Rittenhouse et al. 1987), and regulates gene 

expression at the transcriptional level.  

Rim15 protein kinase is an important intermediate component in PKA-mediated 

regulation of gene expression (Cameroni et al. 2004). PKA phosphorylates and inhibits 

Rim15, which is a positive regulator of three major transcription factors that activate 

postdiauxic growth and stress-response gene expression. A set of genes (containing a 

postdiauxic shift element in their promoter) is induced when shift from growth on glucose to 

growth on ethanol occurs, following the diauxic shift.  

PKA also directly regulates Msn2,4 by controlling their nuclear localization (Görner et al. 

1998). This Msn2,4 is responsible for inducing a great variety of stress-response and 

tolerance genes, which are expressed during respirative growth and in stationary phase  

(Martínez-Pastor et al. 1996). 

 

4.3. Temperature 

 
The optimum fermentation temperature for Saccharomyces is between 25 and 28°C. 

Therefore, higher and sub-optimal temperatures should also be considered among the 

difficulties inherent to wine fermentation (e.g. high concentration of sugars, low pH, presence 

of ethanol, nutrient deficiency). Extremes of fermentation temperature lead to fermentation 

arrest (Coleman et al. 2007). The production of ethanol throughout fermentation can 

sometimes exacerbate the deleterious effect of extreme temperatures (Bisson 1999; Bisson 

and Block 2002). 

At elevated fermentation temperatures, heat shock response in S. cerevisiae exhibits 

functional overlap with the ethanol stress response (Piper 1995). In order to overcome 

increased permeability of the cell membrane and to maintain cellular homeostasis the same 

author reported that yeast stress response is induced under situations of elevated temperature 
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to stabilize membrane-associated proteins (Piper 1995).  

Low temperatures (10-15°C) are used in wine fermentations to enhance production and 

retain flavor volatiles. In this way, white and rosé wines of greater aromatic complexity can 

be achieved (Beltran et al. 2008; Torija et al. 2003). Low temperature has several effects on 

biochemical and physiological properties in yeast cells: low efficiency of protein translation, 

low fluidity of membranes, changes lipid composition, slow protein folding, stabilization of 

mRNA secondary structures and decrease in enzymatic activities (Aguilera et al. 2007; 

Sahara 2002; Schade et al. 2004). Temperature affects both yeast growth and fermentation 

rate, with lower temperatures increasing significantly the latency phase and giving rise to 

sluggish fermentations (Torija et al. 2003b), dramatically lengthening alcoholic fermentation 

(Torija et al. 2001). 

In literature it is well reported the wide range of cellular processes affected by heat stress, 

including transient arrest of cell division (Rowley et al. 1993), uncoupling of oxidative 

phosphorylation (Patriarca and Maresca 1990), accumulation of misfolded proteins (Vidair et 

al. 1996), damage to membranes (Torija et al. 2003a) and cytoskeletal structures, and 

defective trafficking through the secretory pathway (Richter et al. 2010). There are also 

studies reporting a correlation between heat stress with pronounced production of reactive 

oxygen species (Davidson and Schiestl 2001; Sakaki et al. 2003) whose identity and source in 

vivo needs to be uncover. 

After heat shock, protein synthesis redirects to the synthesis of heat-shock proteins, 

essential for repair and survival. These heat shock proteins have a broad range of functions, 

including:  1) molecular chaperones to assist with protein folding and disaggregation 

(Hendrick and Hartl 1993), removing damaged proteins, 2) cell wall adjustment and 

remodeling (Imazu and Sakurai 2005) enzymes able to modify DNA and RNA and others 

involved with maintenance of cell structure (Richter et al. 2010).  

Considerable attention has been given to heat-shock regulation (well reviewed by 

Morano et al. 2012). Transcriptomic analyses have been done of how yeast cells respond to 

different forms of heat shock (Causton et al. 2001; Gasch et al. 2000; Matsumoto et al. 2005; 

Segal et al. 2003). In 2004, Hahn and co-authors performed a genome-wide analysis of gene 

promoters that bind the heat-shock factor (Hahn et al. 2004). This kind of analysis (genome-

wide screens) performed so far have identified mutants affected in thermotolerance 

(Auesukaree et al. 2009) and acquired thermotolerance (Mir et al. 2009). However, there are 

huge differences in how yeast will perceive and react to acute heat shock and to 

thermotolerance (Lindquist and Kim 1996).  
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Fermentation temperature and rising ethanol concentrations act together in synergy 

leading to fermentation arrest (Bisson 1999; Bisson and Block 2002; D'Amore et al. 1990; 

van Uden 1984). The most susceptible and commonly accepted target of the conjugated 

deleterious effect of temperature and ethanol is cell plasma membrane and this has been 

demonstrated using both model lipid bilayers (Tierney et al. 2005; Vanegas et al. 2010, 2012) 

and at the whole-cell level (Avdulov et al. 1995; Casey and Ingledew 1986; D'Amore et al. 

1990). It has previously been demonstrated that at lower fermentation temperatures, higher 

levels of shorter-chain (C14 to C16), unsaturated fatty acids in yeast cell membranes 

enhances yeast viability (Beltran et al. 2008; Redón et al. 2009). 

 

4.4. Oxidative stress  

 
Eukaryotic cells are often exposed to reactive oxygen species (ROS) during the course of 

normal aerobic metabolism (Halliwell 2006). Oxygen is a highly reactive molecule and, in 

situations that partially reduced, can form a number of chemically-reactive agents, ROS, such 

as the hydroxyl radical (HO-). These forms of oxygen are extremely damaging towards 

cellular constituents, including DNA, lipids and proteins (Storz et al. 1987; Wolff et al. 1986). 

An excess of ROS leads to oxidative stress (Fig. 10) by directly or indirectly damaging DNA, 

proteins and lipids (Toledano et al. 2003).  

 

 

 

 

 

 

 

 

 

 

On the other hand, there is evidence for the involvement of ROS in vital signaling 

functions associated with diverse cellular processes (Rhee 2006; Veal et al. 2007). In addition 

to these highly reactive molecules, both H2O2 and superoxide anions (O
2-

) are often also 

referred to as ROS as they can lead to production of more reactive species, particularly in the 

presence of metal ions. ROS are generated endogenously in many cells as a consequence of 

Figure 10: Oxidative stress. All organisms can be 

exposed to ROS during the course of aerobic 

metabolism or following exposure to ionizing 

radiation and radical-generating compounds. 

Antioxidant defense systems protect against ROS by 

detoxifying ROS as they are generated and by 

maintaining the intracellular redox environment in a 

reduced state. An oxidative stress occurs when the 

antioxidant and cellular survival mechanisms are 

unable to cope with the ROS or the damage caused 

by them. (extracted from Morano et al. 2012) 
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metabolic processes, and they can also be formed by exposure of cells to either ionizing 

radiation, redox-cycling chemicals present in the environment or by exposure to heavy metals 

(Ames 1983; Brennan and Schiestl 1996). Through these mechanisms, all aerobically 

growing organisms are continuously exposed to reactive oxidants and oxidative stress occurs 

when the concentration of these oxidants increases beyond the antioxidant buffering capacity 

of the cell.  

Eukaryotic cells have evolved sophisticated ways to sense and respond to ROS (Temple 

et al. 2005). An antioxidant response involves SOD, trehalose and protein catabolism. SOD is 

responsible for the disposal of O
2-

 and the two forms of SOD expressed by eukaryotic cells 

(cytosolic, Cu, Zn SOD; mitochondrial, MnSOD) are involved in the protection of cell 

structures from oxidative damage (Collinson and Dawes 1992). Trehalose functions as a ROS 

scavenger and it is known to protect proteins against oxidative damage and to lower lipid 

oxidation in vivo (Guarente et al. 1984). Protein catabolism is involved in the removal of 

damaged/misfunctioning proteins (Gounalaki and Thireos 1994). 

 

4.5. Ion imbalance 

 
Cells require multiple nutrient minerals for growth, apart from the major components of 

organic molecules (i.e. carbon, nitrogen, hydrogen and oxygen). 

In the intracellular environment, these nutrients exist as charged ions facilitating 

biochemical reactions. Lipid bilayers act as barrier to avoid passive diffusion of charged ions, 

creating therefore electrochemical gradients that drive cellular processes such as ATP 

synthesis.  

The physiological role of potassium in yeast has been well reported in literature 

(Borovikova et al. 2014; Cyert and Philpott 2013; Ariño et al. 2010). It acts in: 1) regulation 

of cell volume, 2) intracellular pH, 3) maintenance of stable potential across the plasma 

membrane, 4) compensation of negative charges in many macromolecules, 5) protein 

synthesis, and 6) enzyme activation (Ariño et al. 2010). Some trace elements of zinc, copper, 

iron, and manganese, are also vital for protein structure and serve as essential enzyme 

cofactors. The role of calcium is connected with structural, enzymatic, and signaling within 

cells. All of these essential elements can also be toxic (Ariño et al. 2010).  

Saccharomyces cerevisiae cells are able to grow in environments with a wide range of 

concentrations of K
+
 (10 mM to 2.5 M). K

+
 efflux systems are regulated in response to 

changes in the membrane potential (Zahrádka and Sychrova 2012). It was reported a 
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correlation of K
+
 transport and H

+
-ATPase activity: Pma1 is activated when K

+
 uptake 

increases and also under K
+
 starvation conditions (Kahm et al. 2012; Seto-Young and Perlin 

1991). The gene products responsible for high affinity K
+
 uptake are Trk1 and Trk2 (Ko et al. 

1990; Ko and Gaber 1991). However, there are also other mechanisms to transport K
+
: 1) 

Tok1, 2) the Pi-Na
+
 symporter Pho89 and 3) the efflux systems Ena Na

+
-ATPases and Nha1 

Na
+
/H

+
 antiporter. We might consider plasma membrane transporters as useful systems to 

(Ariño et al. 2010) (i) provide cells with sufficient amounts of K
+
; (ii) maintain the K

+
 

homeostasis; (iii) eliminate toxic Na
+
 (Li

+
) cations; (iv) membrane potential maintenance; (v) 

regulate the intracellular pH; (vi) keep a positive turgor inside the cell, vital for cell 

membrane/wall expansion and cell division, and (vii) overcome osmotic stress. One situation 

to occur hyperpolarization of the plasma membrane happens when the K
+
 uptake systems are 

absent (Madrid et al. 1998).  The deletion of efflux systems results in depolarization 

(Kinclova-Zimmermannova et al. 2006; Maresová et al. 2006). 

Intracellular transporters comprise mainly alkali metal cation/H
+
 antiporters of vacuolar 

(Vnx1), endosomal (Nhx1), and Golgi apparatus (Kha1) membranes (Fig. 11). These 

organellar transporters mainly serve to (i) maintain cytosolic cation homeostasis (e.g., 

detoxification of Na
+
 by sequestration in the vacuole), (ii) regulate intra-organellar K

+
 

homeostasis and pH, and (iii) modulate protein trafficking through the endosomal and/or 

secretory pathway. 

 

 

Figure 11: Major transporters responsible for 

uptake, efflux, and intracellular transport of 

alkali metal ions in S. cerevisiae. V-ATPase also 

resides in endosomes and late Golgi, but was 

omitted from the figure due to space constraints 

(extracted from Cyert and Philpott 2013) 

 

 

4.6.  Acidic pH 

4.6.1. Proton homeostasis 

 
If the word homeostasis is looked up in an encyclopaedia, the term is described as “the 

inherent tendency in an organism toward maintenance of physiological stability”. In pHi-

relations this can be interpreted as the ability of a yeast cell to retain a constant pHi level 
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despite sudden changes in its surroundings. Intracellular pH homeostasis is important for the 

proper function of yeast metabolism due to its influence on specially the enzyme activity. In a 

S. cerevisiae study 12 different glycolytic enzymes were investigated and the enzyme mostly 

inhibited by decreasing pH was hexokinase, the first enzyme in the glycolysis that 

phosphorylates glucose to glucose 6-phosphate. The activity of hexokinase was decreased to 

50% with a decrease in pH from 7.2 to 6.8 (Pampulha and Loureiro-Dias 1990). This 

highlights, that a small change in pHi can affect very crucial enzymes radically, and thus 

possibly inhibit the growth of the yeast. 

Several factors have been demonstrated to affect the pHi homeostasis in yeast: glucose 

(Cimprich et al. 1995; Haworth and Fliegel 1993), extracellular pH (Carmelo et al. 1997; 

Cimprich et al. 1995; Cole and Keenan 1987), weak acids (Arneborg et al. 2000; Guldfeldt 

and Arneborg 1998; Pampulha and Loureiro-Dias 2000; Pampulha and Loureiro-Dias 1989; 

Viegas et al. 1998), ethanol (Loureiro-Dias and Santos 1990; Rosa and Sá-Correia 1992, 

1996), herbicide (Guadalupe Cabral et al. 2004), copper (Fernandes and Sa-Correia 2001), 

growth phase (Imai and Ohno 1995b), monovalente cations (Calahorra et al. 1998) and 

hyperosmotic shock (Mortensen et al. 2006; Vindeløv and Arneborg 2002). The majority of 

these studies are with S. cerevisiae and several of them shows an activation of the plasma 

membrane H
+
-ATPase when the pHi homeostasis is affected.  

Studies have shown that lag phases are prolonged for S. cerevisiae cells unable to 

maintain pHi homeostasis (Fernandes and Sá-Correia 2001; Guadalupe Cabral et al. 2004; 

Tenreiro et al. 2000).  

A yeast cell possesses several mechanisms to retain pHi homeostasis (Fig. 12): (1) 

plasma membrane H
+
-ATPase, (2) intracellular buffering systems and (3) transfer of acidity 

from cytosol to organelles (Sigler and Höfer 1991). In relation to involvement of intracellular 

organelles, Carmelo et al. (1997) suggested the vacuole as a reservoir into which S. cerevisiae 

transfers protons in order to obtain cytosolic pHi homeostasis.  

PMA1 gene encodes for the plasma membrane H
+
-ATPase Pma1, an essential and very 

stable yeast transporter belonging to the family of P2-type ATPases (Ambesi et al. 2000). In 

yeast, it is the most abundant plasma membrane protein, being responsible for the 

consumption of at least 20% of the ATP (Morsomme et al. 2000). Its activity generates the 

electrochemical gradient of H
+
 across the plasma membrane, which is essential for most of 

the secondary active transports (symports and antiports). The activity of Pma1 is tightly 

regulated in accordance to the metabolic activity and physiological conditions of cells; e.g., 

external glucose concentration is a powerful stimulus leading to a rapid and strong activation 
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of Pma1 (Serrano 1983). Its activity is also positively regulated in response to a decrease in 

the intracellular pH or an increased in the potassium uptake (Seto-Young and Perlin 1991). 

Besides Pma1, Saccharomyces cerevisiae also has a second plasma membrane H
+
-ATPase 

(Pma2), 89% identical to Pma1 (Schlesser et al. 1988), which also export protons, although 

its enzymatic properties differ from those of Pma1 (Supply et al. 1993).  

The PMA pumps out cytosolic protons by hydrolysis of large quantities of ATP, thereby 

creating the proton motive force, which is essential for the uptake of many nutrients 

(Morsomme and Boutry 2000; Portillo 2000). PMA has been demonstrated to influence the 

tolerance of S. cerevisiae towards e.g. ethanol (Monteiro and Sá-Correia 1998; Rosa and Sá-

Correia 1992) and weak acids (Cabral et al. 2001; Holyoak et al. 1996). 

Vacuolar ATPase plays an important role in the vacuolar lumen acidification and is also 

crucial for the correct function of other organelles (Saroussi and Nelson 2008). Its activity 

generates the proton gradient across organellar membranes, which, in turn, mediates the 

function of organellar alkali metal cation/H
+
 antiporters. It is most probable that plasma 

membrane and vacuolar H
+
-ATPases cooperate in maintaining cytosolic H

+
 homeostasis, and 

that they are functionally interdependent and coordinately regulated on multiple levels 

(Martínez-Muñoz and Peña 2005). 

Recently our group studied H
+
 homeostasis of an industrial wine yeast strain of S. 

cerevisiae while fermenting real grape must, under simulated winery conditions (Viana et al. 

2012 - Chapter II). In that study, the most striking observation was a drastic decrease of pHi 

of the yeast population during the late stationary phase (most probably reflecting a 

nonhomogeneous population). Cells also became almost impermeable to H
+
 and were able to 

maintain their metabolic activity and survival capacity (Viana et al. 2012).  

 

 

 

 

 

 

 

 

 

 

Figure 12: Schematic view of 

the main mechanisms involved 

in H
+
 homeostasis of S. 

cerevisiae inoculated in a 

natural/synthetic grape must. 
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4.6.2. Techniques for measuring intracellular pH 

 

To measure pHi several methodologies have been used: 
31

P-NMR (Brett et al. 2005; 

Loureiro-Dias and Santos 1990), fluorescence of pH-sensitive dyes (Lanz et al. 1999) and 

distribution of radioactively labelled membrane-permeable weak acids or bases (Viana et al. 

2012).  

Another method for pHi measurements is based on in situ expression of pHluorin, which 

is a pH-sensitive green fluorescent protein (Miesenböck et al. 1998) also used in yeast (Brett 

2005; Martínez-Muñoz and Kane 2008). However, the range of pH values that can be 

accurately measured is limited, as the resolution of the calibration curve deteriorates below 

5.5 and above 8.0, but in some specific situations this methodology is useful (Brett et al. 

2006). pHluorin can not be used so far to report on vacuolar pH, because it is not yet reliable 

to report pHi in a low-pH environment (Brett et al. 2005; Martínez-Muñoz and Kane 2008) 

and apparently is not yet stable when targeted to the vacuole.  

Fluorescence ratio imaging microscopy (FRIM) technique obtains information at a 

single-cell level, and therefore this method can solve the problem of measuring pHi in 

heterogeneous populations (Siegumfeldt and Arneborg, 2011). This technique will be 

discussed in details in the following topic.  

 

4.6.3. Basics and foundamentals of Fluorescence Ratio Imaging Microscopy 

 
Fluorescence is the ability of a molecule to adsorb light of a particular wavelenght and 

bring its electrons to a higher excited energy level. When the electrons return to their ground 

state they emit light at a longer wavelenght, which is termed fluorescence. This fluorescent 

signal can differ in intensity often due to different ionization of phenolic parts of the probe 

(Haugland 1996). The most commonly used probe is based on compounds containing the 

fluorescent molecule fluorescein (Breeuwer and Abee 2000), and the pH dependent 

fluorescent intensities of a fluorescein derivate are illustrated in Figure 13. 
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Figure 13: Fluorescence excitation spectrum of the 

pH-sensitive fluorescein derivate BCECF (exctracted 

from http://www.b2b.invitrogen.com/, at 17/06/2014) 

 

 

 

 

 

Fluorescein is very pH sensitive at excitation at 488 nm, whereas it is completely pH 

independent at excitation at 435 nm. This is used in the Fluorescent Ratio Image Microscopy 

(FRIM) method. There exist numerous different pH-sensitive fluorescent probes and they all 

show the maximum pH sensitivity at their respectively pKa value (Haugland 1996). The 

different fluorescein derivates are normally used as non-fluorescent esters, which are 

membrane permeable, but when they subsequently are hydrolyzed by intracellular esterases 

they become fluorescent. This is illustrated in Figure 14, which also shows that the CFDA-SE 

derivate used in this study (Mortensen et al. 2006, 2007) has a succinimidyl ester (SE) group, 

which can bind to intracellular proteins. The cells leakage of the probe back to the 

extracellular media has earlier been a huge problem when measuring pHi. However, this has 

been minimized by the use of fluorescein derivates containing the SE group (Breeuwer et al. 

1996). 

It should be realized that these fluorescent probes are not equally aplicable in all types of 

yeast. It is clear that different esterase activity influences the amount of fluorescent probe in 

the cytosol. From experimental evidences it seems that the probe penetrates more easily into 

a cell with a hydrophobic surface as compared with a hydrophilic surface. 

 

Wavelength (nm) 

http://www.b2b.invitrogen.com/
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Figure 14: Uptake and cleavage of the fluorescein derivate CFDA-SE by esterases leading to 

subsequent conjugation to intracellular proteins (extracted from Wang et al. 2005). 

 

If the fluorescein probe was only excited at its pH dependable wavelenght, it would not 

be possible to distinguish between cells with different pHi or simply different concentrations 

of probe. Due to the fact that fluorescein is pH independent when excited at 435 nm it is 

possible to calculate a ratio value of intensities from excitation at 435 nm and 488 nm, which 

is pH dependent but not dependent of the probe concentrations. The use of ratio values in pHi 

measurements was first applied to cells in cuvettes in a spectrofluorometric assay (Breeuwer 

et al. 1996). However, like in experiments with radioactive labeled weak acids, it is not 

possible to distinguish between dead or living cells in a cuvette, and it is furthermore very 

difficult to control the background noise from fluorescent ratios of single cells. The FRIM 

setup which has been described in detail by Guldfeldt and Arneborg (1998), consists of an 

epi-microscope, an excitation source (Xenon Lamp), a wave-selector (monochromator), a 

detector (CCD-camera), a stage and a computer with a suitable control software.  

Cells stained with the fluorescent probe are excited at two wavelenghts (435 and 488 nm) 

and two images with the same exposure time are acquired with the CCD-camera. With the 

use of region tools in the software, it is possible to measure the fluorescent intensities at both 

wavelength in all single cells, and determine their individual ratio from equation first 



 

 29 

described by (Siegumfeldt et al. 1999): 

 

 

 

 

where I488nm and I435nm are the fluorescence instensities of cells excited at 488 and 435 nm, 

respectively, and B488nm and B435nm are the background fluorescence intensities that 

preferably are individual regions placed next to each cell to assure an accurate ratio 

determination (Mortensen et al. 2006). The individual fluorescent ratios can be converted to 

pHi using in vivo calibration curves. Such a curve can be made by permeabilization of stained 

yeast cells with e.g. ethanol (Vindeløv and Arneborg 2002). Subsequently, the cells are 

harvested and resuspended in different buffers or, as in some studies in YPD with fixed pH 

values (from pH 5 to 8) (Mortensen et al. 2006). In equilibrium, the pH inside the cells will 

be the same as the external pH. Images are acquired as described earlier, and the average cell 

ratios are then plotted against their corresponding pH values after data analysis. The 

calibration curve can be fitted differently (Guldfeldt and Arneborg 1998; Siegumfeldt et al. 

1999; Vindeløv and Arneborg 2002) resulting in an equation that converts individual cell 

ratios to pHi values. In this thesis, calibration curves were fitted with a polinomial equation 

(example in Fig. 15). 

 

Figure 15: pHi-calibration curve of S. cerevisiae 

BY4741 cells stained with 5(6)-carboxy-2’,7’-

dichlorofluorescein diacetate succinimidyl ester, 

collected in exponential phase during ISA-SGM 

fermentation at 25ºC. Ratios are average values of 50 

cells at each pH level (extracted from my own data). 

 

 

 

 

 

4.6.4. pH gradient 

 
The pH gradient of a yeast cell can simply be defined as intracellular pH (pHi) – 

extracellular pH (pHe). The maintenance of a pH gradient is essential for yeast physiology, 

due to its influence on mechanisms such as metabolic rates and transport processes driven by 

Ratio = 
I488nm – B488nm 

I435nm – B435nm 
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the proton motive force (Sigler and Höfer 1991).  

The proton motive force consists of both a chemical (ΔpH) and an electrical potential 

(ΔΨ). When protons are transported from one side of the plasma membrane to the other, by 

the plasma membrane H
+
-ATPase, it results in both a concentration (chemical) and charge 

(electrical) difference, which are also defined as potentials. These two potentials are the 

primary inward driving force for uptake of nutrients over the plasma membrane against a 

concentration gradient (see in Fig. 12). The nutrients can either enter with influxed protons in 

a “symport” mechanism, or against effluxed protons in an “antiport” mechanism. The larger 

the difference between pHi and pHe, the larger the pH gradient, and thus, the potential ability 

for nutrient uptake. 

Other important mechanisms, as enzyme activity, are also highly sensitive to changes in 

intracellular pH. An example is phosphofructokinase, whose activity changes dramatically 

within a narrow range of physiological pH (Madshus 1988). Thus, enzyme activities are 

affected by the absolute pHi value, whereas the nutrient uptake, driven by proton gradient, 

highly dependent on the extracellular pH (pHe).  

The absolute pHi values of S. cerevisiae have been reported to vary largely ranging from 

5.2-7.5 (Anand and Prasad 1989; Arneborg et al. 2000; Cimprich et al. 1995; Cole and 

Keenan 1987; Guadalupe Cabral et al. 2004; Imai and Ohno 1995b; Pampulha and Loureiro-

Dias 1989; Vindeløv and Arneborg 2002).  

Linear tendencies have been observed between pHe and pHi in S. cerevisiae cells (Anand 

and Prasad 1989; Cimprich et al. 1995; Imai and Ohno 1995b), which indicates that S. 

cerevisiae regulates pHi in accordance to the pH of its surroundings. This seems reasonable 

from an energetical point of view, however the pHi level of other eukaryotic cells is normally 

maintained constant in the area of 7.0-7.4 (Madshus 1988) and other yeast species like e.g. 

Yarrowia lipolytica (Aguedo et al. 2001) and Candida krusei (Halm et al. 2004) have been 

reported to have pHi values at approx. 7.1 and 8.0 at pHe values of 3.9 and 4.5, respectively. 

Exponentially growing S. cerevisiae cells seem to have higher pHi than cells from lag 

and stationary phases (Cimprich et al. 1995; Imai and Ohno 1995b). This is reasonable since 

the retaining of a high ΔpH (and also a high ΔΨ), and thus, a high nutrient uptake, must 

primarily be important in metabolic active yeast cells.  

Considerable progress has been made in our understanding of the pH regulatory 

mechanisms of cells. Aabo et al. (2011) proposed a theory for the dissipation of standard 

deviation of the intracellular pH (s.d.(pHi)) among individual cells. In this study cells were 

submitted to high temperature stress, and the experiment was started with high pHi and high 
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s.d.(pHi) and ended at a lower pHi and a lower s.d.(pHi), after 20-30 min of imposed stress 

(Aabo et al. 2011). According to Aabo et al. (2011) the intracellular gradual acidification of 

the cytosol occurred after the dissipation of the s.d.(pHi), caused by a combination of H
+
 

permeability changes and by differences in membrane composition between the various 

organelles (Lanz et al. 1999; Zinser and Daum 1995). Therefore, it is not surprising that a 

complete dissipation of the intracellular pH gradients will result in detrimental effects on the 

physiological state of the cell.  

 

4.6.5. Cell wall integrity 

 

Building a cell wall is an energy consuming task for a yeast cell, comprising 10-25% of 

the cell mass depending on growth conditions (Aguilar-Uscanga and François 2003; Smits et 

al. 1999). Briefly, the cell wall is a layered structure (Cappellano et al. 1994), in which the 

inner layer is composed of glucan polymers and chitin (β-1,4-N-acetylglucosamine polymers) 

and the external cell wall layer is a grid of glycoproteins. Two major classes of cell wall 

glycoproteins (CWPs) compose this external layer: 1) glycosylphosphatidylinositol (GPI) 

proteins, and 2) five types of polypeptides, Pir1-5 (Proteins with internal repeats) (Ecker et al. 

2006; Mrsa and Tanner 1999). 

The functions of yeast cell wall comprise four principal functions. First, it acts as a 

barrier to osmotic shock, every time yeast cell faces a rapid and extreme change in 

environment. The turgor pressure against the plasma membrane and cell wall is the way 

usually found by fungal cell to balance and counteract the force driving water across the 

osmotic gradient. Second, fungal cell walls also protect against mechanical stress, every time 

extracellular environment changes induce compression forces. Third, cell wall is absolutely 

vital to establish and maintain cell shape (Cid et al. 1995; Klis et al. 2006), being essential, as 

an example, to the formation of a bud and cell division. The remodeling of the rigid structure 

is crucial to accommodate cell expansion during: 1) vegetative proliferation, 2) mating 

pheromone-induced morphogenesis, and 3) pseudohyphal development. Fourth, the cell wall 

constitutes a surface for some specific proteins such as great variety of glycoproteins (Klis et 

al. 2006; Zlotnik et al. 1984).  

Saccharomyces cerevisiae cells contain other transduction mechanisms that allow them 

to sense and respond to environmental changes (Saito and Tatebayashi 2004). Among them, 

we can highlight the Cell Wall Integrity (CWI) pathway that is responsible for maintenance 

and function of the yeast cell wall (Levin 2005). It is employed to adjust the yeast cell wall 
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thickness and composition to environmental clues. 

  

4.6.5.1. Overview of CWI signaling 

  
The CWI-signaling pathway is responsible for the detection and response to extracellular 

signs that impose a cell wall stress (Fig. 16). The CWI pathway response comprises a family 

of sensors localized in the surface of the cell, coupled to a small G protein, Rho1, whose 

activity is cell cycle dependent. Some authors consider Rho1 to be the core regulator of CWI 

signaling (Rodicio and Heinisch 2010), as Rho1 integrates signals from the cell surface and 

the cell division cycle, and it is also responsible for the regulation and organization of several 

cell structures (e.g. cell wall biogenesis, actin organization, polarized secretion) (Rodicio and 

Heinisch 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: CWI signaling pathway. Signals are initiated at the plasma membrane (PM) through the 

cell-surface sensors Wsc1, -2, -3, Mid2, and Mtl1. The extracellular domains of these proteins are 

highly O-mannosylated. Two transcriptional factors, Rlm1 and SBF (Swi4/Swi6), are activated by the 

pathway. Skn7 may also contribute to the CWI transcriptional program (extracted from Rodicio and 

Heinisch 2010). 

 

CWI signaling is induced in response to a plenty of cell wall stresses (Levin 2011): heat 

stress, hypo-osmotic shock, pheromone-induced morphogenesis, cell wall stress agents and 

cell wall biogenesis mutations, actin cytoskeleton depolarization and turgor pressure and 

plasma membrane stretch. 

There are also reports about the implication of CWI in the responses to oxidative stress 

(Alic et al. 2003; Vilella et al. 2005), changes in environmental pH (Claret et al. 2005; 
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Serrano et al. 2006), and DNA damage (Bandyopadhyay et al. 2010; Dardalhon et al. 2009; 

Truman et al. 2009). 

 

4.7. Ethanol 

 

Although S. cerevisiae is known to be highly tolerant to ethanol, if ethanol 

concentrations are high above yeast tolerance limit, cell growth and viability are impaired, 

restricting significantly both the fermentation productivity and the ethanol yield (Aguilera et 

al. 2006; Ansanay-Galeote et al. 2001). Accumulation of ethanol in a medium affects 

different transport systems (Bai et al. 2004; Pina et al. 2004). High levels of ethanol interfere 

with membrane lipid organization, affecting the integrity of cell membrane, damaging 

permeability to numerous ionic species, dissipating transmembrane electrochemical potential 

due to an increase of nonspecific membrane permeability (immediate effect), decreasing 

fluidity of plasma membrane (long-term effect), and subsequently intracellular and vacuolar 

environments acidify (Leão and van Uden, 1984a; Rosa and Sá-Correia 1996; Teixeira et al. 

2009). At high concentrations, ethanol also disturbs protein conformation (leading to protein 

denaturation and dysfunction). Some authors reported ethanol deleterious effect on key 

glycolytic enzymes pyruvate kinase and hexokinase (Millar et al. 1982; Pascual et al. 1988). 

High ethanol affects uptake of glucose (Leão and van Uden 1982), maltose (Loureiro-Dias 

and Peinado 1982), ammonium (Leão and van Uden 1983) and amino acid (Leão and van 

Uden 1984b) and causes cell leakage of nucleotides, amino acids, and potassium. 

Saccharomyces has developed a range of stress responses and adaptation mechanisms 

towards ethanol. These include the upregulation of heat shock proteins, plasma membrane 

ATPase induction and adjustment of lipid composition of the plasma membrane (Fernandes 

and Sá-Correia 2003; Swan and Watson 1997). Several hundred genes were identified 

associated with ethanol tolerance involving a broad range of functional categories including 

protein biosynthesis (Dinh et al. 2009), amino acid metabolism, nucleotide metabolism 

(Yoshikawa et al. 2009), intracellular trafficking (Teixeira et al. 2009), cell cycle and growth 

(Kubota et al. 2004), lipid metabolism, fatty acid and ergosterol metabolism (Ma and Liu 

2010), membrane and cell wall organization (Auesukaree et al. 2009, van Voorst et al. 2006), 

proline biosynthesis (Yoshikawa et al. 2009), tryptophan biosynthesis (Gasch et al. 2000) and 

V-ATPase function (Fujita et al. 2006). As classified by different functional categories, every 

single gene induced by ethanol has more than one function. This strongly indicates the 

complex map of interactions of gene relationships, reason why mechanisms of ethanol 
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tolerance are not yet fully understood. Several attempts have been made to model and 

illustrate the large number of genes involved in ethanol tolerance (Fig. 17), but the multiple 

layers of functions and interactions, the complexity of yeast network response, and frequent 

reprogrammed pathways made the task difficult.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Schematic diagram showing a prototype of ethanol tolerance mechanisms in S. cerevisiae. 

Proteins encoded by significantly up-regulated genes are located in cell wall, membrane, nucleus, 

mithocondrion, and cytoplasm. Function of gene products was classified based on gene ontology. 

(extracted from Ma and Liu 2010) 

 

The influence of the composition of yeast plasma membrane in ethanol tolerance have 

been reported, as well as stress responses of some genes (Ding et al. 2009). Most of genes 

involved in membrane and cell wall composition are down-regulated under ethanol stress, as 

suggested by deletion mutation assays. Membrane and cell wall structures may undergo 

significant remodeling processes in response to ethanol stress. Changes of membrane lipid 

and ergosterol composition, including unsaturated fatty acids (UFAs) index and 

phospholipids, have been observed in response to ethanol-induced stress (Aguilera et al. 2006; 

Chi and Arneborg 1999).  

The mono-unsaturated fatty acids palmitoleic acid and oleic acid are key plasma 
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membrane components in S. cerevisiae to compensate deficits caused by ethanol stress 

through increased fluidity of plasma membrane. Some authors reported that ethanol-tolerant 

strains display in their cellular lipid composition a higher amount of these two UFAs 

(Sajbidor et al. 1995; You et al. 2003). Oleic acid is considered as the main determinant of 

ethanol tolerance in S. cerevisiae. 

Ergosterol is another major component of cellular membranes that influences plasma 

membrane fluidity. Higher ergosterol content in yeast was found to be associated with higher 

ethanol tolerance (del Castillo Agudo 1992). Deletion mutants of ERG2, ERG3, ERG5, ERG6, 

ERG24, and ERG28 involved in ergosterol biosynthesis resulted in defective growth under 

ethanol stress (Auesukaree et al. 2009; Teixeira et al. 2009; Yoshikawa et al. 2009).  

Proline exhibits multiple functions during the fermentation process, including protection 

of cells from damage by freezing, desiccation, or oxidative stress (Takagi 2008). It enhances 

stability of proteins and membranes, and inhibits protein aggregation during protein refolding 

(Rudolph and Crowe 1985; Samuel et al. 2000). The function of proline in ethanol tolerance 

is supported by a pro1 strain, which is sensitive to ethanol stress (Kubota et al. 2004; 

Yoshikawa et al. 2009).  

Tryptophan is another amino acid that has been reported to contribute to ethanol 

tolerance. And this is evident in studies using strains with deleted TRP1, TRP2, TRP3, TRP4, 

and TRP5 (genes involved in different steps of tryptophan biosynthesis), resulting in sensitive 

responses to ethanol stress (Hirasawa et al. 2007; Yoshikawa et al. 2009). 

Ethanol also increases membrane permeability to H
+
, increasing H

+
 influx and 

intracellular acidification (Leão and van Uden 1984a, Cartwright et al. 1987; Rosa and Sá-

Correia 1996). To cope with ethanol stress yeast maintains intracellular pH homeostasis 

mainly by two mechanisms: 1) H
+
 efflux by plasma membrane ATPase and 2) intracellular 

H
+
 transport into vacuoles by V-ATPase. The H

+
 translocation is considered as a tolerance 

response to ethanol and supported by gene deletion assays. Deletion mutants of 14 genes 

encoding structural components of V-ATPase (VMA1, VMA2, VMA4, VMA5, VMA6, VMA7, 

VMA8, VMA9, VMA10, VMA11, VMA13, VMA16, VPH1 and CUP5) showed sensitive 

response to ethanol challenges (Auesukaree et al. 2009; Teixeira et al. 2009; Yoshikawa et al. 

2009). Theoretically, transportation of cytosolic H
+
 into the vacuole by H

+
-V-ATPase would 

cause vacuolar acidification. In fact, vacuolar acidification by ethanol was recently 

demonstrated to be dose-dependent (Teixeira et al. 2009). Many other genes related to 

vacuolar protein sorting machinery, vacuolar membrane structure and function were found to 
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be essential for ethanol stress tolerance (genes reported in Auesukaree et al. (2009); Teixeira 

et al. (2009); Yoshikawa et al. (2009)). 

There are also some reports associating the peroxisomal activity with ethanol tolerance 

in yeast. For example, strains with deletions of genes belonging to PEX family were found to 

be sensitive to ethanol challenge (Teixeira et al. 2009; Yoshikawa et al. 2009). These genes 

encode for proteins of peroxisome transport machinery and peroxisomal membrane protein 

import machinery required for peroxisome organization and biogenesis. Cells deficient in 

peroxisomal functions are unable to effectively control fatty acid composition of membrane 

phospholipids (Lockshon et al. 2007). 

Genes encoding heat shock proteins (HSP) that are induced under ethanol stress 

exhibited a broad overlapping with genes associated with heat stress response (Piper et al. 

1994). These induced expressions are reflected by typical up-regulated transcription response. 

Genes commonly reported and identified as up-regulated transcripts include at least 10 heat 

shock protein genes HSP12, HSP26, HSP30, HSP31, HSP32, HSP42, HSP78, HSP82, 

HSP104, and HSP150 (Ma and Liu 2010; Marks et al. 2008). However, their up-regulation 

was growth-phase dependent. For example, HSP30, HSP42, and HSP104, can be detected at 

early stages (Ma and Liu 2010; Marks et al. 2008). In addition to functioning as chaperones, 

HSPs have numerous other functions contributing to ethanol tolerance. Hsp30, for instance, is 

a hydrophobic plasma membrane protein that apparently regulates H
+
-ATPase Pma1 (Piper et 

al. 1997). Hsp31 and Hsp32 function as hydrolase and peptidase (Wilson et al. 2004). 

Hsp150 helps cell wall remodeling (Moukadiri and Zueco 2001).  

The accumulation of storage carbohydrates such as trehalose was observed under ethanol 

stress, being important for growth under these conditions (Kaino and Takagi 2008; Ogawa et 

al. 2000). The co-induction of trehalose genes and HSP genes were commonly observed in 

yeast response to ethanol challenges (Chandler et al. 2004; Ma and Liu 2010).  

So, it is upmost important to understand the cellular impact of ethanol toxicity and yeast 

specific response, in order to develop strategies for improving microbial ethanol tolerance. 

 

4.8. Weak organic acids 

 

Weak organic acids (WOAs) such as sorbic, acetic, benzoic, and propionic acid are 

considered to be safe for human consumption and prevent food microbial spoilage in large-

scale food industries. In aqueous solution, WOAs exist in pH-dependent equilibrium between 

uncharged acidic molecules and their charged anions. The protonated, uncharged molecule 
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abundant at acidic pH can freely diffuse the microbial plasma membrane (Fig. 18). When 

facing the more neutral cytoplasmic pH (7) inside the cell, the acid dissociates to form a 

charged proton and anion, which do not diffuse over the membrane anymore (Brul and Coote 

1999; Lambert and Stratford 1999; Orij et al. 2009). Diffusion of weak acids into the cell 

could virtually continue until equilibrium is reached between the concentration of the charged 

state inside and outside the cell.  

 

Figure 18: Schematic diagram of the stress 

response of a yeast cell challenged with 

weak organic acids. This figure shows a 

glucose transporter, the membrane located 

Pdr12 multidrug resistance pump active 

against anions of acetic, sorbic and benzoic 

acid, and the plasma membrane P-type H
+
-

ATPase. (extracted from Piper et al. 1998) 

 

 

 

 

 

 

 

 

A first consequence of WOA stress is cellular intracellular acidification [reviewed in 

(Orij et al. 2011; Piper et al. 2001)]. Intracellular pH affects many cellular processes (for 

more details please see Chapter IV), 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 (Orij et al. 2011). The release of H
+
 and 

subsequent cytoplasmic acidification leads to inhibition of essential metabolic functions 

(Bracey et al. 1998; Krebs et al. 1983), inhibition of glycolysis (Pearce et al. 2001) and 

therefore reduction of the cells ability to generate ATP. In addition, the cellular activities 

counteracting acidification and anion accumulation consume ATP (Holyoak et al. 1999; Piper 

et al. 1998). Li and Yuan (2010) indicated that acetic acid impairs: 1) mitochondrial functions 

at translation, 2) electron transport chain and ATP production levels, 3) interrupts the 

synthesis of reserve metabolism (glycogen and trehalose metabolism and glucan) and 4) 

central carbon metabolism and amino acid biosynthesis regulation in yeast. 
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In yeast, intracellular acidification is partly counteracted by the activity of Pma1, the 

plasma membrane H
+
-ATPase pump. Plasma membrane ATP-binding cassette (ABC) 

transporter Pdr12 (Hatzixanthis et al. 2003) plays an important role in the adaptation of S. 

cerevisiae to the stress imposed by lipophilic weak acids by pumping out anions (Holyoak et 

al. 1999) at the cost of energy (either ATP or proton motive force) (Breeuwer et al. 1994; 

Henriques et al. 1997). PDR12 was shown to be important for the adaptation of yeast cells to 

grow in the presence of lipophilic weak acid preservatives, and Δpdr12 mutants are 

hypersensitive to lipophilic acids at acidic pH (Hatzixanthis et al. 2003; Holyoak et al. 1999). 

However, the authors showed that the deletion mutant was not sensitive to highly lipophilic, 

long-chain fatty acids alcohols and dicarboxylic acids (Hatzixanthis et al. 2003). 

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 (Fig. 18). Non-futile ATP 

consumption should lead to decreased diffusional entry of acid, and a decrease of pumping 

activity might lead to a reduced ATP burden (Cole and Keenan 1986; Mira et al. 2010b). 

Indeed, energy burden might be the major cause of the growth inhibitory effect, according to 

several genome-wide analyses where the effect of WOA stress was tested in yeast (Mira et al. 

2010a; Mollapour et al. 2004; Schüller et al. 2004). However, yeast has evolved mechanisms 

that prevent WOA induced ATP depletion, since Ullah et al. (2013) observed higher levels of 

ATP in severe stress conditions where growth was completely inhibited, compared to 

moderate stress where ATP levels were lower but growth was partially inhibited (Ullah et al. 

2013).  

Acetic acid is probably the weak organic acid most wellstudied as it is a normal by-

product of the alcoholic fermentation and also a product of contamination by lactic and acetic 

acid bacteria (Toit and Lambrechts 2002; Vilela-Moura et al. 2011). This weak acid can be 

also originated from acid-catalyzed hydrolysis of lignocelluloses (Lee et al. 1999; Maiorella 

et al. 1983). Above concentrations accepted as normal (0.2 to 0.6 g/L), it is well known the 

negative sensorial impact that acetic acid has on the quality of wine, affecting also the course 

of fermentation, leading to sluggish or stuck fermentations (Bely et al. 2003; Santos et al. 

2008). However, in food industry the antimicrobial activity and cytotoxic effect of acetic acid 

is used for food preservation Zygosaccharomyces bailii is an example of non-Saccharomyces 

species highly resistant to acetic acid.  

Whole genome screening of the S. cerevisiae Euroscarf collection identified 650 

determinants of acetic acid tolerance, all of them being clustered in a quite diverse range of 
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functional categories (Mira et al. 2010a). Other authors performed a proteomic analysis of S. 

cerevisiae cells treated with acetic acid, showing proteins affected from amino-acid 

biosynthesis, transcription/translation machinery, carbohydrate metabolism, nucleotide 

biosynthesis, stress response, protein turnover and cell cycle (Almeida et al. 2009). It was 

also reported a correlation between acetic acid resistance and the transcription factor Rim101, 

described to be involved in responses to propionic acid-induced toxicity (Mira et al. 2009). 

 

5. Yeast systems biology 

“Systems biology is an enormous challenge for science itself, of the same grandeur 

perhaps as relativistic and quantum mechanics have been before!” (Westerhoff and 

Alberghina 2005) 

 

Whole-genome methodologies such as transcriptomics, proteomics, and metabolomics 

(collectively termed ‘omics techniques) are being applied in winemaking to define 

phenotypic variation at the molecular level and also to assign genetic contributors to 

variation. 

The application of individual ‘omic methodologies continues to provide insight into 

many areas of grapevine biology including vine development (Ali et al. 2011; Fasoli et al. 

2012; Fernandez et al. 2010; Fortes et al. 2011; Guillaumie et al. 2011; Lijavetzky et al. 

2012; Mica et al. 2009; Toffali et al. 2010), disease resistance (Milli et al. 2012; Polesani et 

al. 2010), and viticultural practices such as water and light deficit (Grimplet et al. 2009; 

Sreekantan et al. 2010; Tillett et al. 2011). The existence of such diverse datasets has driven 

attempts at their integration (Grimplet et al. 2009). Moreover, the range of different ‘omics 

data types has led to the exploration of novel analytical methods, or the application of 

existing analytical methods in novel ways, in an attempt to extract biologically relevant 

information. 

The current view of the eukaryotic cell is that of a system characterized by a coordinate 

integration of the different functional genomic levels and individual networks, in direct 

relation with the environment. This system (Fig. 19) is intrinsically complex and involves the 

integration of regulatory mechanisms at the genomic, transcriptional, post-transcriptional, 

post-translational and metabolic levels (Fafournoux et al. 2000; Muratani and Tansey 2003; 

Verger et al. 2003).  
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Many whole-genome methodologies are becoming matured to the point where, with 

continued work and efforts, soon can be applied in an industrial environment. This integrative 

approach may also provide an area of compromise between traditionalists and technologists 

in the winemaking world. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Schematic representation of the eukaryotic cell as a global system, with the different 

levels of functional genomics (genome, transcriptome, proteome and metabolome; Oliver 1997, 2002, 

Oliver et al. 1998, Delneri et al. 2001), their localization and interactions, main regulatory circuits and 

relationships (extracted from a provided lecture presentation attended in a Post-Graduated course of 

Industrial Yeast Systems Biology, UMinho, 2010). 

 

Systems biology aims at understanding all of the genotype–phenotype relationships 

brought about by these cellular networks, as well as the principles and mechanisms governing 

the behavior of biological systems (Kitano 2002; Nurse 2003; Stelling 2004). The main 

objective of systems biology is the construction of mathematical models by which to 

interrogate and iteratively refine our knowledge of the system (e.g. the eukaryotic cell; Ideker 

2004; Kafatos and Eisner 2004; Kitano 2002; Nurse 2003; Stelling 2004). Systems biology 

addresses this task by combining integrative experimental and theoretical approaches 

(Stelling 2004). This is illustrated in Figure 20, in the context of the iterative cycle of 

knowledge (Kell and Oliver 2004).  
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Figure 20: Systems biology scheme. Integration of global experimental (A) and theoretical studies 

(B) in the iterative cycle of knowledge (extracted from provided lecture presentation attended in a 

Post-Graduated course of Industrial Yeast Systems Biology, UMinho, 2010) 

 

High-throughput integrative experimental studies at several functional genomic levels 

(e.g. gene expression together with proteome and/or metabolome studies; Bro et al. 2003; 

Gygi et al. 1999; Lee and Batzoglou 2003; Urbanczyk-Wochniak et al. 2003) provide system-

level sets of data (Fig. 20A). From this point, comprehensive theoretical studies 

(bioinformatics, ‘in silico’ methods), integrative data analysis and/or modeling approaches 

(e.g. Kell and King 2000; Mendes 2002; Stelling 2004; Yao 2002) allow the generation of 

new knowledge at a system level and make predictions capable of being tested in further 

experimental studies (Fig. 20B).  

 

6. Objectives 

The overall aim of this work can be divided into two main topics: 

1) To study intracellular pH and H
+
 homeostasis mechanisms of wine and laboratorial 

strains during the long and dynamic process of fermentation.  

2) To understand in which extent a physiological-based screening strategy for specific 

single-deletion mutants is a valuable resource to infer about gene interactions and 
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biological processes during the fermentative process, in special at late stages of 

wine fermentation.  

The specific objectives were: 

1) To evaluate parameters involved in H
+
 homeostasis of a wine strain (ISA1000) 

fermenting natural white grape must (Arinto) at three different temperatures: 15ºC 

(commonly used for the fermentation of white wines), 25ºC (laboratory studies) and 

30ºC (commonly used in red wines).  

2) To establish standard conditions for an efficient fermentation using BY4741 single 

mutation derivative strains to extract relevant physiological data on their fermentative 

performance in simulated wine fermentation studies. 

3) To study intracellular pH at both population and single-cell levels of a laboratory 

strain (BY4741) fermenting synthetic grape must (ISA-SGM) and compare with those 

results obtained with wine yeast for the whole population.  

4) To study the main phenotypic determinants and gene interactions during wine 

fermentation, through a strategy of screening that closes the “bridge” genotype-

phenotype. The impact of gene deletions on fermentation performance will be 

assessed.  

It is expected with this work to provide Science Community with valuable data in Yeast 

Biology field, and also to create new topics for future research. 
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Chapter II - Peculiar H+ homeostasis of Saccharomyces cerevisiae 

during the late stages of wine fermentation 

 

ABSTRACT 

Intracellular pH (pHin) is a tightly regulated physiological parameter, which controls cell 

performance in all living systems. The purpose of this work was to evaluate if and how H
+
 

homeostasis is accomplished by an industrial wine strain of Saccharomyces cerevisiae, while 

fermenting real must, under the harsh winery conditions prevalent in the late stages of the 

fermentation process, in particular low pH, high ethanol concentrations and temperature. 

Cells grown at 15, 25 and 30ºC were harvested in exponential and early and late stationary 

phases. Intracellular pH remained in the range 6.0 – 6.4, decreasing significantly only by the 

end of glucose fermentation, in particular at lower temperatures (pHin 5.2 at 15ºC), although 

the cells remained viable and metabolically active. The cells capability of extruding H
+
 by the 

H
+
-ATPase and of keeping H

+
 out by means of an impermeable membrane were evaluated as 

potential mechanisms of H
+
 homeostasis. At 30ºC, the H

+
 efflux was higher in all stages. The 

most striking observation was that cells in late stationary phase became almost impermeable 

to H
+
. Even when these cells were challenged with high ethanol concentrations (up to 20%) 

added in the assay, their H
+
 permeability remained very low, being almost undetectable at 

15ºC. Comparatively, ethanol significantly increased the H
+
 permeability of cells in 

exponential phase. Understanding the molecular and physiological events underlying yeast 

H
+
 homeostasis at late stages of fermentations may contribute to the development of more 

robust strains suitable to efficiently produce a high quality wine. 
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INTRODUCTION 

 
Winemaking is a prehistoric human activity that leads to the conversion of grape juice 

(must) into wine, as the result of a complex network of interactions, established along the 

winemaking process (Querol et al. 2003). Saccharomyces cerevisiae is the main yeast in wine 

fermentation. This makes S. cerevisiae wine strains an attractive target for the improvement 

of wine technology and quality.  

During wine fermentation, yeasts are exposed to an extremely wide gradient of stress 

conditions. After a short stage of active increase of the population, under osmotic stress, 

growth slows down, the cells enter stationary phase, and fermentation is carried out by 

resting cells. As fermentation proceeds, sugar concentration decreases and ethanol 

concentration increases, pH drops and temperature rises, enhancing the deleterious effect of 

the other forms of stress. While transforming must into wine, the physiological state of the 

yeast suffers important changes; resting cells are physiologically very different from the cells 

at the first stages of the fermentation process (Rossignol et al. 2003). Several authors reported 

that ethanol affects key features of yeast physiology, impairing the major membrane transport 

systems assayed under lab conditions (Lei et al. 2007, Madeira et al. 2010), reducing the 

metabolic activity (Liu and Qureshi 2009; Martini et al. 2004), decreasing cell growth (Ding 

et al. 2009) and inducing apoptotic responses and cell death (Kitagaki et al. 2007). Although 

ethanol toxicity in yeasts is a complex mechanism, the main target of such stress seems to be 

cell membranes (Aguilera et al. 2006; D’Amore et al. 1990). Ethanol causes an increase in 

membrane fluidity and a loss in its structural integrity (Gurtovenko and Anwar 2009), with an 

accompanying increase of leakiness (Leão and van Uden 1984; Madeira et al. 2010) and 

changes in lipid composition (Huffer et al. 2011) generating deleterious non-mediated 

diffusion processes (Quintas et al. 2000; Salgueiro et al. 1988). Some of the above 

biochemical changes induced in yeast by ethanol stress are similar to those caused by thermal 

stress (Piper 1995) and a synergistic effect between ethanol and temperature is well 

documented (Loureiro and van Uden 1986).  

In recent years, attempts have been made to identify specific genes responsible for 

tolerance to ethanol as well as to other stress factors commonly found during alcoholic 

fermentation (Ma and Liu 2010; Yoshikawa et al. 2009). Numerous genes have been reported 

to be up- or down-regulated, revealing the possible implication of several pathways, such as 

the regulatory HOG and TOR pathways (Hayashi and Maeda 2006; Rossignol et al. 2003), 

transcription machinery and RNA processing (Pizarro et al. 2007), protein trafficking and 
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vacuolar function and transport (Fujita et al. 2006; Yoshikawa et al. 2009), peroxisome 

import protein machinery (Teixeira et al. 2009), lipid membrane and wall biosynthesis (Lei et 

al. 2007). However, most of these studies were centered on active growing cells, with less 

attention being paid to late stages of fermentation. 

In all forms of life, cells require a suitable physiological pH so that metabolic reactions 

can proceed. In yeast, under acidic pH, proton homeostasis is essentially maintained by a 

balance between the flux of H
+
 pumped out by the PMA1 ATPase and the influx of H

+
 by 

passive diffusion through the lipid bilayer and by secondary transporters (Madeira et al. 

2010). This balance is also supported by the cell buffering capacity (Mortensen et al. 2008) 

and vacuolar transport (Teixeira et al. 2009). Ethanol interferes with this delicate equilibrium, 

by inhibiting mediated transport and enhancing passive diffusion (Madeira et al. 2010; van 

Uden 1985), disturbing both intracellular pH (pHin) and proton motive force across the 

plasma membrane (Loureiro-Dias and Santos 1989). In the past, the ability of yeasts to 

acidify the environment has been suggested as an indicator of good metabolic performance 

and ethanol tolerance (Jimenez and van Uden 1985; Opekarova and Sigler 1982). 

The aim of this work was to analyze parameters involved in H
+
 homeostasis in S. 

cerevisiae during the process of grape must fermentation, in particular pHin and H
+
 fluxes 

across the plasma membrane. We focused on the physiological characterization of an 

oenological yeast strain, comparing exponential and early and late stationary phase cells, with 

special emphasis on H
+
 homeostasis as a requirement for survival capacity and “health” while 

fermenting white grape must. The most relevant result was that late stationary cells became 

almost impermeable to H
+
 and were able to maintain their metabolic activity and survival 

capacity, even when they were challenged with high extracellular ethanol concentrations. 

 

 

MATERIALS AND METHODS 

Yeast strain 

An oenological Saccharomyces cerevisiae strain (ISA1000), isolated from a commercial 

active dry yeast starter (FERMIVIN®), from the Instituto Superior de Agronomia (ISA) yeast 

culture collection was used. Stock cultures were maintained at 4ºC on YPD agar (1% yeast 

extract, 2% peptone, 2% glucose, 2% agar). 
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Must and fermentation conditions 

Unless otherwise stated, the yeast strain was grown in white grape must from the ISA 

vineyards, supplemented with sulfur dioxide (50 ppm), which corresponds to standard 

enological treatments. Must was centrifuged (Eppendorf 5810R Centrifuge) at 4ºC, 5 min, 

18000 g, and sterilized by filtration (0.22 µm Millipore TYPE GSWP). Cells were pre-

cultured in the same must at 28ºC in orbital shaked flasks for 24h. Inoculation was 

standardized at 1x10
6
 cells ml

-1
 in 800 ml of white grape must contained in 1 liter Erlenmeyer 

flasks with a cotton cap. Fermentations were performed at 15, 25 and 30ºC with low 

magnetic stirring (150 rpm). For comparison with standard lab conditions, cells were also 

grown up to OD640nm ≈ 1 (middle exponential-phase) in mineral medium (Madeira et al. 

2010) with 2% glucose, at 25ºC, with low magnetic stirring (150 rpm). 

 

Growth monitoring and sampling  

Growth was monitored by measuring optical densities at 640nm in an Ultrospec 2100 pro 

(Amersham Biosciences®) spectrophotometer. Viability was determined by counting colony-

forming units (CFU) on YPD medium, after 2-3 days at 28ºC. Total cells number was 

assessed by counting in a hemocytometer. Samples for further assays were collected at the 

mid-exponential and at early and late stationary phases. 

 

Analytical techniques 

In order to monitor the evolution of the fermentation process, glucose concentration was 

roughly estimated with a rapid detection assay using a commercially available dipstick 

(Diabur-Test 5000; Boehringer, Mannheim, Germany) commonly used for measuring glucose 

in urine (range, 1 to 50 g liter
-1

). After removing the cells by centrifugation (12000 g, 3 min, 

4ºC), glucose and fructose, and ethanol concentrations in supernatants were measured by 

enzymatic assays (Boehringer Mannheim/ R-Biopharm, Roche 10.139.106.035 and 

0.176.290, respectively), to establish accurate fermentation profiles. 

 

Intracellular pH  

Intracellular pH (pHin) was estimated according to the method of Rottenberg (1979), as 

described in Pampulha and Loureiro-Dias (1989), based on the relative distribution of radio-

labeled benzoic acid between the cell interior and the extracellular medium, using the 

classical equation: 
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where A
T

in and A
T

out are the intracellular and the extracellular total concentrations of the acid, 

respectively, and Kd is the dissociation constant of benzoic acid (6,40 × 10
-5

 mol liter
-1

). The 

method is based on the assumption that the plasma membrane is impermeable to benzoate but 

freely permeable to the undissociated form of the acid, which, in the equilibrium, reaches 

identical concentrations on both sides of the membrane. A solution of [7-
14

C] benzoic acid 

(NEN
TM

, 18.5 MBq, 588.3 MBq mmol
-1

) was prepared by adding 1.5 ml of 5 µM NaOH to 

the commercial vial. From cultures in white grape must (as previously described), samples 

were collected in mid-exponential, and early and late stationary phases at the three 

temperatures tested. Two identical 50 ml samples of each suspension were transferred to 100 

ml Erlenmeyer flasks. [7-
14

C] benzoic acid solution was added to one of the flasks 

(approximately 10 µl, to keep the ratio between the amount of radioactive acid and amount of 

cells in the sample constant). The concentration of benzoic acid was below 8 µM in all cases 

and it was assumed not to disturb the cells. Both flasks were immediately incubated, with 

magnetic stirring, at 15ºC for 150 min, or at 25 and 30ºC for 90 min. The incubation time was 

established in preliminary experiments as the time necessary to reach a steady radioactivity 

counting.   Aliquots containing approximately 5 mg dry biomass were filtered through glass 

fiber filters (Whatman GF/C, 25 mm diameter) and immediately washed with cold water (5 

ml); the filter was then immersed in 5 ml of scintillation cocktail Optiphase Hisafe 2 (Perkin 

Elmer) and the radioactivity was counted in a Beckman LS 6000LL scintillation counter. To 

calculate the total concentration of benzoic acid inside the cells, a value of internal cell 

volume of 1.9 µl (mg dry biomass)
-1

 (Viegas and Sá-Correia 1995) was used. In order to 

measure the extracellular concentration of benzoic acid, 500 µl of the cell suspension was 

centrifuged for 5 min, at 16000 g, and the radioactivity in 100 µl of the supernatant was also 

counted in the same system. The flask prepared in parallel without radioactivity was used to 

measure external pH in a PHM220 Standard PH Meter (Radiometer Copenhagen) and for 

determination of dry biomass. Values for pHin are the means of at least two determinations 

using cells from at least two independent growth experiments. When indicated, pHin 

determinations were performed in cell suspensions prepared in appropriate buffers, following 

the same methodology. 

Dry biomass was determined by filtering the same volume of suspension as used to count 

intracellular radioactivity through membrane filters (pore size, 0.22 µm); filters were rapidly 

rinsed with 10 ml of distilled water and desiccated at 80ºC for 24 h. 



 

 74 

Proton fluxes 

H
+
 movements were evaluated in cells collected throughout the fermentation process. 

Cells were harvested (12000 g, 3 min, 4ºC) and washed twice with ice-cold water.  

Suspensions were prepared in distilled water at 60-70 mg of dry biomass ml
-1

 and kept on ice, 

for at least 1 h. To determine dry biomass, 0.1 ml of cell suspension was desiccated, as 

above, in small pieces of pre-weighed aluminum foil. H
+
 movements were measured by 

recording the pH of unbuffered cell suspensions in a water-jacketed cell of 2 ml with 

magnetic stirring, with a standard pH meter (PHM62, Radiometer Copenhagen) connected to 

a potentiometer recorder (BBC-GOERZ METRAWATT, SE460) (Madeira et al. 2010). For 

H
+
 efflux measurements, 0.1 ml of the cell suspension was mixed with 0.8 ml ethanol 

solutions in water (final concentrations, 0 - 20% vol/vol). pH was adjusted to 5. The addition 

of 20% glucose (0.1 ml) initiated the H
+
 extrusion, observed as the acidification of the 

unbuffered environment. The maximum rate of increase of extracellular H
+
 concentration, 

calibrated with 10 mM NaOH, was taken as a measure of H
+
 extrusion activity (Madeira et 

al. 2010). For passive H
+
 influx, 0.2 ml of the cell suspension was mixed with 0.8 ml ethanol 

solutions in water. H
+
 net influx corresponds to the overall movement of protons in both 

directions: H
+
 entering the cells by passive diffusion and H

+
 being pumped out by the 

ATPase. To minimize the activity of the ATPase, H
+
 influx assays were performed in the 

presence of 2-deoxy-D-glucose (1 mM) (to decrease the level of ATP) and antimycin (2 µg 

ml
-1

) (to inhibit the respiratory chain) (Madeira et al. 2010). The rate of H
+
 influx was 

calculated as the steady rate of decrease of the concentration of extracellular H
+
, recorded 

immediately after adjusting pH to 4 (Leão and van Uden 1984) for at least 10 min. 

Calibrations were performed with 10 mM HCl. The assays were always performed at the 

same temperature as the cells were grown. 

 

Reproducibility of the results  

All experiments were performed at least three times. Mean values or results of typical 

experiments are presented, as indicated. 

 

RESULTS 

 

Effect of temperature on fermentation profiles 

Yeast fermentation profiles were established, at 15, 25 and 30ºC, up to glucose 

exhaustion. An isolate from a wine commercial starter was used in white grape must to 
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simulate real winemaking conditions as close as possible. As expected, the duration of 

fermentation decreased with temperature (Fig. 1 and Table 1; data for 25ºC not shown in the 

figure).  

 

Table 1: Macrokinetic characteristics for fermentations performed at different temperatures. 

 

 Value at temp (ºC)
a
 

Macrokinetic parameter 15 25 30 

Duration of glucose fermentation (h) 300 142 72 

Lag phase (h) 15 6 < 2 

Doubling time (h) 6.5 ± 0.2 2.4 ± 0.1 1.3 ± 0.1 

Final dry biomass (g liter
-1

) 5.8 ± 0.3 6.0 ± 0.6 5.6 ± 0.1 

  a
 Doubling time and biomass are expressed as means ± SD. 

 

At all the temperatures tested, after a few doublings, growth slowed down, cultures entered 

stationary phase and most of the glucose and fructose fermentation was carried out by resting 

cells (at least 70% of the overall fermentation time).  

At lower temperatures, the lag phase and the doubling time were longer, resulting in a delay 

in reaching the maximum population (10
8
 CFU ml

-1
). Once it was reached, it remained high 

during the whole process. The maximum biomass value was quite stable with temperature, 

with only a slight reduction observed at 30ºC.  

 

 

 

 

 

 

 

 

 

 

Figure 1: Fermentation kinetics of S. cerevisiae ISA1000 in white grape must at (A) 15ºC and (B) 

30ºC. Dashed lines (X, Y and Z) indicate sample points for pHin determination and H
+
 movement 

assays, corresponding to exponential, and early and late stationary phases, respectively. Abs, 

absorvance. 
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The relative amount of viable cells in the total population remained quite stable during 

must fermentation for all temperatures tested. Approximately 50% of the total population was 

able to form colonies when plated under non stress conditions (Fig. 1). Specific glucose and 

fructose consumption rates increased with temperature, as expected. Values of 0.24, 0.25 and 

0.77 g glucose (g dry biomass)
-1

 h
-1

 and 0.13, 0.15 and 0.29 g fructose (g dry biomass)
-1

 h
-1 

were estimated at the beginning of stationary phase at 15, 25 and 30ºC, respectively. As 

expected, fructose was fermented at a lower rate, and when glucose was exhausted the cells 

were still fermenting fructose. For both sugars, there was a steep increase in specific 

consumption rates when the temperature rose from 25 to 30ºC, which is noteworthy. The 

initial pH of the must was 3.0 and a drop of 0.2 units was observed at the beginning of 

stationary phase, for all temperatures tested. The fermentation profiles were established as a 

preliminary stage for H
+
 homeostasis studies. In Fig. 1, the dashed lines indicate sample 

points for subsequent experiments, representative of exponential (X), and early (Y) and late 

(Z) stationary phases. 

 

Intracellular pH during fermentation 

 

 

 

 

 

 

 

 

 

 

Figure 2: Intracellular pH of S. cerevisiae ISA1000 during white grape must fermentation at 15, 25 

and 30ºC. Cells were collected at representative sample points for exponential and early and late 

stationary phases. 

 

Intracellular pH of cells collected in exponential and early and late stationary phases was 

estimated by the relative distribution of radiolabeled benzoic acid. As Fig. 2 illustrates, pHin 

was not affected by temperature (the value remained between 6.0 and 6.4) up to the 

beginning of stationary phase. When cells were grown under standard lab conditions (mineral 
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medium, 25ºC, exponential phase), a similar value (pHin 6.4) was obtained. For all the 

temperatures tested, pHin fell as the fermentation proceeded further. Nevertheless, this drop 

was more pronounced for stationary phase cells at lower temperatures, in particular at 15ºC, 

reaching a value of pHin 5.2 at the end of glucose fermentation. At 30ºC only a minor drop 

occurred (pHin 5.8). 

 

Proton fluxes during fermentation 

Proton efflux rates can be correlated with the activity of plasma membrane ATPase 

(Opekarova and Sigler 1982). In the present study these rates were estimated in cells 

collected at exponential and early and late stationary phases throughout fermentations carried 

out at 15, 25 and 30ºC. The maximum plasma membrane H
+
 efflux rate was reached for cells 

cultivated at 30ºC, at early stationary phase (2.41 mmol (g
 
dry

 
biomass)

-1 
h

-1
), and decreased 

at late stationary phase (Fig. 3). At 15 and 25ºC a progressive drop on H
+
 efflux occurred as 

long as the fermentation proceeded (Fig. 3). Clearly, late stationary phase cells exhibited the 

lowest rate of H
+
 efflux. 

 

 

 

 

 

 

 

 

 

Figure 3: Rates of net H
+
 efflux in S. cerevisiae ISA1000. Cells were collected at exponential and 

early and late stationary phases during white grape must fermentation at 15, 25 and 30ºC. The assays 

were performed at the same temperature as the cells were grown. 

 

Proton inward movements were registered after the application of a HCl pulse to the cell 

suspension, which promoted a sudden decrease of the external pH (from 5 – 6 to 4). The 

decrease in external pH was followed by an immediate steady increase due to H
+
 influx into 

the cells (Leão and van Uden 1984; Madeira et al. 2010), which can be observed for a few 

minutes. Figure 4 illustrates that the H
+
 influx rate at 30ºC was higher than at 15ºC for all the 

fermentation stages. The H
+
 influx rate was highest in exponential cells at 25ºC and was 
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particularly low throughout fermentations performed at 15ºC (maximum value 0.10 mmol (g
 

dry biomass)
-1 

h
-1

 in cells harvested at exponential phase). In all cases, it decreased as the 

fermentation proceeded. The surprising result is that H
+
 influx was almost insignificant in 

late stationary phase cells, suggesting that cells were almost impermeable to H
+
 at this stage, 

at the three temperatures tested. We still considered that another hypothesis to explain this 

observation could be very high leakiness of the cells. If cells at late stages of fermentation 

were very leaky, this would cause the absence of membrane ∆pH, implying no driving force 

for H
+
 influx. To test this hypothesis, early and late stationary cells were pre-incubated in 

weak buffer solutions at pH 5.0 and pH 6.3, and the pH was very rapidly adjusted to 4.0 in 

the reactor. If cells were leaky, their pHin would enter in equilibrium with pHout during the 

incubation time in buffer. Therefore, the expected ∆pH during the assay would be higher in 

cells pre-incubated at pH 6.3 and a significantly higher H
+
 influx would be observed in this 

case. The results did not support this hypothesis. Permeability was low even under these 

conditions (data not shown). Accordingly, we concluded that plasma membranes from late 

stationary phase cells were impermeable to H
+
. 

 

 

 

 

 

 

 

 

 

 

Figure 4: Rates of passive H
+
 influx in S. cerevisiae ISA1000. Cells were collected at exponential 

and early and late stationary phases during white grape must fermentation at 15, 25 and 30ºC. The 

assays were performed at the same temperature as the cells were grown. 

 

Effect of ethanol on proton influx 

Ethanol has been described as affecting plasma membrane permeability, resulting in 

leaky membranes and increasing the passive fluxes through the bilayer (Leão and van Uden 

1984; Madeira et al. 2010). The effect of ethanol on H
+
 influx was evaluated in this study, as 

an estimation of plasma membrane integrity. 
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Figure 5 illustrates the H
+
 influx rates in the presence of increasing concentrations of 

ethanol, at 15ºC (Fig. 5 a) and 30ºC (Fig. 5 b), for cells collected at exponential and late 

stationary phases.  

For both temperatures, influx rates were extremely lower for stationary as compared to 

exponential cells (Fig. 5 a and b), although always higher for 30 than for 15ºC. As expected, 

ethanol in the assay increased the rate of passive H
+
 influx. Amazingly, this was not the case 

for stationary cells at 15ºC, since, even with 20% (vol/vol) ethanol, H
+
 influx was almost not 

detected.  

 

 

 

 

 

 

 

 

 

 

Figure 5: Effect of ethanol on the rates of passive H
+
 influx in S. cerevisiae ISA1000 cells collected 

at exponential and late stationary phases during white grape must fermentation performed at (a) 15ºC 

and (b) 30ºC. The assays were performed at the same temperature as the cells were grown. 

 

 

DISCUSSION 

In previous decades, many studies have been performed on the physiology of S. 

cerevisiae growing in non-natural environments, and there is currently a good understanding 

of the processes that occur inside an Erlenmeyer flask when cells are grown in synthetic 

media. However, our comprehension of what happens in “real life” conditions, like those 

during grape must fermentation, is still poor and it is often difficult to extrapolate useful 

interpretations from lab studies, to explain yeast performance during wine-making. This is 

particularly true for cells in late stages of the fermentation process, since most of the data 

collected under lab conditions result from assays performed with cells harvested in the 

exponential phase. There has been, so far, very limited data collected for the “less 

conventional” stationary cells, whose performance is certainly critical for the fine tailoring of 

B A 
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wine quality. Nevertheless, it is well known that the entry into a “resting state”, typically 

accompanied by a dramatic decrease in the overall growth rate, is characterized by an 

increased resistance to a variety of stresses (Herman 2002). An important point is that yeast 

cultures are dynamic systems, dealing with variable problems and conditions in different 

stages of wine fermentation. 

The aim of this work was to study yeast proton homeostasis during wine fermentation, 

keeping in mind that metabolism and the regulation of pHin are interdependent processes. 

Cells require a suitable pHin in the context of both general cellular functioning and as a 

powerful signaling tool (Orij et al. 2011). Additionally, metabolic activity (ATP production) 

is required so that the ATPase can accomplish its function of pumping H
+
 out, thereby 

regulating pHin. This is particularly relevant in harsh environments of low external pH and 

high ethanol concentrations, which presumably could significantly increase passive H
+
 

influx. In the present study, white grape must was fermented by an oenological S. cerevisiae 

strain at temperatures used in wineries: 15ºC (commonly used for white wine), 25ºC 

(standard lab conditions) and 30ºC (commonly used for red wine). We anticipated that 

temperature would also affect H
+
 homeostasis, acting synergistically with ethanol, as 

described in classical works by van Uden and co-workers (Loureiro and van Uden 1986; van 

Uden 1985). 

Yeast populations fermenting must spend most of their lifetime in stationary phase. In 

our work, this was most evident at 15ºC (Fig 1). Although resting cells in late stages of 

fermentation face harsh deleterious conditions, we confirmed that cells maintained the ability 

to form colonies (approximately 50%), throughout the whole fermentation period, and kept 

their capacity to ferment glucose up to exhaustion. These results indicate that cells seem to 

adapt fairly well to stress conditions occurring during late stages of the wine fermentation 

process. 

Remarkably, the pH of the grape must used in this study (pH 3.0) did not vary 

significantly during fermentation, which reflects its high buffer capacity. Also, in exponential 

and early stationary cells, pHin was quite stable and did not vary with the temperature of 

fermentation. The values measured for pHin were in the range usually found in the literature 

for cytosolic pH of S. cerevisiae (Guldfeldt and Arneborg 1998; Pampulha and Loureiro-Dias 

1989), although there is still the possibility that the data reflect a non-homogeneous 

population, with a mix of metabolically active and inactive cells with different pHin. At the 

end of glucose fermentation, in particular at 15 and 25ºC (Fig 2), the situation was different. 

In this case, pHin was close to the values previously reported as the minimum at which 
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fermentation would proceed (pH 5) (Pampulha and Loureiro-Dias 1989), creating challenging 

conditions for metabolic activity (although cells were still viable). As expected, fermentation 

was slower at lower temperature, not only because most enzymes are less active at lower 

temperatures but most probably also because low pHin affects their activity. It was previously 

shown that this is true in particular for hexokinase, enolase and glucose-6-Pi isomerase 

(Pampulha and Loureiro-Dias 1990). 

Our first hypothesis to explain the lower pHin at the end of fermentation was that the 

cells would become leaky to H
+
 in this situation, since ethanol disturbs the integrity of the 

lipid bilayer (Dickey et al. 2009; Gurtovenko and Anwar 2009), thereby enhancing passive 

diffusion (Leão and van Uden 1984; Madeira et al. 2010). In addition, the H
+
-ATPase could 

have been impaired by ethanol (Madeira et al. 2010). In this stage, the H
+
 pump plays an 

important role in maintaining pHin values, as confirmed by the highest pHin value obtained at 

30ºC, when the pumping activity was not so severely affected. The good yeast performance at 

this temperature (30ºC) should be emphasized: the fermentation proceeded much faster (the 

lag phase was not detected, the duration of fermentation was shorter and, accordingly, the 

specific sugar consumption rate was much higher than at 25ºC) and probably as a 

consequence, the H
+
 efflux was more intense, resulting in higher pHin (more evident in late 

stationary phase) when comparing to other temperatures.  

To our surprise, cells in late stationary phase showed a very low H
+
 influx, as compared 

with cells harvested in early stages (Fig 4). This result might be explained either by the lower 

proton motive force across the plasma membrane in these cells, or by a lower permeability 

coefficient. We confirmed that the permeability was significantly low even when a higher 

pH was artificially imposed by pre-incubating the cells at higher external pH. When we 

evaluated the effect of ethanol present in the assay of H
+
 influx, rates were extremely lower 

for stationary as compared with exponential cells, for all ethanol concentrations tested. It was 

demonstrated that, in stationary phase cells, even 20% (vol/vol) ethanol had no effect on H
+
 

influx rates at 15ºC, and, at 30ºC, only the highest ethanol concentration used (20% (vol/vol)) 

was effective in slowing down H
+
 influx. Our results suggest that during the long 

fermentation process, the cells have gradually changed to become less permeable to H
+
, 

presumably due to changes in membrane composition. 

Considering the current trends towards the production of high-quality wines with 

distinctive and very characteristic properties, and taking into account the economical 

requirements for efficient fermentation processes, wine makers demand for “special yeasts 
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for special traits” able to perform an economically viable fermentation process still remains 

to be satisfied. An in-depth understanding of the molecular and physiological events 

underlying the response and adaptation of yeast cells to the various stress conditions 

occurring at late stages of fermentations is of utmost importance and will contribute to the 

development of more robust strains suitable to perform a more efficient wine fermentation. 
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Chapter III - Efficient fermentation of an improved synthetic grape 

must by enological and laboratory strains of Saccharomyces 

cerevisiae 

 

 
ABSTRACT 

Grape must or freshly pressed grape juice is a complex chemical matrix that impacts the 

efficiency of yeast fermentation. The composition of natural grape must (NGM) can be 

variable; thus, to ensure reproducibility, a synthetic grape must (SGM) with defined 

composition is commonly used. The aim of this work was to create conditions to advance the 

use of Saccharomyces cerevisiae laboratory strains for wine fermentation studies, considering 

previous results obtained for enological strains fermenting NGM under simulated winery 

conditions. We designed a new SGM formulation, ISA-SGM, by introducing specific 

modifications to a commonly used formulation, putting together previous reports. We added 

glucose and fructose in equal amounts (125 g/L) and 50 parts per million (ppm) sulfur 

dioxide (SO2, corresponding to standard enological treatment), and we optimized the 

concentrations of malic acid (3 g/L), citric acid (0.3 g/L), and tartaric acid (3 g/L). Using 

ISA-SGM, we obtained similar fermentative profiles for the wine strain ISA1000, the 

prototrophic strain S288C, and its auxotrophic derivative BY4741. In this case, the 

concentrations of supplements were optimized to 120 mg/L L-uracil, 80 mg/L L-methionine, 

400 mg/L L-leucine, and 100 mg/L L-histidine. All these strains tested in ISA-SGM 

presented a similar fermentative performance as ISA1000 in NGM. ISA-SGM formulation is 

a promising new tool to allow the use of the auxotrophic BY strains in the detailed 

assessment of the alcoholic fermentation process under simulated winery conditions, and it 

provides a foundation to extract relevant physiological conclusions in future research on 

enological yeast traits. 
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INTRODUCTION 

Saccharomyces cerevisiae plays a well-established and fundamental role in the complex 

process of winemaking. The prevalence of S. cerevisiae strains during grape must 

fermentation has been attributed to various factors, including strong fermentation capacity, 

high resistance to ethanol, and osmotolerance (Pretorius 2000). However, the physiology of 

S. cerevisiae also contributes to a chronic problem affecting the wine industry - the 

occurrence of stuck or sluggish (i.e. incomplete or delayed) fermentations that stop or slow 

down well before sugar exhaustion (Malherbe et al. 2007). Stuck fermentations are 

predominantly caused by the harmful effects of ethanol and other stress factors (Malherbe et 

al. 2007; Santos et al. 2008). Genes involved in tolerance to these factors could be targets for 

yeast genetic engineering to improve fermentation efficiency and to control the production of 

wine, at least as close as yeast performance is involved (Fleet 2008).  

To elucidate genetic pathways relevant to winemaking, researchers have screened strains 

with deletion or overexpression of specific genes (Gómez-Pastor et al. 2010; López-Malo et 

al. 2012; Teixeira et al. 2009). However, the application of this strategy to wine strains has 

been impaired by the heterogeneity of industrial yeast genomes, which present frequently 

polyploidy or aneuploidy. These genomes often display heterozygosity, single nucleotide 

polymorphisms, strain-specific open reading frames, and localized variations in gene copy 

number (Borneman et al. 2011a,b; Bradbury et al. 2006; Pretorius 2000). This variability 

makes it difficult to construct single mutant libraries and to complete whole-genome 

screening in these strains. One strategy to understand the genetics of industrial wine yeasts is 

to develop genetically tractable versions of these commercial strains (Borneman et al. 2008; 

Engel and Cherry 2013; Walker et al. 2003, 2005). A single-gene deletion library is currently 

being developed in a haploid derivative of a wine yeast (Tran et al. 2010).  

S. cerevisiae S288C is well-characterized and a commonly used laboratory strain that is 

the foundation of the single deletion mutant libraries (BY4741, BY4742, and BY4743) 

available at Euroscarf (Brachmann et al. 1998; Winzeler et al. 1999). These single-gene 

deletion and overexpression strains are a very powerful research tool for elucidating genetic 

pathways. However, S288C has been reported as a poorly fermenting strain when compared 

to industrial wine yeast strains (Harsch et al. 2010; Pizarro et al. 2007), even with amino acid 

supplementation (Harsch et al. 2010). The inferior fermentation ability is even more evident 

in the S288C-derived BY strains used in the systematic gene deletion project (Hanscho et al. 

2012; Harsch et al. 2010). While it would be preferable to use wild strains for wine 
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fermentation studies, mutants based on these strains are not yet available. S288C-derived BY 

strains are auxotrophic for several amino acids and uracil; thus, auxotrophic supplements 

must be added, appropriate concentrations of which have been determined by considering the 

composition of the final biomass and the type of energy metabolism (Pronk 2002). 

Auxotrophic supplementation is also necessary when using a complex medium, such as Yeast 

extract Peptone Dextrose (YPD) or grape must (Corbacho et al. 2011; Hanscho et al. 2012; 

Harsch et al. 2010). The optimal concentration of these supplements is still under debate. In 

addition to supplements for auxotrophy, other nutrients are required for the optimal growth 

and metabolic performances of S288C-derived BY strains. These nutrients include inositol, 

biotin, and mixtures of preferred amino acids (Çakar et al. 1999; Hanscho et al. 2012). The 

amounts and types of these supplements can trigger modifications of energy metabolism, 

protein expression, final biomass, survival capacity, and stress response (Brauer et al. 2008; 

Çakar et al. 1999; Görgens et al. 2005).  

Grape must is a complex chemical matrix that depends on grape variety, ripeness stage, 

terroir characteristics, climate, and viticultural factors (Ribereau-Gayon et al. 2006). While 

transforming grape must into wine, yeast converts sugars to ethanol and produces various 

other compounds, which add new degrees of complexity and variability to the original matrix 

(Lambrechts and Pretorius 2000). The use of natural grape must (NGM) in the laboratory 

under simulated enological conditions is the best experimental approach and most precise 

way to study how wine yeast cope with stress conditions in the winery environment 

(Rossouw et al. 2012). However, considering the complexity and variability of NGM and the 

scientific requirement for reproducible data, researchers tend to use synthetic grape must 

(SGM) that has a known composition. Using SGM also allows researchers to avoid mutant 

phenotypes from being masked due to the presence of unknown substrates, especially when 

testing auxotrophic deletion mutants.  

Several base formulations of SGM have been published that vary in the composition and 

concentration of their components (Bely et al. 1990; Ciani and Ferraro 1996; Riou et al. 

1997). The most widely used SGM is MS300, a modified version of the synthetic grape juice 

first described by Bely et al. (1990). Several authors have introduced modifications to the 

MS300 composition. For example, researchers have replaced glucose with equimolar 

concentrations of glucose and fructose (100 and 150 g/L) as energy and carbon sources 

(Marullo et al. 2004), varied the amount of SO2 (Nardi et al. 2010), removed anaerobic 

growth factors (Gutiérrez et al. 2012), varied the concentrations of malic and citric acids 

(Albertin et al. 2011; Salmon and Barre 1998), and added tartaric acid (Albertin et al. 2011; 
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Marullo et al. 2004). These modifications were introduced to make the SGM formulation 

more similar to that of NGM, and to optimize the media for optimal fermentation 

performance of laboratory strains (Harsch et al. 2010; Rossouw and Bauer 2009). 

Nonetheless, none of these formulations has been completely successful. 

In the present work, we tested the ability of two closely related laboratory S. cerevisiae 

strains (S288C and BY4741) to ferment ISA-SGM under conditions similar to those found in 

wineries. To validate the use of the auxotrophic haploid strain BY4741 (Brachmann et al. 

1998) as a model for wine yeast fermentation studies, the results obtained with this strain 

were compared with the behavior of an enological yeast strain under the same conditions. We 

combined suggestions made by some authors improving the formulation of a modified SGM, 

in which BY4741 can ferment with a comparable performance to that in NGM. This work 

aims to establish standard conditions for an efficient fermentation using BY4741 single 

mutation derivative strains to extract relevant physiological data on their fermentative 

performance in simulated wine fermentation studies. 

 

MATERIALS AND METHODS 

Yeast strains  

The diploid S. cerevisiae S288C prototrophic strain and its isogenic auxotrophic haploid 

strain S. cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0; ura3Δ0 (Brachmann et al. 

1998)) were obtained from Euroscarf (http://www.uni-frankfurt.de/fb15/mikro/euroscarf/). In 

addition, an enological S. cerevisiae strain (ISA1000), isolated from a commercial active dry 

yeast starter (FERMIVIN
®
), and was obtained from the Instituto Superior de Agronomia 

(ISA) yeast culture collection. Stock cultures were maintained at 4°C on YPD agar (1% yeast 

extract, 2% peptone, 2% glucose, 2% agar). Yeast strains were stored at -80°C in 15% 

glycerol and streaked onto YPD plates if necessary. 

 

Media and fermentation conditions 

Fermentative media  

First fermentations were carried out in synthetic grape must MS300 (Salmon and Barre 

1998), which was modified as described by Rossouw and Bauer (2009) and designated as 

RB-SGM (see Additional file 2). Briefly, glucose and fructose (125 g/L each) were used as 

carbon and energy sources. The available nitrogen was 300 mg/L, provided by 460 mg/L 

NH4Cl (corresponding to 120 mg/L of nitrogen) and by a mixture of 19 amino acids 
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(corresponding to 180 mg/L of nitrogen). Ergosterol (15 mg/L) and sodium oleate (5 mg/L) 

in 1 ml of Tween 80/ethanol (1:1, v/v) were added as anaerobic growth factors, and the pH 

was adjusted to 3.3 using NaOH. Concentrated solutions of each compound were prepared, 

filtered through 0.22-µm nitrocellulose membranes (Millipore filter, type GSWP), and added 

in adequate amounts before inoculation.  

When indicated, RB-SGM was modified by varying the concentrations of citric, malic, 

and tartaric acids, to mimic the normal concentrations of these acids commonly found in must 

at grape maturity (Ribereau-Gayon et al. 2006). SO2 was adjusted to a final concentration of 

50 parts per million (ppm) by adding potassium metabisulfite, as in standard enological 

treatments. When necessary, auxotrophic supplements were added at concentrations of 60 

mg/L L-uracil, 200 mg/L L-leucine, 50 mg/L L-histidine, and 40 mg/L L-methionine (1×) or 

twice these concentrations (2×). The first values (1×) approximately correspond to those 

recommended by Pronk (Pronk 2002), accounting for the biomass content and the expected 

final biomass obtained during wine fermentation (Viana et al. 2012). For comparison, 

fermentation of NGM from white grapes of the Arinto variety collected from the ISA 

vineyards, supplemented with SO2 (50 ppm), was carried out as described previously (Viana 

et al. 2012). Whenever necessary, the appropriate auxotrophic supplements indicated above 

were added to NGM. 

 

Fermentative conditions  

Yeast inoculation was standardized at 10
6
 cells/ml in 80 ml of liquid medium in 100 ml 

Erlenmeyer flasks with a cotton cap (Viana et al. 2012). All fermentations were carried out at 

25°C with very low orbital shaking (120 rpm) in a water bath (D-3162 Kottermann type 

3047, West Germany). Fermentation progress was monitored by estimating the glucose 

concentration. After glucose exhaustion, samples were periodically collected for estimating 

fructose concentration in supernatants after removing the cells by centrifugation (12,000×g, 3 

min, 4°C). Fermentation was considered complete when the Portuguese legal maximum limit 

for residual sugars in wine was reached (≤ 2 g/L). 

 

Growth monitoring 

Yeast growth was monitored by measuring optical densities at 640 nm (OD640nm) in an 

Ultrospec 2100 pro UV-visible (Amersham Biosciences®) spectrophotometer. Growth data 

were analyzed using the DMFit software available on the Combase website 
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(www.combase.cc). Growth data were fit to the model proposed by Baranyi and Roberts 

(1994) to obtain lag times and specific growth rates of each fermentation assay. Viability was 

determined throughout fermentation by counting colony forming units (CFU) on YPD solid 

medium, after 2-3 days of incubation at 28°C. 

 

Analytical techniques 

Dry biomass data were determined by filtering 1 ml of cell suspension through 

preweighted Whatman membrane filters (pore diameter of 0.2 µm). The filters were rapidly 

washed with 10 ml of distilled water, dried at 80°C for 24 h, and weighed. Duplicate 

determinations varied by less than 5%. 

The glucose concentration was estimated with a rapid detection assay using a 

commercially available dipstick (Diabur-Test 5000; Boehringer, Mannheim, Germany) 

commonly used for measuring glucose in urine (range, 1–50 g/L) as previously described 

(Viana et al. 2012). Samples were periodically taken after glucose exhaustion, and the 

fructose concentration was estimated by using the Nelson-Somogyi method (Nelson 1944), as 

described previously (Fournier 2001). A calibration curve was created by correlating the 

OD620nm to the fructose concentration of standard solutions in the range of 0 to 2 g/L, using 

linear regression (R
2
 ≥ 0.99). 

 

Fermentation kinetics  

The duration of the lag phase was quantified as the time obtained by extrapolating the 

tangent at the exponential part of the growth curve, back to the inoculum level (Swinnen et 

al. 2004). 

 The time to the stationary phase was defined as the time necessary to reach the first of 

two equal OD values within a minimum interval of 5 h. The end of glucose fermentation was 

defined as the time when glucose was exhausted (0 g/L). The end of fermentation was 

defined as the time when the fructose concentration dropped below 2 g/L. These points were 

used to estimate the alcoholic fermentation times (in h) and the time necessary to ferment 

glucose (AF1) and fructose (AF2), excluding the lag phase.  

 

Reproducibility of the results 

All experiments were performed at least 3 times. Mean values or results of typical 

experiments are presented, as indicated. 
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RESULTS 

Strain S288C is a good laboratory model for white grape must fermentation 

Recently, we characterized the fermentative performance of an enological yeast strain (S. 

cerevisiae ISA1000) during fermentation of NGM from the Portuguese white grape variety 

Arinto (Viana et al. 2012). In the present work, we studied the behavior of the laboratory 

haploid yeast strain S. cerevisiae S288C in NGM, comparing fermentation parameters of this 

strain with those obtained for the enological yeast S. cerevisiae ISA1000 under the same 

conditions. Fig. 1 shows the growth curves and glucose consumptions for the two strains. 

Table 1 presents the corresponding macrokinetic parameters (i.e., lag-phase, doubling time, 

final OD, AF1 and AF2).  

Both ISA1000 and S288C were able to ferment NGM efficiently up to the maximum 

legal limit for reducing sugars. Fermentation curves for the enological and laboratory strains 

showed that S288C grew more slowly during the exponential phase than ISA1000, with a 

specific growth rate of (0.21± 0.0079)/h compared (0.31± 0.0232)/h to ISA1000. 

Nevertheless, S288C fermented glucose more rapidly than ISA1000; the time required for 

S288C to exhaust glucose (AF1) was 70 h, whereas ISA1000 took 142 h. The duration of 

fructose fermentation (AF2) was similar for both strains (150 and 166 h, respectively) (Table 

1). As expected, both strains fermented fructose at a slower rate than glucose.  

 

Table 1: Macrokinetic parameters for fermentations of NGM, RB-SGM and ISA-SGM by ISA1000, 

S288C and BY4741 strains.  
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Figure 1: Fermentation performances of S. cerevisiae ISA1000, S288C and BY4741 strains in natural 

grape must (NGM). Open symbols indicate optical density for ISA1000 (), S288C () and BY4741 

( and red circle symbol) strains, respectively. Glucose consumption is represented by closed 

symbols. Glucose was completely consumed by ISA1000 and S288C strains ( and ), in NGM; for 

BY4741 strain glucose was completely consumed in  NGM (), in NGM with auxotrophic 

supplements (1×) (blue circle symbol) and in NGM with auxotrophic supplements (2×) (red circle 

symbol). All fermentations were performed at 25ºC. Representative results of one of three 

independent experiments are shown. OD, optical density. 

 

Improved SGM (ISA-SGM) leads to successful wine fermentations by S288C and ISA1000 

To create a reliable SGM formulation for use in fermentations by laboratory strains, we 

modified a basal SGM formulation (RB-SGM) (Rossouw and Bauer 2009) by considering 

suggestions from Marullo et al. (2004) and Albertin et al. (2011), together with the data on 

the composition of NGMs from Ribereau-Gayon et al. (2006). The fermentative performance 

of S288C was evaluated in RB-SGM with the addition of 50 ppm SO2, anaerobic growth 

factors, and varying amounts and combinations of malic (0, 3, and 6 g/L), citric (0, 0.3, and 6 

g/L), and tartaric acids (0 and 3 g/L). S288C fermenting basal RB-SGM presented the same 

maximum growth rate as S288C fermenting NGM; however, it also had a significantly longer 

lag phase and a 49% reduction in the stationary phase biomass. S288C was not capable of 

completing the RB-SGM fermentation, leaving 35 g/L of residual glucose (Table 1 and Fig. 

2). Under these conditions, the fermentation was stuck. Among all of the tested formulations 

(results not shown), only the combination of 3 g/L malic acid, 0.3 g/L citric acid, and 3 g/L 

tartaric acid allowed S288C to complete synthetic must fermentation up to must dryness (Fig. 

2). These values are close to those used by Wang et al. 2003. 
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Figure 2: Fermentation performances of S. cerevisiae S288C strains in NGM, in RB-SGM and in 

ISA-SGM. Open squares () indicate optical density for S288C strain in NGM (solid line), in RB-

SGM (dot line) and in ISA-SGM (dash line). Glucose () was completely consumed by S288C strain 

in NGM and in ISA-SGM, but in RB-SGM fermentation got stucked, lasting 35 g/L of residual sugar 

in the medium. All fermentations were performed at 25ºC. Representative results of one of three 

independent experiments are shown. OD, optical density. 

 

The simultaneous introduction of small amounts of malic, citric, and tartaric acids along 

with anaerobic growth factors and SO2 led to a fermentative performance that was 

comparable to the fermentative performance of S288C in NGM (see values of AF1 and AF2 

in Table 1). Therefore, we selected this formulation as our standard SGM, and designated it 

as ISA-SGM, for Instituto Superior de Agronomia-Synthetic Grape Must. Online resource 1 

describes in detail the composition of ISA-SGM. 

During S288C fermentation in both ISA-SGM and NGM, more than 50% of the yeast 

cells were viable (results not shown). This finding is similar to our previous result obtained 

for enological strain ISA1000 in NGM (Viana et al. 2012). We compared the fermentative 

performance of the commercial wine strain ISA1000 in ISA-SGM with our previous results 

of the ability of ISA1000 to ferment NGM (Viana et al. 2012). As shown in Fig. 3, the 

growth curves were comparable in both types of media. The stationary phase was reached 

with a similar final biomass within a similar timeline (Table 1).  

Although ISA-SGM contained 15 g/L more of each sugar, the commercial strain was still 

able to ferment the sugars up to must dryness. Fermentation times were shorter for glucose in 

ISA-SGM (AF1 of 106 and 142 h for ISA-SGM and NGM, respectively) and were 

comparable for fructose (AF2 of 150 and 166 h for ISA-SGM and NGM, respectively) (Table 
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1). For ISA1000, we observed a cell viability of 50% at the end of ISA-SGM fermentation 

(results not shown), consistent with our previous observations in NGM (Viana et al. 2012). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Fermentation performance of S. cerevisiae ISA1000 and BY4741 strains in NGM and in 

ISA-SGM. Open symbols indicate optical density for ISA1000 strain () in NGM (black solid line) 

and in ISA-SGM (black dash line); for 2x auxotrophic supplemented NGM (red solid line) and ISA-

SGM (red dash line) BY4741 growth is represented as (red circle symbol). Glucose was completely 

consumed for both strains (, red circle symbol) and in all media (solid and dash lines). All 

fermentations were performed at 25ºC. Representative results of one of three independent experiments 

are shown. OD, optical density. 

 

Additional auxotrophic supplements improve fermentative performance of BY4741 in NGM and in ISA-

SGM  

To validate the utility of the S288C-derived auxotrophic strain BY4741 and its single 

deletion mutant library available at Euroscarf, we performed fermentation assays with the 

BY4741 strain under the same conditions as described for ISA1000 and S288C. We also 

investigated the role of auxotrophic supplementation in NGM fermentation. When we 

compared the fermentative performances of S288C and BY4741 in NGM, the results 

confirmed a clear effect of the addition of extra supplementation on BY4741 behavior. 

BY4741 demonstrated the best fermentative performance with increased concentrations of 

auxotrophic supplements. Fig. 1 and Table 1 show the growth kinetics of BY4741 in NGM 

supplemented with uracil, histidine, leucine, and methionine at 1× and 2× the previously 

recommended concentrations for anaerobic fermentation (Pronk 2002). Kinetics was 

monitored by OD640nm and by the sugar concentration, and was compared to S288C. Use of 

NGM without additional supplementation permitted complete must fermentation by BY4741; 

however, the BY4741 growth and sugar consumption parameters were severely affected. The 



 

 101 

lag-phase time was considerably increased, and the doubling time was decreased (specific 

growth rate for BY4741 was (0.089±0.0012)/h, much lower than that for S288C). The final 

OD640nm was only 43% of the OD640nm obtained for S288C under the same conditions.  

However, the addition of 2× the auxotrophic supplements resulted in a specific growth 

rate ((0.21±0.013)/h) and final biomass (OD640nm of 19.6) similar to those of S288C. With the 

auxotrophic supplements (2×), BY4741 took the same time to complete sugar fermentation 

(AF1 and AF2) as the enological strain S. cerevisiae ISA1000 (Table 1). As a control, strains 

ISA1000 and S288C were grown in the same medium: the inclusion of additional nitrogen 

sources did not disturbed the strains performance.  Therefore, the slower fermentation of the 

auxotrophic strain was at least partially due to the auxotrophic mutations. Moreover, poor 

fermentation performance could be overcome by increasing the concentration of the 

appropriate supplements.   

 To validate the use of ISA-SGM in studies with the auxotrophic BY4741 strain, we 

compared the fermentative performances of this strain in ISA-SGM and in NGM. The 

concentrations of auxotrophic supplements were maintained at 2× the concentrations 

recommended for anaerobic fermentation (Pronk 2002). As we observed for S288C, 

fermentation of both sugars up to dryness was achieved by BY4741 in supplemented ISA-

SGM (Fig. 3 and Table 1). Additionally, when we compared BY4741 fermentations in ISA-

SGM and NGM (both 2× supplemented), glucose was consumed in a similar time frame for 

both media (AF1) (Fig. 3 and Table 1), and a similar 50% reduction in cell viability was 

observed (results not shown). However, some differences were still evident, as both the lag-

phase and AF2 were significantly longer in ISA-SGM (Table 1).  

 

 

DISCUSSION 

Natural grape must is a very complex and variable medium that has a great impact on the 

efficiency of yeast fermentation. The concentrations of sugar, nitrogen, and micronutrients 

change from season to season, and the composition of NGM depends on the grape variety, 

geographic and climate factors, viticulture practices, and the degree of fruit ripeness at 

harvest. The diversity of winemaking practices also contributes to the variability of grape 

must composition and fermentation conditions. Taken together, these factors make it difficult 

to compare fermentation performance between strains and studies. To achieve better 
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experimental reproducibility, researchers frequently use SGMs with defined compositions 

when studying fermentation performance.  

An increasing demand for new strains to optimize wine production has led to the 

development of yeast improvement programs (Giudici et al. 2005; Verstrepen et al. 2006). 

The selection of yeast strains with interesting features requires knowledge of yeast genetics 

and physiological diversity. To understand the fermentative behavior of yeast while 

fermenting grape must, the use of single deletion mutant collections fermenting defined 

SGMs may be a powerful approach. Yet, it is often difficult to extrapolate the behavior of 

laboratory strains under laboratory conditions to the behavior of commercial wine strains 

fermenting NGM under winery conditions. It is therefore mandatory a previous step of 

validation of both strain and must composition. 

 In this work, we aimed to test and validate the use of the parental S. cerevisiae S288C 

and its isogenic auxotrophic derivative BY4741 as laboratory models for wine fermentation 

studies. These strains presented fermentative performances similar with the known practical 

properties of the enological strain ISA1000 in NGM. We also designed a new SGM 

formulation (ISA-SGM), by adding glucose and fructose in equal amounts (125 g/L) and 50 

parts per million (ppm) sulfur dioxide by adding potassium metabisulfite (corresponding to 

standard enological treatment), and we optimized the concentrations of malic acid (3 g/L), 

citric acid (0.3 g/L), and tartaric acid (3 g/L), to mimic the normal concentrations of those 

acids commonly found in must at grape maturity (Ribereau-Gayon et al. 2006). We 

concluded that meaningful enological wine fermentation studies performed with S288C-

derived laboratory strains could use ISA-SGM, as long as the proper concentrations of 

auxotrophic supplements are provided. When we compared the growth and fermentation 

properties of laboratory strain S288C in NGM with previous results obtained for the 

enological S. cerevisiae ISA1000 strain (Viana et al. 2012), both strains presented similar 

fermentative performances (Fig. 1). It is likely that the NGM variability explains the 

discrepancies with previous results for the S288C strain, which had been described as an 

intrinsically poor fermenter (Harsch et al. 2010; Pizarro et al. 2007).  

To avoid the variability of NGMs and the unpredictable behavior of laboratory strains 

during their fermentation, several SGMs have been designed (Harsch et al. 2010; Rossouw 

and Bauer 2009). However, as far as we know, none of these formulations has been 

completely successful. Moreover, most do not include SO2, which is common in standard 

enological practices. Therefore, we sought to develop a SGM to simulate the main stress 

factors found in NGM, including low vitamin concentration, high glucose and fructose 
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concentrations, and the presence of weak acids. We mimicked winemaking practices by 

adding SO2 (final concentration of 50 ppm).  

We determined that ISA-SGM was a good model of NGM, as measured by yeast growth 

and sugar consumption. Certainly, an important role is played by the increase of 

concentrations of malic, citric, and tartaric acids, which were closer to those commonly found 

in NGM. At lower concentrations of these acids, glucose was not exhausted and the 

fermentation became stuck. Only the combination of 3 g/L malic acid, 0.3 g/L citric acid, and 

3 g/L tartaric acid led to synthetic must fermentation up to dryness (<2 g/L residual sugar). 

Previous results may explain the effect of these weak acids. For example, it was shown that 

the presence of acetic acid causes an increase in glycolytic flux in yeast (Pampulha and 

Loureiro-Dias 2000). In the presence of weak acids, the Pma1 H
+
-ATPase mainly guarantees 

proton homeostasis. The additional H
+
 outflow required for maintenance of the intracellular 

pH in the presence of weak acids dissipates extra ATP, decreasing cytosolic ATP pool. It has 

been reported that a decrease of the ATP levels in the cytoplasm stimulates the glycolytic 

flux (Larsson et al. 1997). It is conceivable that weak acids, which promote ATP 

consumption, contribute to increased sugar consumption rates and allow the SGM to reach 

dryness.  

Because of its complex and variable nature, it is likely impossible to reproduce the 

composition of NGM completely. Despite the high performance in ISA-SGM, its 

composition does not match the complete composition of NGM. Particularly, it lacks the 

chemical precursors required for wine flavor (Styger et al. 2011; Swiegers and Pretorius 

2005), which can affect yeast performance.  

Using auxotrophic strains is convenient for detailed molecular studies of yeast 

fermentation, but their auxotrophy is a major drawback for the analysis of growth kinetics 

and stress effects. As a result, it can be difficult to translate results from the laboratory to an 

industrial setting (Pronk 2002). Additionally, the type of auxotrophic mutations, level of 

supplementation required, and particular growth medium used all have large effects on yeast 

growth kinetics. Often, the auxotrophic nutrient becomes limiting for growth (Bauer et al. 

2003; Cohen and Engelberg 2007), inducing a physiological state that is different from that of 

cells whose growth is limited by standard biological nutrients, such as carbon, nitrogen, or 

phosphate (Brauer et al. 2008), or by metabolite toxicity. Despite these concerns, many of the 

genetic tools available for yeast have been constructed in auxotrophic strains.  

While fermenting non-supplemented NGM, BY4741 fermented the must up to sugar 

exhaustion. Nevertheless, in non-supplemented NGM, BY4741 showed a moderate decrease 
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in biomass levels and a significant increase in sugar fermentation times compared to the 

parental prototrophic S288C strain (Table 1). Experiments comparing the growth curves of 

the prototrophic S. cerevisiae S288C with the isogenic BY4741 auxotrophic mutant have 

reported similar results to ours for mineral and YPD media (Paciello et al. 2009).  

Even NGM, a complex rich medium, did not fully compensate for the auxotrophic 

growth deficiencies of the BY4741 strain, which was unable to grow to its maximum biomass 

and accomplish an efficient wine fermentation in NGM. To overcome this deficiency, we 

hypothesized that the concentration of one or several essential supplements required for 

auxotrophy (uracil, leucine, histidine, and methionine) were present in concentrations below 

those required for optimized biomass production. Considering the expected maximum 

biomass reached during NGM fermentation (Viana et al. 2012) and the biomass content on 

each of the four supplements (Pronk 2002), we calculated minimum amounts to be added of 

60 mg/L uracil, 40 mg/L methionine, 200 mg/L leucine, and 50 mg/L histidine. These values 

are close to those recommended by Pronk (2002), considering that all of the supplements 

were used for biomass accumulation and not for further metabolism.  

Assays were performed in NGM supplemented with the minimum and twice the amounts 

of these calculated concentrations. The minimum level of supplementation improved the 

fermentation parameters of BY4741. However, although the final biomass was closer to that 

of S288C in NGM, the sugar consumption by BY4741 was still significantly slower than that 

of S288C (Table 1, Fig. 1). Supplementing NGM with the highest concentrations of 

auxotrophic supplements (120 mg/L uracil, 80 mg/L methionine, 400 mg/L leucine, and 100 

mg/L histidine) further increased the final biomass of BY4741 to levels of the prototrophic 

parental strain S288C and the enological commercial strain ISA1000 fermenting NGM 

without auxotrophic supplements (Table 1, Fig. 1). In addition, the AF1 and AF2 

fermentation times in the 2× supplemented NGM were reduced to approximately 30% of the 

time required to ferment NGM without extra supplementation. These fermentation times 

were similar to those presented by S288C and ISA1000 fermenting NGM without extra 

supplementation. 

In conclusion, we have developed a synthetic grape must, ISA-SGM, in which a 

prototrophic laboratory strain and an auxotrophic strain (appropriately supplemented) present 

fermentative profiles similar to that of a commercial wine strain in natural grape must. ISA-

SGM can be used as a new tool for BY mutants in the detailed assessment of the alcoholic 

fermentation process under conditions close to those found in wineries. This new formulation 
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may provide a sound foundation to extract relevant physiological conclusions on enological 

molecular yeast traits. 
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Additional file 1 

 
Chemical composition of Instituto Superior de Agronomia – Synthetic Grape Must (ISA-SGM). pH 

was adjusted to 3.3 using NaOH. Concentrated solutions of each compound were prepared, filtered 

through 0.22-µm nitrocellulose membranes (Millipore filter, type GSWP), and added in adequate 

amounts before inoculation. 

 
 

 

Chemical compound Formula Quantity Unit 
Glucose C6H12O6 125 g/L 

Fructose C6H12O6 125 g/L 

Calcium pantothenate C9H17NO5 1.5 mg/L 

Thiamine HCl C12H18Cl2Na4OS,HCl 0.250 mg/L 

Pyridoxine HCl C8H12ClNO3 0.250 mg/L 

Biotin C10H16N2O3S 0.003 mg/L 

Myo-inositol C6H12O6 20 mg/L 

Nicotinic acid C6H5NO2 2 mg/L 

Potassium dihydrogen phosphate KH2PO4 750 mg/L 

Potassium sulfate K2SO4 500 mg/L 

Magnesium sulfate MgSO4.7H2O 250 mg/L 

Calcium chloride CaCl2.2H2O 155 mg/L 

Sodium chloride NaCl 200 mg/L 

Manganese sulfate MnSO4.H2O 4 mg/L 

Zinc sulfate ZnSO4 4 mg/L 

Copper sulfate CuSO4.5H2O 1 mg/L 

Potassium iodide KI 1 mg/L 

Cobalt (II) chloride CoCl2.6H2O 0.4 mg/L 

Boric acid H3BO3 1 mg/L 

Sodium molybdate NaMoO4.2H2O 1 mg/L 

Ammonium chloride NH4Cl 460 mg/L 

L-proline C5H9NO2 612.6 mg/L 

L-glutamine C5H10N2O3 505.3 mg/L 

L-arginine C6H14N4O2 374.4 mg/L 

L-tryptophan C11H12N2O2 179.3 mg/L 

L-alanine C3H7NO2 145.3 mg/L 

L-glutamic acid C5H9NO4 120.4 mg/L 

L-threonine C3H7NO3 759.2 mg/L 

L-serine C4H9NO3 78.5 mg/L 

L-leucine C6H13NO2 48.4 mg/L 

L-aspartic acid C4H7NO4 44.5 mg/L 

L-valine C5H11NO2 44.5 mg/L 

L-phenylalanine C9H11NO2 37.9 mg/L 

L-isoleucine C6H13NO2 32.7 mg/L 

L-histidine C6H9N3O2 32.7 mg/L 

L-methionine C5H11NO2S 31.4 mg/L 

L-tyrosine C9H11NO3 18.3 mg/L 

L-glycine H2NCH2COOH 18.3 mg/L 

L-lysine C6H14N2O2 17 mg/L 

L-cysteine C3H7NO2S.HCl.H2O 13.1 mg/L 

Ergosterol C28H44O 15 mg/L 

Sodium oleate C18H33O2Na  5 mg/L 

Malic acid (DL-) C4H6O5 3 g/L 

Citric acid C6H8O7 0.3 g/L 

Tartaric acid (L+) C4H6O6 3 g/L 

Potassium metabisulfite K2O5S2 100 mg/L 

 



 

 

Additional file 2 

Comparison between different chemical compositions of synthetic grape musts described in literature 

and mentioned in this article. 
 
Chemical compound Bely at al. (1990) Salmon & Barre (1998) Rossouw & Bauer (2009) Unit 

Glucose 200 200 125 g/L 

Fructose - - 125 g/L 

Calcium pantothenate 1.5 1.5 1.5 mg/L 

Thiamine HCl 0.25 0.25 0.25 mg/L 

Pyridoxine HCl 0.25 0.25 0.25 mg/L 

Biotin 0.003 0.003 0.003 mg/L 

Myo-inositol 20 20 20 mg/L 

Nicotinic acid 2 2 2 mg/L 

Potassium dihydrogen phosphate 750 750 750 mg/L 

Potassium sulfate - 500 500 mg/L 

Magnesium sulfate 250 250 250 mg/L 

Calcium chloride 155 155 155 mg/L 

Sodium chloride 200 200 200 mg/L 

Manganese sulfate 4 4 4 mg/L 

Zinc sulfate 4 4 4 mg/L 

Copper sulfate 1 1 1 mg/L 

Potassium iodide 1 1 1 mg/L 

Cobalt (II) chloride 0.4 0.4 0.4 mg/L 

Boric acid 1 1 1 mg/L 

Sodium molybdate - 1 1 mg/L 

Ammonium chloride 18.6 18.6 460 mg/L 

L-proline 20.5 20.5 612.6 mg/L 

L-glutamine 16.9 16.9 505.3 mg/L 

L-arginine 1.25 12.5 374.4 mg/L 

L-tryptophan 6 6 179.3 mg/L 

L-alanine 4.9 4.9 145.3 mg/L 

L-glutamic acid 4 4 120.4 mg/L 

L-threonine 2.6 2.6 759.2 mg/L 

L-serine 2.6 2.6 78.5 mg/L 

L-leucine 1.6 1.6 48.4 mg/L 

L-aspartic acid 1.5 1.5 44.5 mg/L 

L-valine 1.5 1.5 44.5 mg/L 

L-phenylalanine 1.3 1.3 37.9 mg/L 

L-isoleucine 1.1 1.1 32.7 mg/L 

L-histidine 1.1 1.1 32.7 mg/L 

L-methionine 1.1 1.1 31.4 mg/L 

L-tyrosine 0.6 0.6 18.3 mg/L 

L-glycine 0.6 0.6 18.3 mg/L 

L-lysine 0.6 0.6 17 mg/L 

L-cysteine 0.4 0.4 13.1 mg/L 

Ergosterol 15 15 15 mg/L 

Sodium oleate 5 5 5 mg/L 

Malic acid (DL-) 6 6 - g/L 

Citric acid 6 6 - g/L 

Tartaric acid (L+) - - - g/L 

Potassium metabisulfite - - - mg/L 
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Chapter IV - Single cell and population based comparison of 

Saccharomyces cerevisiae intracellular pH development during 

wine fermentation 

 
 

ABSTRACT 

In this study, Saccharomyces cerevisiae BY4741 was studied at both population and 

single-cell levels, in a synthetic grape must. Fluorescence Ratio Imaging Microscopy (FRIM) 

was used to estimate intracellular pH (pHi) of individual cells, and subpopulations with 

different pHi values could be distinguished. Furthermore, vacuole-specific staining was 

growth-phase dependent for 5(6)-Carboxy-2',7'-dichlorofluorescein diacetate succinimidyl 

ester (CDCF) but not for 5(6)-carboxyfluorescein diacetate succinimidyl ester (CF). Also, 

calibration curves were growth-phase dependent for each probe. At the end of fermentation, 

BY4741 stained with CF exhibited subpopulations with “healthy” cytosolic pH (i.e. pHi 6-7). 

This was neither the case for the whole population nor for single cells stained with CDCF, 

where late stationary populations had a more acidic intracellular content. Finally, the plasma 

membranes of late stationary phase cells became almost impermeable to H
+
. 
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INTRODUCTION 

During the long wine fermentative process, changes in the physiological state of 

Saccharomyces cerevisiae occur, responding to gradual alterations in the fermenting media 

(Rossignol et al. 2003). To study these adaptive responses, techniques that focus on different 

levels of cellular regulation have been used, such as analysis of transcription profiles, of 

protein levels and of metabolic flux. Moreover, global physiological parameters such as 

intracellular pH (pHi) affect nearly all processes of life and H
+
 homeostasis can be interpreted 

as the ability of a yeast cell to retain a constant pHi level despite sudden changes in its 

surroundings. Several factors (e.g. glucose, ethanol, weak acids) present in wine 

fermentations have been demonstrated to affect pHi and H
+
 homeostasis (Orij et al. 2011; 

Pampulha and Loureiro-Dias 2000; Siegumfeldt & Arneborg 2011).  

To measure pHi several methodologies have been used: 
31

P NMR (Loureiro-Dias & 

Santos 1990), fluorescence of pH-sensitive dyes (Lanz et al. 1999) and distribution of 

radioactively labelled membrane-permeable weak acids or bases (Viana et al. 2012). None of 

these techniques is organelle specific and they all measure an average of the population pHi. 

Fluorescence ratio imaging microscopy (FRIM) technique obtains information at a 

single-cell level, and therefore this method can measure pHi in heterogeneous populations 

(Siegumfeldt & Arneborg, 2011).  In yeast, this technique has been widely used for 

measuring pHi in exponential phase cells (Arneborg et al. 2000; Mortensen et al. 2006, 2007; 

Vindeløv & Arneborg 2002).  

Recently our group studied H
+
 homeostasis of an industrial wine yeast strain of S. 

cerevisiae while fermenting real grape must, under simulated winery conditions (Viana et al. 

2012). In that study, pHi of the yeast population drastically decreased during the late 

stationary phase and cells became almost impermeable to H
+
, maintaining their metabolic 

activity and survival capacity (Viana et al. 2012). This peculiar behavior at late stages of 

wine fermentation led our group to study more in-depth this event. For this, in the present 

work we studied intracellular pH at a single-cell level of a laboratory strain (BY4741) 

fermenting synthetic grape must (ISA-SGM) (previously developed, Viana et al. 2014) in 

conditions simulating wine fermentations. We used two probes with different pKa, 5(6)-

carboxyfluorescein diacetate succinimidyl ester (CF) and 5(6)-carboxy-2',7'-

dichlorofluorescein diacetate succinimidyl ester (CDCF) in FRIM assays. Intracellular pH 

results obtained at single-cell level were compared with those obtained for the whole 
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population. We also report a vacuole-accumulation of CDCF, mainly during late stationary 

phases, with the support of DIC images. 

 

MATERIALS AND METHODS 

Yeast strain 

The yeast strain used in this work was the auxotrophic haploid S. cerevisiae BY4741 strain (MATa his3Δ1 

leu2Δ0 met15Δ0 ura3Δ0) obtained from Euroscarf (the European Saccharomyces cerevisiae Archive for 

Functional Analysis, http://web.uni-frankfurt.de/fb15/mikro/euroscarf/). Stock cultures were maintained at 4ºC 

on YPD agar (1% yeast extract, 2% peptone, 2% glucose, 2% agar). The yeast strain was stored at –80 ºC in 

15% (v/v) glycerol and streaked onto YPD plates when necessary. 

 

Medium and fermentation conditions 

Simulated wine fermentations were carried out in synthetic grape must ISA-SGM 

(composition described in Viana et al. 2014). Briefly, the synthetic grape must formulation 

(ISA-SGM) contains glucose and fructose in equal amounts (125 g l
-1

, each), 50 mg sulfur 

dioxide ml
-1

 (SO2, corresponding to standard enological treatment) and malic, citric and 

tartaric acids (3, 0.3 and 3 g l
-1

, respectively). Auxotrophic marks were added at 

concentrations of 120 mg L-uracil l
-1

, 80 mg L-methionine l
-1

, 400 mg L-leucine l
-1

 and 100 

mg L-histidine l
-1

.  

Yeast inoculation was standardized at 10
6
 cells ml

-1
 in 80 ml of liquid medium in 100 ml 

Erlenmeyer flasks with a cotton cap. All fermentations were carried out at 25°C with low 

orbital shaking (120 rpm) in a water bath (GFL, type 1083). Yeast growth was monitored by 

measuring optical densities at 640 nm (OD640nm) in an Ultrospec 2100 pro (Amersham 

Biosciences®) spectrophotometer. Fermentation progress was monitored by estimating the 

glucose concentration. After glucose exhaustion, samples were periodically collected for 

estimating fructose concentration in supernatants after removing the cells by centrifugation 

(12,000×g, 3 min, 4°C). Fermentation was considered complete when the Portuguese legal 

maximum limit for residual sugars in wine was reached (≤ 2 g l
-1

). 

 

Analytical techniques 

Dry biomass data were determined by filtering 1 ml of cell suspension through 

preweighted Whatman membrane filters (pore diameter of 0.2 µm). The filters were rapidly 

washed with 10 ml of distilled water, dried at 80°C for 24 h, and weighed. Duplicate 

determinations varied by less than 5%. The glucose concentration was estimated with a rapid 
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detection assay using a commercially available dipstick (Diabur-Test 5000; Boehringer, 

Mannheim, Germany) commonly used for measuring glucose in urine (range, 1–50 g l
-1

) as 

previously described (Viana et al. 2012). Samples were periodically taken after glucose 

exhaustion, and the fructose concentration was estimated by the Nelson-Somogyi method, as 

described in Fournier (2001). A calibration curve was created by correlating the OD620nm to 

the fructose concentration of standard solutions in the range of 0 to 2 g l
-1

, using linear 

regression (R
2
 ≥ 0.99). 

 

Intracellular pH of the cell population 

Intracellular pH of the population was estimated according to the method described in 

Viana et al. (2012), based on the relative distribution of radiolabeled benzoic acid between 

the cell interior and the extracellular medium. The method is based on the assumption that the 

plasma membrane is impermeable to benzoate but freely permeable to the undissociated form 

of the acid, which, in the equilibrium, reaches identical concentrations on both sides of the 

membrane. A solution of [7-
14

C] benzoic acid (18.5 MBq, 588.3 MBq mmol
-1

; NEN) was 

used. From cultures in ISA-SGM, samples were collected at 25ºC in the four phases above 

mentioned. The concentration of benzoic acid was below 8 μM in all cases, and it was 

assumed not to disturb the cells. 

 

Intracellular pH of single cells 

Fluorescent staining 

Yeast cells were propagated as described above, and the cells were collected from four 

stages of the fermentation: exponential phase, early and late stationary phases and end of 

fermentation. Cells were prepared for staining by harvesting 10
8
 cells by centrifugation at 

7000 rpm for 5 min at 25ºC (Ole Dich microcentrifuge type 157, Denmark). The total cell 

number was determined by using a Neubauer counting chamber. To determine the pHi and 

the viability of cells, the pellets were resuspended in 990 µl supernatant and incubated in the 

presence of 10 µl of 4.46 mM 5(6)-carboxyfluorescein diacetate succinimidyl ester (CF) 

(Molecular Probe Inc., Eugene, OR, USA) at 25ºC for 3 h and, in a parallel experiment and in 

the same conditions, was incubated in the presence of 10 μl of 9.16 mM 5(6)-Carboxy-2',7'-

dichlorofluorescein diacetate succinimidyl ester (CDCF) (Molecular Probes Inc., Eugene, 

OR, USA).  
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The process of double staining with propidium iodide (PI) (Molecular Probes Inc., 

Eugene, OR, USA) only occurred after 2 h 30 min of incubation with the pH-sensitive 

probes. 10 µl of PI (1 mg ml
-1

) was added and cells were incubated for more 30 min at 25ºC. 

After 3 h of incubation (total time) cells were harvested by centrifugation at 7000 rpm for 5 

min at 25ºC and the pellets were resuspended in 350 µL of supernatant to concentrate the 

cells prior to microscopic analysis. 

 

Measurement of pHi and microscope set-up 

The pHi of single cells was determined by fluorescence ratio imaging microscopy 

(FRIM) (Mortensen et al. 2006). The set-up consisted in a fluorescent microscope (Zeiss 

Axioscop 50, Germany) equipped with a Zeiss Fluar 40× objective (numerical aperture 1.3) 

and a fibre-connected monochromator with a 75 W xenon lamp to provide excitation of the 

probes (CF and CDCF) used. Stained cells were excited for 3s at 488 and 435 nm and 

emission was recorded, through 515 to 565 nm band pass emission filter, on a cooled CCD-

camera (CoolSnapfx; Photometrics, Birkerød, Denmark) and images were analyzed using RS 

Image (Roper Scientific, version 1.9.2). In experiments using PI, the stained cells were 

excited for 3s at 530 nm using a monochromator and a 6% Zeiss grey filter. To minimize 

photo bleaching of CDCF or CF stained cells, a 2.5% neutral-density filter was used in the 

excitation path. Data analysis was performed using the Image J 1.37v software program 

(http://rsb.info.nih.gov/ij). The pHi of single cells was determined by calculating the ratio of 

the fluorescence intensity emitted by cells stained with the probes at 488 and 435 nm 

(R488/435). These values were obtained by dividing the fluorescence intensity of individual 

pixels from an image taken at 488 nm and the corresponding image taken at 435 nm. The 

background fluorescence intensity (regions without cells) was subtracted to the fluorescence 

intensity of stained cells. In each experiment 50 cells were analyzed. Each experiment was 

repeated at least twice.  

 

Calibration curves and data analysis 

To establish the relationship between the fluorescence emitted by stained-cells with the 

probes used (CF and CDCF) and their respective pHi values, calibration curves were 

constructed for each pH-sensitive probe. Briefly, after the step of fluorescence staining with 

pH sensitive probes, cells were harvested by centrifugation at 7000 rpm for 5 min at 4ºC. 

Cells were incubated with 500 µl of ethanol (70% v/v) at 25°C for 30 min to permeabilize the 

http://rsb.info.nih.gov/ij
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membrane. Then, cells were harvested by centrifugation at 7000 rpm for 5 min at 4ºC and 

resuspended in 150 µl of supernatant. Aliquots of 10 µl of cell suspension were added to 500 

µL of citrate phosphate buffer with pH ranging from 3.0 up to 8.0 for CDCF stained cells and 

from 5.0 up to 8.0 for CF stained cells. Citrate phosphate buffers with adjusted pH values 

(3.0 - 8.0) were prepared through the mixture of appropriate volumes of 200 mM Na2HPO4 

(Merck, Darmstadt, Germany) and 100 mM citric acid (Merck, Darmstadt, Germany). Cells 

were then incubated for 10 min at 25ºC in order to equilibrate the pH.  

The ratio R488/435 was calculated as described above. A polynomial model fitted to the 

calibration data was used to calculate pHi. PI intensities were examined for the same single 

cells. In order to determine the PI intensity value above which it was possible to admit cell to 

be dead, a suspension of cells were ethanol-treated (30 min in 70% (v/v) ethanol at 25°C) and 

subsequently stained with 10 μl PI (1 mg ml
-1

), incubated for 30 min at 25°C, harvested, and 

resuspended in 500 µl supernatant prior microscopic analysis. 

 

Determination of the percentage of vacuolar staining 

To determine vacuolar staining of each probe (CF and CDCF) during the fermentative 

process, we used an inverted fluorescence microscope, and Differential Interference Contrast 

(DIC) was applied to the samples. Fermentations were performed in duplicate and samples 

taken at the four above-mentioned fermentation stages. Prior to microscope analysis, samples 

were prepared following the same protocol above described for FRIM assays.  Data analysis 

was performed using the Image J 1.37v software program (http://rsb.info.nih.gov/ij). S. 

cerevisiae cells with stained vacuoles were enumerated using DIC fluorescence images taken 

at 435 nm (pHi-independent) and total cells were quantified using the bright field images.  

 

Proton fluxes 

H
+
 movements were evaluated in cells collected throughout the fermentation process, as 

described in Viana et al. (2012). Briefly, H
+
 fluxes were measured by recording the pH of 

unbuffered cell suspensions in a water-jacketed cell of 2 ml with magnetic stirring, with a 

standard pH meter (PHM62; Radiometer Copenhagen) connected to a potentiometer recorder 

(BBC-Goerz Metrawatt SE460) (Viana et al. 2012). The maximum rate of increase in the 

extracellular H
+
 concentration, calibrated with 10 mM NaOH, was taken as a measure of H

+
 

extrusion activity (Madeira et al. 2010). The rate of H
+
 influx was calculated as the steady 

rate of decrease in the concentration of extracellular H
+
, recorded immediately after adjusting 

http://rsb.info.nih.gov/ij
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pH to 4 (Viana et al. 2012) for at least 10 min. The assays were always performed at the same 

temperature (25ºC) as the cells were grown. 

 

RESULTS 

Fermentative profile 

BY4741 fermentation profile was established at 25°C up to the Portuguese legal maximum limit for 

residual sugars in wine was reached (≤ 2 g l
-1

). Simulated wine fermentations were performed in a synthetic 

grape must ISA-SGM (composition described in Viana et al. 2014). 

After a few doublings, growth slowed down, the culture entered stationary phase, and most of the glucose 

and fructose fermentation was carried out by resting cells (at least 75% of the overall fermentation time) (Fig. 

1). Glucose was exhausted at ≈ 191 h and BY4741 cells achieved the end of fermentation at 228 h (i.e., when ≤ 

2 g fructose l
-1

). The initial pH of ISA-SGM (pH 3.3) did not vary considerably during fermentation (Fig. 1), 

reflecting a comparable buffer capacity already shown by a real white grape must (Viana et al. 2012). The 

relative amount of viable cells in the total population remained quite stable during ISA-SGM fermentation (Fig. 

1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Fermentation performance of S. cerevisiae BY4741 in synthetic grape must (ISA-SGM). 

Open squares (☐) indicate viable cells (CFU ml
-1

). Total cells are represented by closed triangles 

(). Glucose was completely consumed by BY4741 (). Extracellular pH is represented by dashed-

dot line and open circles (). Dashed line indicates optical density. Fermentation was performed at 

25°C. Mean values or results of typical experiments are presented. 

 

Intracellular pH of the whole population 

Intracellular pH of the population was estimated by the relative distribution of radiolabeled benzoic acid. 

As Fig. 3A illustrates, pHi was not affected (the value remained between 5.47 ± 0.10 and 5.63 ± 0.04) up to the 

beginning of stationary phase. The drop of intracellular pH was observed after cells reached stationary phase, 

mainly when glucose was depleted from the medium (pHi 4.82 ± 0.01). Apparently, pHi stabilized till the end of 

fermentation (pHi 4.94 ± 0.18), when concentration of residual sugar was below 2 g l
-1

. 
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Intracellular pH at single-cell level 

In this study experimental conditions had to be designed to disturb as less as possible the physiological 

state of cells collected from different phases throughout fermentation. For this, and in comparison to other 

protocols already described for bacteria (Siegumfeldt et al. 1999) and for yeast (Mortensen et al. 2006), the 

number of times that cells were centrifuged was reduced (i.e. cells were only centrifuged two times: when 

harvested and after being stained, prior going to the microscope), cells were washed and resuspended in the 

same supernatant from which they were collected (for each phase of growth) and a calibration curve was built 

for every sample collected (Fig. 2), since the yeast physiological state changes during fermentative process. 

During the assays it was observed that the emission intensities at both wavelengths (data not shown) as well as 

R488/435 change with growth phase (Fig. 2). In general, late stationary phase cells presented low fluorescence 

intensity (data not shown).  

The calibration curves of ethanol-treated cells of S. cerevisiae BY4741 were constructed for cells 

harvested from exponential phase, from early and late stationary phases and from the end of fermentation, being 

suspended in buffers of different pH (representative curves shown in Figs. 2A-B). The relationship between 

R488/435 and pHi is non-linear and the calculation of pHi values from the calibration curve was performed by 

polynomial interpolation. The sensitivity of the probes is different, due to their different pKa (CF pKa = 6.4, 

CDCF pKa ≈ 4.8). For CF the sensitivity ranged between pH 5.5-8.0. CDCF had a broader range, covering 

between pH 3.0-8.0. Comparing calibration curves obtained for the four growth phases of cells stained with CF 

(Fig. 2A), our results show that till pHi 6.5 calibration curves were almost identical, meaning that in principle 

any of those curves would give a good estimation of the pHi. However, calibration curves were growth phase 

dependent in the range of pHi 6.5-8.0 (Fig. 2A). This phenomenon was more evident in cells stained with CDCF 

for the range of pHi tested (i.e., from pHi 3.0-8.0) (Fig. 2B). The observed standard error of the mean values 

demonstrates the accuracy of this method. The calibration points were reproducible in repeated determinations 

(results not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Calibration curves of S. cerevisiae BY4741 cells stained with CF (A) and with CDCF (B). 

Cells were harvested at different ISA-SGM fermentation stages: at exponential phase (), at early 

() and at late () stationary phase and at the end of fermentation (). Permeabilized cells were re-

suspended in McIlvaine buffer of different pH and fluorescence emission was determined after 

subtraction of background. A correlation was established between pHi values versus R488/435. Each 
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point represents the mean of at least 50 individual cells, with error bars indicating the standard error 

of the mean. 

 

The calibration curves of ethanol-treated cells of S. cerevisiae BY4741 were constructed for cells 

harvested from exponential phase, from early and late stationary phases and from the end of fermentation, being 

suspended in buffers of different pH (representative curves shown in Figs. 2A-B). The relationship between 

R488/435 and pHi is non-linear and the calculation of pHi values from the calibration curve was performed by 

polynomial interpolation. The sensitivity of the probes is different, due to their different pKa (CF pKa = 6.4, 

CDCF pKa ≈ 4.8). For CF the sensitivity ranged between pH 5.5-8.0. CDCF had a broader range, covering 

between pH 3.0-8.0. Comparing calibration curves obtained for the four growth phases of cells stained with CF 

(Fig. 2A), our results show that till pHi 6.5 calibration curves were almost identical, meaning that in principle 

any of those curves would give a good estimation of the pHi. However, calibration curves were growth phase 

dependent in the range of pHi 6.5-8.0 (Fig. 2A). This phenomenon was more evident in cells stained with CDCF 

for the range of pHi tested (i.e., from pHi 3.0-8.0) (Fig. 2B). The observed standard error of the mean values 

demonstrates the accuracy of this method. The calibration points were reproducible in repeated determinations 

(results not shown).  

Intracellular pH of single cells collected in the four growth phases was determined by FRIM. Figure 3A 

shows the average pHi value and standard deviation of pHi of 50 individual cells calculated from the respective 

R488/435 values. Average pHi was constant up to the beginning of stationary phase (the average pHi of single 

cells remained between 6.63 ± 0.29 and 6.58 ± 0.45 for CF and between 5.89 ± 0.51 and 5.76 ± 0.62 for CDCF). 

These values were approximately in the range usually found for S. cerevisiae “healthy” cells (Guldfeldt & 

Arneborg 1998), maintaining ΔpH > 2 (Fig. 4). The pHi for CDCF-stained cells decreased as the fermentation 

proceeded further, reaching a value of pHi 4.12 ± 0.78 at the end of fermentation. On the other hand, CF stained 

cells reached pHi 6.16 ± 0.13 at the same fermentative phase. 

In general, the average pHi values of cells stained with CDCF were close to those 

obtained from radiolabeled benzoic acid distribution, throughout fermentation. In particular 

at early and late stationary phases, the pHi values of cells stained with CDCF (5.76 ± 0.62 

and 4.80 ± 1.44, respectively) were almost equal to those obtained for the whole population 

(5.63 ± 0.04 and 4.82 ± 0.01, respectively) (Fig. 3). 
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Figure 3: Percentage of S. cerevisiae BY4741 cells with vacuole-stained using CF (white bars) and 

CDCF (black bars) (Fig. 3A). Cells were collected at representative sample points for exponential, 

early and late stationary phases and at the end of fermentation. Intracellular pH of the population (dot 

line and black circles - ) was estimated during ISA-SGM fermentation at 25°C. Average 

intracellular pH of single cells is represented for the two probes used (CF: white triangles -  and 

CDCF: white inverted triangles - ). The existence of subpopulations with different pHi, mainly at 

late stages of the fermentative process, justifies the higher standard deviation of the average pHi 

obtained at these phases for the two probes (Fig. 3A). Brightfield and fluorescent (at 435nm) images 

of late stationary-phase cells stained with CF (Fig. 4B and 4C) and with CDCF (Fig. 4D and 4E) were 

pictured by differential interference contrast microcopy (DIC). 

 

 

Surprisingly, single cells stained with CF showed higher pHi than cells stained with the 

other probe, especially during late stages of fermentation (Fig. 3A). A hypothesis to explain 

this observation was that CDCF has a different intracellular target (more acidic, i.e., the 

vacuole), giving pHi values lower than those obtained with CF. To test this hypothesis, in 

new fermentations, the qualitative differential interference contrast (DIC) technique was used 

to determine the percentage of vacuole staining. The results (Fig. 3B-E) showed that vacuole-

specific staining was strongly growth phase dependent for the CDCF probe but weakly for 

the CF probe. This phenomenon was more pronounced for late stationary phase cells, where a 

50% vacuole staining was observed, lowering the average pHi obtained with this probe. 

Interestingly, this vacuole-accumulation of the probe was not observed in mid-exponential 

phase, and only to a small extent in early stationary phase (Fig. 3A). 

During early and late stationary phases, histograms of cells stained with CDCF revealed, at least, two 

subpopulations (Fig. 4A2-A3). One subpopulation with pHi values with an average of ca. 3-4 (ΔpH < 0.5), 

being designated as subpopulation 1, and the other subpopulation with an average pHi of ca. 5-7 (ΔpH > 2), 

being designated as subpopulation 2 (Fig. 4A2-A3). At the end of fermentation more than 60% of cells stained 

with CDCF belonged to former above-mentioned subpopulation 1 (Fig. 4A4), with their ΔpH already dissipated. 

When staining the cells with CF, only one subpopulation occurred throughout fermentation with pHi values 

lying within the range of 6-7 (Fig. 4B1-B4). 

During stationary phase, only approximately 10% cells were PI stained and therefore considered to be dead 

(data not shown). Also, the relative amount of viable cells in the total population remained quite stable during 

must fermentation (10
8
 CFU ml

-1
 throughout stationary phase, as shown in Fig. 4B). 
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Figure 4: Histograms of intracellular pH values of single cells of S. cerevisiae BY4741 measured by 

FRIM during ISA-SGM fermentation. Histograms of cells stained with CDCF are represented in A1-

A4, whereas in B1-B4 are shown the histograms of pHi of cells stained with CF. Cells were collected 

at representative sample points for exponential (A1, B1), early (A2, B2) and late (A3, B3) stationary 

phases and at the end of fermentation (A4, B4). 
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Proton fluxes across the plasma membrane during fermentation 

The maximum plasma membrane H
+
 efflux rate was reached at mid-exponential phase (1.84 ± 0.15 mmol 

[g dry biomass]
-1

 h
-1

), and decreased when cells reached stationary phase (Fig. 5). At late stationary phase, cells 

exhibited the lowest rate of H
+
 efflux (0.21 ± 0.10 mmol [g dry biomass]

-1
 h

-1
). 

The H
+
 influx rate was highest in exponential-phase cells (maximum value, 0.15 mmol [g dry biomass]

-1
 h

-

1
) and it decreased as the fermentation proceeded (Fig. 5). Specifically, the H

+
 influx was almost insignificant in 

late stationary phase (Fig. 5), suggesting that cells were almost impermeable to H
+
 at this stage. This behavior 

confirms previous results obtained with a wine strain isolated from a commercial starter in fermentations carried 

out at 15, 25 and 30°C (Viana et al. 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 

Currently there is a good understanding of the processes that occur when yeast cells are 

grown in synthetic medium in a laboratory environment. However, there are still some 

difficulties to extrapolate useful interpretations from lab studies to explain yeast performance 

during winemaking, especially during the late stages of the fermentation process. Most of the 

fermentation is carried out when cells enter into a “resting state”, increasing their resistance 

to a variety of stresses (Herman 2002) while dealing with variable conditions in late stages of 

wine fermentation. 

The aim of this work was to study yeast intracellular pH at both population and single-

cell levels during wine fermentation, keeping in mind that metabolism and the regulation of 

pHi are interdependent processes. pHi homeostasis is important for the proper function of 

yeast metabolism (Orij et al. 2011; Pampulha & Loureiro-Dias 1990). In fact, it was shown 

that growth is delayed in S. cerevisiae cells unable to maintain pHi homeostasis, and that 

Figure 5: Rates of net H
+
 efflux and of 

H
+
 influx during ISA-SGM fermentation 

(black and white bars, respectively). 

Cells were collected at representative 

sample points for exponential, early and 

late stationary phases and at the end of 

fermentation. The assays were performed 

at the same temperature at which the 

cells were grown. 

 

Early 

stationary 
Mid-

exponential 

Late 

stationary 

End of 

fermentation 
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growth does not occur before the pHi returns to normal physiological levels (Fernandes & Sá-

Correia 2001). Cells require a suitable pHi so that different organelles all maintain their own 

specific pH, allowing the normal functioning of processes associated with each organelle 

(Orij et al. 2011).  

Intracellular pH of the whole population and of single cells was quite stable during exponential and early 

stationary phases, being approximately in the range usually found in the literature for cytosolic pH of S. 

cerevisiae (Guldfeldt & Arneborg 1998). At the end of glucose fermentation (Fig. 3A), pHi of the whole 

population and of cells stained with CDCF were close to the values previously reported as the minimum at 

which fermentation would proceed (pH 5) (Pampulha & Loureiro-Dias 1989), creating challenging conditions 

for metabolic activity (although cells were still viable). At these late stages of the fermentative process, the pHi 

obtained for the whole population agrees with previous results using a commercial wine strain fermenting real 

grape must at 25ºC (Viana et al. 2012).  

The fluorescent probes used in this work for FRIM gave a good estimation of single cell 

pHi between 3.0 and 8.0 for CDCF and between 5.5 and 8.0 for CF (Fig. 2A-B). The useful 

range of fluorescent pH indicators is mostly determined by their pKa. In this study, we used 

CDCF probe that has a lower pKa than CF, with the initial purpose of covering a wide range 

of pHi in an acidic environment. Calibration curves were constructed for each sample (Fig. 

2A-B). The variability observed for the calibration curves obtained probably reflects different 

physiological states of the plasma membrane throughout fermentation course. This was 

evident, especially for CDCF (Fig. 2B). To our knowledge, there is no other published report 

describing the pHi variation within a yeast population using FRIM methodology during 

simulated wine fermentation.  

Some authors have used CDCF probe for staining the vacuole (Teixeira et al. 2009; Vindeløv & Arneborg 

2002). To our best knowledge, this work reports for the first time a vacuole-accumulation of CDCF mainly 

during late stationary phase. On the other side, we could confirm that CF, under the conditions used in this 

study, is a cytosolic-staining probe being suitable for measuring pHi throughout fermentation. It should be noted 

that, in the tested experimental conditions, this putative specific vacuole migration of CDCF did not occur 

during exponential phase, although the two probes gave different average pHi values. However, the vacuole is 

not the only organelle with an acidic pH reported in literature (Brett et al. 2006; Orij et al. 2011). There is also 

the possibility of CDCF targeting a different acidic organelle, such as secretory vesicles (pHi ≈ 5.2, value 

extracted from Orij et al. 2011) during fermentation. This might explain the different pHi obtained with the two 

probes at exponential phase.  

We could identify different subpopulations profiles based on histograms (Fig. 4). Using 

CF we could observe a relatively homogeneous distribution of subpopulations according to 

their pHi (ranging from pHi 6-8 at exponential phase to pHi 6-7 at the end of fermentation). 

Staining with CDCF, a nonhomogeneous population with a mix of cells with pH 5-7 (ΔpH > 
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2) and of cells with pH 3-4 (ΔpH < 0.5) was identified during late stages of fermentation. 

Remarkably, this pHi heterogeneity can be now correlated with the high percentage of 

vacuoles stained (Fig. 3A) at these fermentation phases. Moreover, this also might suggest 

that the whole population method based on the distribution of radiolabeled benzoic acid 

seems to include vacuolar pH throughout fermentation, leading to more acidic pHi values as 

observed previously in a wine strain fermenting real grape must (Viana et al. 2012).  

Normally, cell-to-cell variability leads to the formation of sub-populations that, as 

compared to the average population, responds differently to stress conditions (Abdallah et al. 

2013; Sumner and Avery 2002). Interestingly, in this study we could observe low pHi 

heterogeneity of cells stained with CF (Fig. 4B1-B4) throughout fermentation. Since the 

average pHi did not vary considerably (between 6-7, Fig. 3A) during fermentation, we can 

assume CF-subpopulations as corresponding to metabolically competent (Mortensen et al. 

2007). In fact, this “healthy” cytosolic pHi values (pHi 5-7, ΔpH > 2, Fig. 4B1-B4) of single 

cells can be correlated with the observed maintenance of cell viability based on the PI values 

(≈10%) and on colony-forming units (10
8
 CFU ml

-1
), during the late stages of fermentation. 

This seems to strongly indicate the presence of “healthy” BY4741 cells at late stages of ISA-

SGM fermentation, even when glucose was consumed and fructose level was below 2 g l
-1

. 

Finally, ATP production is required so that the plasma membrane ATPase can pump H
+
 

out and can therefore contribute to regulation of pHi. This is particularly relevant in wine 

fermentations, in which due to the presence of ethanol and weak acids, passive H
+
 influx can 

presumably be increased. Ethanol impairs the activity of the H
+
-ATPase (Madeira et al. 

2010). We reported previously on the influence of temperature and growth phase on the rates 

of H
+
 efflux in a wine strain (Viana et al. 2012). The H

+
 pump plays an important role in 

maintaining pHi values, as confirmed by the higher pHi values obtained in this study at 

exponential phase (Fig. 3A), when H
+
 efflux rates were not so severely affected (Fig. 5). The 

highest efflux rates were also observed during the early stages of fermentation in a wine 

strain fermenting grape must (Viana et al. 2012). Cells in late stationary phase showed a very 

low H
+
 influx compared with cells harvested in earlier stages (Fig. 5). This result was similar 

to what we obtained with a wine strain fermenting white grape must (Viana et al. 2012). This 

might be explained by changes in membrane composition in order to lower the permeability 

coefficient, so that cells can withstand different challenges throughout fermentative process. 

These H
+
 homeostasis mechanisms might be responsible for the observed maintenance of cell 

viability and “healthy” pHi at late stages of fermentation. 
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In conclusion, population and single-cell based approaches were made to compare 

BY4741 pHi development during simulated wine fermentations. At a population level, late 

stationary populations had a more acidic intracellular environment. CDCF in our set-up 

accumulated within vacuoles during stationary phase, thus rendering this probe not suitable 

for measuring pHi at late stages of fermentation. Analyzing single cells and using a cytosolic 

staining probe (CF in this study), BY4741 exhibited subpopulations with “healthy” pHi at the 

end of fermentation. Finally, our results seem to indicate that H
+ 

homeostasis may play a role 

throughout fermentation in the ability of yeasts to maintain a “healthy” pHi and to remain 

viable.  
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Chapter V – Physiological based selection of Saccharomyces 

cerevisiae genes relevant for yeast performance during wine 

fermentation 

 

 

ABSTRACT 

In this study, a selected set of the yeast disruptome was screened in a synthetic grape 

must to pinpoint genes required for optimal wine fermentative performance. Sixty-two 

Saccharomyces cerevisiae strains with single-deletion mutations in nonessential genes 

involved in general stress response, cell wall integrity, lipid membrane biosynthesis, ion/H
+
 

homeostasis, nutrient depletion (including cellular transport) and cell aging were screened for 

the relevance of specific biological functions for enological performance. Using Principal 

Component Analysis (PCA) eight fermentation traits were addressed to obtain a global 

picture of how specific genes affect fermentation, leading to the identification of ten genes, 

whose absence improved yeast fermentative performance. This improvement was 

consistently associated with high values of final dry biomass. Thirty-seven gene deletions had 

deleterious effects. The observed complexity of cellular responses reflects the intricate 

network of cell regulatory pathways involving the genes studied. Deletions of some genes 

involved in transcription, cell cycle and stress response led to improved performance. 

Deletion of some genes involved in ion/H
+ 

homeostasis, cell wall integrity, lipid and sterol 

biosynthesis, and protein folding led to reduced performance. The results reflect the 

association of relevant genes with the main known ethanol targets, supporting ethanol as the 

major stress factor during wine fermentation. 
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INTRODUCTION 

 In recent years, attempts have been made to identify specific genes responsible for 

tolerance to ethanol as well as to other type of stress factors commonly found during wine 

fermentation (Dinh et al. 2009). Several genes have been reported to be up- or down-

regulated revealing the possible implication of several pathways such as the regulatory HOG 

and TOR pathways (Hayashi 2006; Rossignol et al. 2003), transcription machinery and RNA 

processing (Teixeira et al. 2009), protein trafficking and vacuolar function and transport 

(Teixeira et al. 2009), peroxissome import protein machinery (Teixeira et al. 2009), lipid 

membrane and wall biosynthesis (Lei et al. 2007) and ionic homeostasis (Barreto et al. 2011; 

Pampulha and Loureiro-Dias 1989).  

The ability of Saccharomyces cerevisiae to adapt to the dynamic changes throughout 

fermentation has been a subject of considerable attention by both conventional and genome-

wide technologies. During the last decade, global analyses of gene expression and protein 

profiles have been a useful tool in understanding how cells respond to changes in glucose 

concentration (Dikicioglu et al. 2011; Kresnowati et al. 2006; van den Brink et al. 2008), in 

oxygen availability (Lai et al. 2005, 2006; van den Brink et al. 2008) and during exposure to 

a variety of stresses such as sub-lethal ethanol concentration (Alexandre et al. 2001), 

temperature (Pizarro et al. 2008) and rehydration (Rossignol et al. 2006). Gene expression 

was also analyzed during alcoholic fermentation (Novo et al. 2013; Piggott et al. 2011; 

Rossouw and Bauer 2009). Recently, part of the regulatory network that modulates gene 

expression  has been deciphered (Aceituno et al. 2012;  Orellana et al. 2014).  

However, most of these studies were centered on exponential growing cells and 

laboratory strains were used most of the times under conditions far from those found in an 

industrial environment (e.g. whole-genome approaches). Regardless of their extensive 

character, these analyses open the way to more physiological based and scaled up studies. 

To assign biological functions to yeast genes is still one of the major challenges because 

many of the genes do not result in evident phenotypes upon disruption (Birrell et al. 2001; 

Cutler and McCourt 2005; Johnston 1996). This may be explained by functional redundancy 

of some genes due to gene duplication or by alternative metabolic pathways or regulatory 

networks (Gu et al. 2003) and also to the complex regulatory networks to sense, respond, and 

adapt to changing environments. 

In this study, we present a strategy of screening a selected set of the yeast disruptome 

fermenting synthetic grape must ISA-SGM (Viana et al. 2014), where the impact of gene 



 

 141 

deletions on fermentation performance was assessed. Our group designed ISA-SGM as a 

good model of natural grape must, where an auxotrophic strain (appropriately supplemented) 

presents fermentative profiles similar to that of a commercial wine strain in natural grape 

must (Viana et al. 2014). Sixty-two S. cerevisiae deletion strains from Euroscarf collection 

were screened for reduced or improved fermentative performance of ISA-SGM. Phenotypic 

analysis of a set of yeast deletion mutants under simulated wine fermentative conditions 

revealed different phenotypes. Interestingly, 10 single-deletions (encoding proteins involved 

in response to stress, cell integrity, nutrient depletion and proton homeostasis) improved 

yeast performance. The overall aim of this work is to contribute to understand the main 

processes involved in phenotypic variation during wine fermentation. 

 

MATERIALS AND METHODS 

Yeast strains 

Yeast strains used in this work included the auxotrophic haploid S. cerevisiae BY4741 strain (MATa 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and the corresponding mutant derivatives listed in Table 1, obtained from 

Euroscarf (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/). Stock cultures were maintained at 4ºC on YPD 

agar (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose, 2% (w/v) agar). Yeast strains were stored at 

–80 ºC in 15% v/v glycerol and streaked onto YPD plates if necessary. 

 

Medium and fermentation conditions 

Simulated wine fermentations were carried out in synthetic grape must ISA-SGM 

(composition described in Viana et al. 2014). Briefly, the synthetic grape must formulation 

(ISA-SGM) contains glucose and fructose in equal amounts (125 g/l, each), 50 parts per 

million (ppm) sulfur dioxide (SO2, corresponding to standard enological treatment) and 

malic, citric and tartaric acids (3, 0.3 and 3 g/l, respectively). Auxotrophic marks were added 

at concentrations of 120 mg/l L-uracil, 80 mg/l L-methionine, 400 mg/l L-leucine and 100 

mg/l L-histidine.  

Yeast strains were grown in 2x auxotrophic supplemented ISA-SGM (1:2 diluted with 

sterilized water) to promote the adaptation of these mutants to the medium and reduce lag 

phase. Yeast inoculation was standardized at 10
6
 cells/ml in 80 ml of liquid medium in 100 

ml Erlenmeyer flasks with a cotton cap. All fermentations were carried out at 25°C with low 

orbital shaking (120 rpm) in a water bath (D-3162 Kottermann type 3047, West Germany). 

Fermentation progress was monitored by estimating the glucose concentration. After glucose 

exhaustion, samples were periodically collected for estimating fructose concentration in 
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supernatants after removing the cells by centrifugation (12,000×g, 3 min, 4°C). Fermentation 

was considered complete when the Portuguese legal maximum limit for residual sugars in 

wine was reached (≤ 2 g/l). 

 

Growth monitoring and analytical techniques 

Yeast growth was monitored by measuring optical densities at 640 nm (OD640nm) in an 

Ultrospec 2100 pro (Amersham Biosciences®) spectrophotometer. Growth data were 

analyzed using the DMFit software available on the Combase website (www.combase.cc). 

Growth data were fit to the model proposed by Baranyi and Roberts (1994) to obtain lag 

times and specific growth rates of each fermentation assay. Viability was determined 

throughout fermentation by counting colony forming units (CFU) on YPD solid medium, 

after 2-3 days of incubation at 28°C. Final dry biomass, glucose and fructose concentrations 

were determined as previously described in Viana et al. (2014). 

 

Fermentation kinetics 

The duration of the lag phase was quantified as the time obtained by extrapolating the 

tangent at the exponential part of the growth curve, back to the inoculum level (Swinnen et 

al. 2004). Exponential phase duration (called in this work as “Exponential duration”) was 

estimated since cells started to grow, after lag-phase, till the beginning of stationary phase 

(i.e. when growth stopped). The time to the stationary phase was defined as the time 

necessary to reach the first of two equal OD values within a minimum interval of 5 h. 

Stationary phase duration (in this work called as “Stationary duration”) was quantified since 

cells growth stopped till the time cells took to accomplish fermentation process. The time to 

exhaust glucose was calculated as the time to completely consume this hexose (0 g/l). The 

time to must dryness was considered as the time to complete the fermentative process, as 

described above (level of residual sugars below 2 g/l).  

 

Data analysis and statistics  

FunSpec (Robinson et al. 2002) was used to identify the functional categories enriched 

of genes that conferred an improved or reduced fermentative performances. The 

corresponding lists of selected genes whose absence resulted in these phenotypes were 

imported into FunSpec, and, based on prior knowledge, data were integrated in the Munich 

Information Center for Protein Sequence (MIPS) functional categories. Cell functions were 
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searched using the Saccharomyces Genome Database (SGD) Gene Ontology (GO) Term 

Finder. The P values in FunSpec represent the probability that the intersection of a given list 

with any functional category occurs by chance. 

To place the selected deletion in the genetic screen into a biological context, we used a 

program called bioPIXIE (Myers et al. 2005). All deleted genes responsible for an improved 

or reduce fermentative behavior were used as input in bioPIXIE to assemble the gene 

neighborhood and to generate the accompanying gene rank list. 

 

Multivariate approach 

In order to reduce the dimensionality of the dataset (8 fermentative parameters) and 

improve the likelihood of discovering stable clusters, we used a multi-stage approach to 

feature selection.  

First, we carried out an enrichment step to identify important metabolic pathways 

involved in the fermentative process. For this, we searched Euroscarf for mutants in which 

deleted gene has been described as important and/or relevant in wine fermentation. Individual 

fermentations were performed for all selected mutants, as described before.  

Statistical procedures were used to the quantitative data collected from fermentations to 

assess high quality standards for the experiment of 62 mutants for further comparisons. The 

results were expressed in a matrix of 62 mutants and of 8 parameters. The values obtained 

from all parameters to all mutants were compared with those obtained for BY4741.  

 For clustering, we used the package “cluster” (Maechler et al. 2012) to perform a 

partitioning around medoids (PAM) clustering carried out using the R studio (version 2.15.3). 

PAM-algorithm is based on the search for k representative objects or medoids among the 

observations of the dataset. After finding a set of k medoids, k clusters are constructed by 

assigning each observation to the nearest medoid. The goal is to find k representative objects, 

which minimize the sum of the dissimilarities of the observations to their closest 

representative object. 

Principal Component Analysis (PCA) was performed in order to find correlations 

between strains and parameters. Since the principal components are not scale invariant, data 

were normalized and reduced according to the formula: 

 

 

Principal Coordinate Analysis (PCoA) plot was generated with the Jackknifed Beta 

Diversity workflow based on 10 distance metrics calculated (Krych et al. 2013). 
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To draw a heatmap we used the function “heatmap.2” of the package “g.plots” (Warnes 

2012) in R studio, with rows representing a single-deletion mutant and columns 

corresponding to a fermentative parameter. 

 

RESULTS 

Experimental design and characterization of the fermentative profiles 

In this study, we proposed a strategy of screening of a specific set of yeast disruptome 

that is original in a way that considers fermentation as a whole process where strains have to 

adapt to the temporal exposure to multiple fermentative stresses. 

Understanding which genes are involved in regulatory pathways and in physiological 

mechanisms that are relevant for the resilience capacity of Saccharomyces cerevisiae during 

late stages of wine fermentation (Viana et al. 2012) is being a challenge so far .  

Our group designed a rational strategy of screening single deletion mutant strains, using 

the Euroscarf collection (Winzeler et al. 1999). Our approach took advantage of the available 

data in literature, selecting the most relevant processes that have been reported to be involved 

in alcoholic fermentation, in particular during late stationary phases (references in Table 1). 

The first list consisted in 353 interesting strains (described in Additional file 1). Then we 

narrowed down this number to 102 interesting strains whose deleted gene was not considered 

as essential (according to Saccharomyces Genome Database). So far, we were able to screen 

62 nonessential haploid yeast deletion mutants for their ability to grow in synthetic grape 

must (ISA-SGM, previously described in Viana et al. 2014).  

 

Table 1: List of the non-essential S. cerevisiae genes selected in this work to obtain mutants from 

Euroscarf (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/). 

 

Gene/ORF 

name 
Systematic gene name Functions considered in this study References 

General stress response  
ETP1 YHL010C Ethanol tolerance Stanley et al. 2010 

HSP12 YFL014W 

Osmosensing and response 

Osmotic and salt stress response 
Lipid, fatty acid and isoprenoid metabolism 

Oxidative stress response 

Orellana et al. 2014 

HSP26 YBR072W Chaperone activity Rossouw et al. 2010 

HSP30 YCR021C 
Stress response 

Homeostasis of protons 
Ambroset et al. 2011 

PDR5 YOR153W 
Cation transport (H+, Na+, K+, Ca2+ , NH4+, etc.) 

Lipid/fatty acid transport 
Ma and Liu 2010 

PDR12 YPL058C C-compound and carbohydrate transport Teixeira et al. 2011 

ZWF1 YNL241C Stress response Rossouw et al. 2013 

SOD2 YHR008C Oxidative stress response Orellana et al. 2014 

CTT1 YGR088W Oxidative stress response Orellana et al. 2014 

TPS1 YBR126C Stress response Lewis et al. 2010 

NTH1 YDR001C Stress response Tao et al. 2012 

Ion/water homeostasis   
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KHA1 YJL094C 
Homeostasis of protons 

Cation transport (H+, Na+, K+, Ca2+ , NH4+, etc.) 
Orij et al. 2011 

PPZ1 YML016C 
Stress response 
Phosphate metabolism 

Orij et al. 2011 

TRK1 YJL129C 
Cellular import 

Cation transport (H+, Na+, K+, Ca2+, NH4+, etc.) 
Mira et al. 2010 

AQY1 YPR192W Freeze tolerance Ahmadpour et al. 2014 

CNB1 YKL190W 

Calcium binding 

Protein kinase 
Cell wall 

Phosphate metabolism 

Araki et al. 2009 

CMP2 YML057W 

Calcium binding 
Protein kinase 

Phosphate metabolism 

Contreras et al. 2012 

CRZ1 YNL027W Stress response Rossouw et al. 2012 

pH homeostasis   

BTN2 YGR142W Ethanol tolerance 
Espinazo-Romeu et al. 

2008 

VMA1 YDL185W 
Homeostasis of protons 

Cation transport (H+, Na+, K+, Ca2+, NH4+, etc.) 
Hasegawa et al. 2012 

RGD1 YBR260C 
Osmosensing and response 
Transmembrane signal transduction 

Fuchs and Mylonakis 

2009; de Lucena et al. 

2012 

RIM101 YHL027W pH response Orij et al. 2011 

Nutrient depletion   

HXT1 YHR094C Hexose transporter Kutyna et al. 2010 

HXT3 YDR345C Hexose transporter Karpel et al. 2008 

PRO1 YDR300C Biosynthesis of proline Ma and Liu 2010 

PUT4 YOR348C Cellular import Orellana et al. 2014 

ARO4 YBR249C 
Aromate anabolism 
Metabolism of the cysteine - aromatic group 

Jiménez-Marti et al. 

2011 

YPK1 YKL126W 
Lipid, fatty acid and isoprenoid metabolism 

Phosphate metabolism 
Dickson 2008 

TOR1 YJR066W 
Lipid, fatty acid and isoprenoid metabolism 

Phosphate metabolism 
Kaeberlein 2010 

RIM15 YFL033C Stress response Burtner et al. 2009 

GLN3 YER040W Transcription activation 
Rossouw and Bauer 

2009 

GCN4 YEL009C Transcription activation 
Jiménez-Marti et al. 

2011 

AVO2 YMR068W 
Fungal-type cell wall organization 

Regulation of cell growth 
Ho et al. 2008 

Cell wall integrity   

KNH1 YDL049C Propionic acid resistance Mira et al., 2008 

SLT2 YHR030C 

Osmosensing and response 

Stress response 
MAPKKK cascade 

Cell wall 

Van Voorst et al. 2006 

LAP3 YNL239W Member of the GAL regulon Rossouw et al. 2010 

BCK1 YJL095W 

Stress response 

MAPKKK cascade 

Phosphate metabolism 

Jendretzki et al. 2010 

SWI4 YER111C 
Regulation of DNA synthesis and repair 

Expression of cell wall biosynthetic genes 
Jendretzki et al. 2010 

SPI1 YER150W Cell wall Cardona et al. 2011 

ROM2 YLR371W Cell wall Jendretzki et al. 2010 

SLG1 YOR008C 
Osmotic and salt stress response 
Cell wall 

Rodicio and Heinisch 

2010 

URA7 YBL039C Cell wall Yazawa et al. 2007 

Lipid metabolic process  

ERG2 YMR202W 
Tetracyclic and pentacyclic triterpenes (cholesterin, 

steroids and hopanoids) metabolism 
López-Malo et al. 2012 

ERG3 YLR056W 
Tetracyclic and pentacyclic triterpenes (cholesterin, 
steroids and hopanoids) metabolism 

López-Malo et al. 2012 

ERG4 YGL012W 
Tetracyclic and pentacyclic triterpenes (cholesterin, 

steroids and hopanoids) metabolism 
López-Malo et al. 2012 

CYB5 YNL111C Lipid, fatty acid and isoprenoid metabolism Orellana et al. 2014 

OPI3 YJR073C Phosphatidylcholine biosynthesis López-Malo et al. 2012 

FMP45 YDL222C Cell wall Tesnière et al. 2013 

ISC1 YER019W 

Osmosensing and response 

Osmotic and salt stress response 

Lipid, fatty acid and isoprenoid metabolism 

Barbosa et al. 2011 

SUR4 YLR372W Budding, cell polarity and filament formation Dickson 2008 

FEN1 YCR034W 
Lipid, fatty acid and isoprenoid metabolism 

Budding, cell polarity and filament formation 
Dickson 2008 

Osmotic stress response   

GUP1 YGL084C C-compound and carbohydrate transport Ma and Liu 2010 
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Lipid/fatty acid transport 

STL1 YDR536W C-compound and carbohydrate transport 
Rossouw and Bauer 

2009 

HOG1 YLR113W 

Osmosensing and response 

Osmotic and salt stress response 
MAPKKK cascade 

Novo et al. 2013 

SHO1 YER118C 
Osmosensing and response 

Stress response 
Hohmann 2002 

STE50 YCL032W 

Osmosensing and response 

Osmotic and salt stress response 

MAPKKK cascade 

Aragon et al. 2008 

FPS1 YLL043W Stress response Teixeira et al. 2009 

SKN7 YHR206W 
Osmotic and salt stress response 

Oxidative stress response 
Orellana et al. 2014 

GPD1 YDL022W Osmosensing and response Ma and Liu 2010 

Cell aging   

AIF1 YNR074C 
Oxidative stress response 
Induction of apoptosis 

Orozco et al. 2013 

FIS1 YIL065C Mitochondrial division Kitagaki et al. 2007 

PNC1 YGL037C Life span extension Longo et al. 2012 

 

All the deletion strains were screened for the deleterious/beneficial effect of the deletion, 

in comparison with BY4741 fermentative profile, during ISA-SGM fermentations at 25ºC. 

Eight parameters were taken into consideration: lag phase (h), doubling time (h), exponential 

duration (h), time to reach stationary (h), stationary duration (h), time to exhaust glucose (h), 

time to must dryness (h) and final dry biomass (g/l). The value of each parameter was 

considered to be improved for each mutant -

 + σ) was 

considered beneficial. Strains displayed very different growth curves (which were fitted using 

DMFit, see Additional file 2). Figure 1 shows phenotypes for two BY4741-derivative single 

deletion mutants, one carrying a beneficial mutation (Δskn7) and one carrying a deleterious 

mutation (Δput4). When compared with BY4741, Δskn7 exhibited a shorter lag phase (6.24 ± 

3.34 h), a similar doubling time (2.28 ± 0.47 h), a similar duration of the exponential phase 

(20.89 ± 2.34 h), a shorter duration of stationary phase (138.25 ± 11.32 h) and a higher final 

dry biomass (4.45 ± 0.92 g/l), fermenting more rapidly both hexoses present in ISA-SGM 

must. All these data seem consistent with a higher fermentation capacity of Δskn7 strain 

compared with BY4741 in these fermentative conditions. On the opposite side, Δput4 did not 

exhaust glucose (leaving 30 g/l as a residue). 
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Figure 1: Fermentation performances of S. cerevisiae BY4741, Δskn7 and Δput4. Lines indicate 

optical density for BY4741 (black), Δskn7 (blue) and Δput4 (red). Glucose consumption is 

represented by short dots. Glucose was completely consumed by BY4741 and Δskn7 strains (black 

and blue, respectively). For Δput4 the fermentation got stucked, 30 g/l of glucose remained. All 

fermentations were performed at 25ºC. Representative results of one of three independent experiments 

are shown. OD, optical density. 

 

This screening strategy highlighted 10 genes whose absence conferred an improved 

fermentative performance in comparison to BY4741: RIM101, RIM15, ROM2, YPK1, 

HSP30, AVO2, SKN7, CTT1, PNC1 and GCN4. These genes belong to different categories: 

general stress response (HSP30 and CTT1), pH homeostasis (RIM101), nutrient depletion 

(YPK1, RIM15, GCN4 and AVO2), cell wall integrity (ROM2), osmotic stress response 

(SKN7) and cell aging (PNC1). With the opposite effect on fermentation, 37 single mutations 

were selected for conferring a reduced performance, belonging to general stress response 

(ETP1, HSP12, HSP26, PDR12 and SOD2), ion/water homeostasis (KHA1, TRK1, AQY1, 

CNB1, CMP2 and CRZ1), pH homeostasis (BTN2, VMA1 and RGD1), nutrient depletion  

(HXT1, HXT3, PRO1, PUT4, ARO4 and TOR1), cell wall integrity (KNH1, BCK1, SWI4, 

SPI1 and URA7), lipid metabolic process (ERG2, ERG3, ERG4, OPI3, ISC1, SUR4 and 

FEN1), osmotic stress response (GUP1, HOG1, SHO1 and FPS1) and cell aging (AIF1 and 

FIS1).  

The mutants selected through this screen (10 with positive and 37 with negative effects) 

were analyzed to identify significantly enriched (p < 0.01) cellular processes and functions 

using the Gene Ontology and Munich Information Center for Protein Sequences (MIPS) 

databases via FunSpec (Robinson et al. 2002) as described in Materials and Methods.  

Significantly enriched terms generated from these databases represent the more relevant 
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cellular processes and functions for both sets of selected genes whose absence was 

responsible for different performances (Additional file 3). 

From the 37 genes whose absence was selected for conferring a poor fermentative 

performance, 4 genes (KHA1, FPS1, PDR12, AQY1) code for proteins localized at the 

integral membrane/endomembranes, 6 genes code for proteins localized at the plasma 

membrane (FEN1, HXT3, SHO1, HXT1, TRK1, PUT4), 3 genes (VMA1, SPI1, OPI3) code 

for proteins localized at the vacuole and 5 genes (SUR4, GUP1, ERG4, ERG3, ERG2) code 

for proteins localized at the endoplasmic reticulum. 

A heatmap provides in Figure 2a a visual display of all data collected from the screening 

of the 62 mutants. Despite some variability of the results, it is possible to observe patterns of 

color intensities, from light yellow (indicating the lowest value) to red (highest value). In 

comparison with fermentative parameters of BY4741, improved mutant performance is 

characterized by lower values of lag-phase, of doubling time, of duration of exponential 

phase, of time to reach stationary, of duration of stationary phase, and of times to exhaust 

glucose and to reach the end of fermentation (yellowish). Interestingly, a higher final dry 

biomass (red) was evident in these mutants (Figure 2a). High final biomass was correlated 

with rapid fermentations. 

Figure 2a also includes a column with cluster classification according to PAM clustering, 

with the number of clusters estimated by optimum average silhouette width (k=3). A 2-

dimensional clustering plot is represented in Figure 2b. The number of clusters (k=3) was 

validated through different criteria: (i) according to the Bayesian Information Criterion for 

expectation-maximization, initialized by hierarchical clustering for parameterized Gaussian 

mixture models (using R package “mclust”) and also by (ii) the average silhouette width 

(using R package “fpc”). PAM method aims to partition samples from the data matrix into 

k=3 groups such that the sum of squares from samples to the assigned cluster centers is 

minimized. Overall, this clustering method divided strains into 3 groups, confirming the 

ability of this strategy to separate strains among different fermentative performances (almost 

all strains with an improved performance were grouped in cluster 2). Cluster 1 and 2 are 

relatively close, however cluster 3 clearly separates the three strains (Δput4, Δpro1, Δerg4) 

that presented the worst behavior regarding doubling time and time to reach stationary phase 

(see in Fig. 3a). These 3 strains grew more slowly and got their fermentations stucked (with 

30 g/l of glucose still in the medium after more than 800 h of fermentation). 
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Figure 2: a) Heatmap 

representing the 

fermentative 

performance 

heterogeneity of the 

Euroscarf mutants tested. 

b) Partitioning around 

medoids (PAM) 

clustering of the set of 

mutants showing a clear 

separation of three 

groups of strains. 
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Relevant physiological traits for governing fermentative process 

Principal component analysis (PCA) (Fig. 3a) was used to obtain a overall picture of how 

parameters and strains correlate to each other (Humston et al. 2008; Mohler et al. 2008). PCA 

derived the 8 principal components from fermentation data and arranged samples into groups.  

The projection on two principal axes preserves 64.9% of the information and explains 

41.9% and 23.0% of this variation, respectively. The first axis (41.9% of the variation) 

separated strains according to the duration of exponential phase. The second axis (23.0% of 

the variation) separated strains according to the lag-phase time and in a less extent with both 

final dry biomass and time to exhaust ISA-SGM glucose. 

Moreover, PCA analysis showed a strong negative correlation between “Final dry 

biomass” and “Stationary duration” and with “Time to must dryness”. “Lag phase”, 

“Exponential duration” and “Time to exhaust glucose” present also a negative correlation 

with “Final dry biomass”, however in a less extension. No correlation was observed between 

“Lag phase” and “Exponential duration”. 
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Figure 3: a) PCA score plot of fermentation traits measured throughout wine fermentations. 

Euroscarf mutants are represented by the name of the deleted gene. Green highlights the mutants 

whose deleted gene conferred an improved fermentative performance. Red indicates the opposite 

situation, i.e, mutants with reduced performance. b) PCoA plot based on weighted distance matrix. 

Quantitative information used to generate principal coordinates enables for clear separation of the 

mutants with higher biomass (and remarkably selected by their best performance) from the others 

selected by the opposite behavior. Once more, green dots indicates improved fermentative 

performance and red is linked to reduced performance. 

 
The second axis indicates the absence of correlation of “Final dry biomass” with both 

“Doubling time” and “Time to reach stationary”. This suggests that doubling time is 

independent from the final dry biomass (and consequently from the final population size). 

Interestingly, the majority of the mutant strains selected for an improved fermentative 

performance (Additional file 3) achieved a higher biomass at the end of fermentation, and 

this is clear Figure 3 (green label and dots in PCA and in PCoA, respectively), reinforcing the 

concept of cell population having an important role in driving the process of alcoholic 

fermentation. Raw data used to build matrixes for PCA and for PCoA is on Additional file 4. 

All of these above mentioned correlations extracted from PCA plot are also visible in the 

heatmap (Fig. 2a), validating the patterns already observed for the selected strains. 

 

 

b) 
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Regulatory pathways and biological processes involved in the fermentative performance 

Biological relationships and process-specific networks were traced and validated by 

bioPIXIE. This method utilizes existing biological knowledge from the Gene Ontology (GO) 

(Ashburner et al. 2000)  and Saccharomyces Genome Database (SGD) (Cherry et al. 1998) to 

identify candidates for gene networks. Figure 4 summarizes the networks established by 

genes which, when deleted, had a relevant positive (Fig. 4a) and negative (Fig. 4b) effects on 

ISA-SGM fermentation. bioPIXIE program inferred the closest associated genes. 

Fermentation differences were found in many mutants as a result of a loss of function of one 

gene that is implicated in signaling pathways that regulate one or more basic cellular 

processes during wine fermentation (e.g. metabolism, cell cycle, protein folding, and stress 

response - Marks et al. 2008; Novo et al. 2013; Rossouw and Bauer 2009; Varela et al. 2004). 

The two maps of interaction given by this software for the sets of genes refute the notion of 

“one gene, one function” and both demonstrate that characterized and uncharacterized genes 

are fruitful targets for experimental investigation. 
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Figure 4: Functional genetic network as defined by the bioPIXIE tool (Myers et al. 2005,  

http://pixie.princeton.edu/pixie) with genes that when deleted were a) beneficial and b) deleterious to 

the fermentative performance of the Euroscarf mutants studied. 

 

 

DISCUSSION 

During the complex biotechnological process of wine fermentation, yeast cells are 

exposed simultaneously and sequentially to numerous stress conditions (Attfield 1997; Bauer 

and Pretorius 2000). The phenotypic variability has been poorly investigated for fermentative 

parameters related with stationary phase despite their considerable industrial interest. Not 

surprisingly, fermentation traits showed to vary in a complex, continuous way, and not as all-

b) 

http://pixie.princeton.edu/pixie
http://pixie.princeton.edu/pixie
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or-nothing switches (Hatzimanikatis et al. 1998). This may be attributed to a typical 

polygenic determinism (Marullo et al. 2004; McCusker et al. 1994). However, the 

environmental conditions of fermentation (i.e., micro-aerophilic environment, ethanol and 

sugar concentration, grape must composition) also have had a relevant impact on these traits 

(Ribereau-Gayon et al. 2006). 

The availability of a genome-wide set of S. cerevisiae deletion mutants (Winzeler et al. 

1999)  makes possible to identify nearly all the nonessential genes that could alter the yeast 

performance during simulated wine fermentations. Screening the yeast “disruptome” has 

proved to be a useful high-throughput functional genomic tool to identify genes involved in 

different phenotypes (Mager and Winderickx 2005; Sturgeon et al. 2006). This strategy has 

proved to be helpful in the identification of some haploinsufficient genes and homozygous 

deletions resulting in growth impairment in synthetic grape must, and with this study also for 

the identification of haploproficient or homozygous deletions resulting in fitness advantage 

from which little predictive power was obtained (Novo et al. 2013). However, assigning 

relevant physiologic roles to these genes is a major challenge because many of these genes do 

not often result in evident phenotypes upon disruption, neither all the transcriptional 

responses against a specific environmental condition necessarily indicate a relevant gene for 

adaptation to wine condition (Birrell et al. 2001; Cutler and McCourt 2005; Johnston 1996). 

This has been attributed to limitations in the screening strategies used so far and to functional 

redundancy of these genes due gene duplication or alternative metabolic pathways or 

regulatory networks (Gu et al. 2003). Also, most of these procedures adopt conditions far 

from those usually found in winemaking processes, making difficult to extrapolate 

physiological relevant data from these lab-environment assays.  

In this study, strains were selected among the BY4741-derived haploid single-deletion 

mutants for nonessential yeast genes involved in several processes that have been described 

to be important during wine fermentation: general stress response (Ding et al. 2009), 

ion/water homeostasis (Ariño et al. 2010), pH homeostasis (Orij et al. 2011), nutrient 

depletion (Conrad et al. 2014), cell wall integrity (de Lucena et al. 2012), lipid metabolic 

process  (Beopoulos et al. 2011), osmotic stress response (Salvadó et al. 2008) and cell aging 

(Mirisola et al. 2014).  

In comparison to genome-wide screenings performed by several authors (Marks et al. 

2008; Novo et al. 2013; Piggott et al. 2011; Rossignol et al. 2003; Rossouw and Bauer 2009) 

the screening strategy adopted in this work aimed to identify relevant physiological pathways 

during wine fermentation by screening selected single deletion mutants under conditions that 
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mimic wine fermentations. With this approach, we tried to assess the enological relevance of 

the results by phenotypic characterization of selected strains in ISA-SGM, a synthetic must in 

which we previously showed a similar fermentative behavior for BY4741 and for an 

oenological yeast strain. A reasonable number of confirmatory results was obtained for the 

direct analyses, taking as positive results those in which yeast fermentation in synthetic must 

was clearly (positively or negatively) affected for the deleted strain. 

Genetic requirements for optimal fitness are expected to be different in different 

moments of the fermentation process. However using the strategy adopted in this work genes 

determinant for improved/deficient yeast performance, no matter on which phase, should be 

highlighted.  

Considering the parameters relevant for the whole fermentation process, this work is 

complementary to that performed by Piggott and co-workers (2011), focused on the non-

proliferative stages of the fermentation process, and to the work performed by Novo and co-

workers (2013), designed to identify genes required for cell proliferation during the early 

moments of the fermentation process independently of the effect of its deletion in later 

fermentation stages. 

A discriminant analysis, based on scores, was applied to the results highlighting 10 genes 

whose deletion promoted an improvement of fermentation performance and 37 exhibiting the 

opposite effect (Table 2). Cluster analysis grouped strains into 3 classes that validated the 

discriminant analysis. The majority of the genes whose absence conferred a reduced 

fermentative performance were grouped in Cluster 1. Cluster 2 grouped all the genes whose 

absence gave an improved performance and Cluster 3 assembled three strains (Δput4, Δpro1, 

Δerg4) that grew extremely slowly and could not ferment glucose to levels below 30 g/l. 

Some genes deserve a more detailed comment as they can be grouped according to the 

pathway in which they are involved. 

 

Oxidative stress response 

CTT1 (encoding a cytosolic catalase), SOD2 (encoding a Mn-dependent superoxide 

dismutase mitochondrial ROS scavenger) and GCN4 (activator of amino acid biosynthetic 

genes to overcome an imposed starvation and upregulated in response oxidative stress) 

belong to three of the major antioxidant defense mechanisms in yeast. These genes are 

induced under an oxidative stress situation being important for the maintenance of redox 

balance of the cell (Izawa et al. 1996). Other genes like AIF1 (a homolog of the mammalian 

apoptosis-inducing factor that strongly stimulates peroxide-induced apoptosis) are also 
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involved, being reported that Δaif1 are resistant to oxidative stress (Morano et al. 2012). The 

different fermentative phenotypes presented by strains deleted in genes involved in oxidative 

stress response whose deletion is expected to cause an increased sensitivity and a decreased 

viability (Δctt1 and Δgcn4, and Δsod2 deletion mutants) (Morano et al. 2012) led in this work 

to their assembling in two different clusters (cluster 2 for Δctt1 and Δgcn4 and cluster 1 for 

Δsod2 and Δaif1). The inconsistency of these phenotypes indicates that the oxidative stress 

response may not be the main function of these proteins during wine fermentation, a situation 

in which oxygen is almost absent, especially during the late stages of fermentation. 

 

Ion/H
+
 homeostasis 

The set of genes related to ion/H
+
 homeostasis selected for their deleterious effect on 

yeast fermentative performance was the biggest set obtained, probably reflecting the 

importance of pHi regulation to the global state of the cell during wine fermentation. In our 

study, we tested the role of several genes related to ion/H
+
 homeostasis such as KHA1, TRK1, 

CNB1, CMP2, CRZ1, PPZ1, and BTN2, VMA1, and RGD1. Besides these, our set of genes 

included also heat shock protein genes such HSP12, HSP26 and HSP30, described as 

participating in the regulation of the major plasma membrane H
+
-ATPase. With the exception 

for Δppz1 and Δhsp30 mutants, all the other were grouped in cluster 1 and were selected for 

conferring a reduced fermentative performance with a shorter exponential phase and lower 

final biomass, in particular for the two potassium transporters (Fig. 2).  

Protein transporters couple the electrochemical gradient mainly created by Pma1 and V-

ATPase to the uptake and efflux of ions and nutrients across membranes (Orij et al. 2011). H
+
 

and K
+
 gradients are the main contributors to Δψ. While Pma1 is considered to be the major 

generator of Δψ, the main plasma membrane K
+
 transporters Trk1 and Trk2 are thought to be 

the major consumers (Goossens et al. 2000) and have been described as responsible for stress 

tolerance and for the maintenance of H
+
 and ion homeostasis in yeast (Orij et al. 2011; Ariño 

et al. 2010), therefore contributing to active transport of other nutrients.  

The plasma membrane and the vacuolar ATPases are coordinately regulated at multiple 

levels, working towards a common goal of H
+
 homeostasis. Vacuole function and 

maintenance of intracellular pH homeostasis significantly influence ethanol tolerance in S. 

cerevisiae (Stanley et al. 2010). Δvma1 mutant exhibits a set of distinctive phenotypes, that 

include the inability of Vma1 (V-ATPase catalytic subunit), loss of vacuolar acidification 

(Morano and Klionsky 1994) and reduced amount of Pma1 in the plasma membrane (Perzov 

et al. 2000). Btn2 (a V-snare interacting protein involved in intracellular protein trafficking 
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(Kama et al. 2007)) may play a regulatory role across the cell in response to alterations in the 

intracellular environment that may be caused by changes in amino acid levels or pH, by a 

disruption in protein trafficking, or by imbalances in ion homeostasis (Padilla-López and 

Pearce 2006). Deletion of BTN2 leads to an increased activity of the vacuolar H
+
-ATPase, 

lowering buffering capacity and causing poor growth at low pH in a medium containing weak 

acids (Padilla-López and Pearce 2006). Both VMA1 and BTN2 deletion, have also a direct 

action on plasma membrane H
+
 homeostasis through the decrease of Pma1 activity 

(Martínez-Muñoz and Kane 2008) and of Pma1 amount in the plasma membrane (Perzov et 

al. 2000), being not surprising their deleterious effect. Opposite to VMA1 and BTN2 

deletions, the deletion of HSP30, coding for a heat shock protein induced during exposure to 

a variety of stress conditions commonly found in wine fermentations, improved fermentative 

performance. The improved phenotype of Δhsp30 mutant is in accordance with the absence 

of Pma1 inhibition exerted by Hsp30 under stress conditions (Piper et al. 1997; Meena et al. 

2011), resulting in higher intracellular pH.  

Although most of the referred proteins have not been previously considered as crucial for 

wine fermentation (Rossouw and Bauer 2009; Novo et al. 2013), our results are not 

surprising if we remind the importance of ion/H
+
 homeostasis for the whole cell performance.  

 

Nutrient depletion and metabolism 

Nutrient depletion and metabolism genes HXT1, HXT3, ARO4 and TOR1 were grouped 

in cluster 1 and their deletion resulted in a reduced fermentative performance, while mutants 

Δpnc1, Δypk1, Δrim15, Δgcn4 and avo2 were selected for their improved performance. In a 

context of wine fermentation, in which the concentration of hexoses varies from 250 g/l up to 

exhaustion, it is not surprising that Hxt1 and Hxt3 must be crucial for an improved 

performance. It is also not surprising that the deletion of PNC1 (cluster 2) conferred 

improvement of fermentative performance, since PNC1 is upregulated in response to low 

glucose levels (Sinclair 2005). Curiously, many of these genes are involved in the regulation 

of glucose levels in the cell and can be indirectly correlated with intracellular pH (Orij et al 

2009). In the same direction, the already mentioned beneficial effect of HSP30 deletion may 

be a consequence of the reduced sensitivity to glucose availability of Δhsp30 mutant and its 

effect on Pma1p activity (Piper et al. 1997; Meena et al 2011).  

The effect of the deletion of genes directly or indirectly related with TOR pathway was 

not clear. It was not possible to establish a consistent correlation between the phenotype and 

the predicted effect of each gene deletion. 
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Lipid and sterol biosynthesis  

Sterols and sphingolipids are critical components of the lipid bilayers. They may impact 

electrochemical ion gradients by influencing membrane permeability and membrane stability 

(Hannich et al. 2011) or by modulating the activity, synthesis and sorting of proteins related 

with the vacuolar storage, heat shock proteins, and trehalose/glycerol synthesis (Guan et al. 

2009), in particular under anaerobic conditions. Consistent with these effects, the deletions of 

ERG2 and of ERG3 (cluster 1) and of ERG4 (cluster 3), three genes involved in ergosterol 

biosynthesis, were selected in the present study for conferring a reduced fermentative 

performance. Besides ergosterol biosynthesis genes, other genes also related to membrane 

composition such as OPI3, FMP45, ISC1, SUR4 and FEN1, as well as the lipid raft assembly 

GUP1 (Ferreira et al. 2006, Ferreira and Lucas 2008) and the membrane fluidity modulator 

HSP12 showed defective fermentative performance to some extent. Considering the effect of 

the absence of these genes, together with the fact that the plasma membrane is a primary 

target of ethanol it is not surprising that deletions of ergosterol and other lipid biosynthesis 

genes were selected among the most deleterious to wine fermentation (Fig. 2). 

 

Cell wall integrity 

Cell wall is the first frontier between cell and the external media. As reported by Yazawa et 

al (2007), ethanol stress is directly linked with structural changes in the cell wall which also 

suffers modifications upon various environmental stresses. Deletion mutants on genes related 

to Cell Wall Integrity (CWI) such as CNB1 and CMP2, SPI1, URA7, FMP45, ROM2 and 

AVO2 were also tested. Among these, the mutant deleted in ROM2 was grouped in cluster 2 

and chosen for its improved performance, while mutants Δcnb1 and Δspi1 (cluster 1) were 

chosen for presenting deleterious effects on fermentation. 

Rom2 is the guanine nucleotide exchange factors of Rho1 transmitting signals from cell 

surface to Rho1 for its activation in response to environmental stresses. Rom2 and Rho1 

function together with β-1,3-glucan synthase to remodel the cell wall. Therefore, in 

opposition to our observation, the deletion of ROM2 is predicted to be deleterious. 

The yeast phosphatase calcineurin, a Ca
2+

/calmodulin-dependent serine/threonine protein 

phosphatase, is composed by two subunits (Cmp1/Cmp2 and Cnb1). This protein is known to 

be activated upon exposure to several environmental stress conditions, including cell wall 

damage (Cyert 2003; García et al. 2004; Viladevall et al. 2004; Zakrzewska et al. 2005), 

being also essential for high-affinity potassium uptake even in the absence of Na
+
 stress 
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(Casado et al. 2010), for cycle progression,  and for cell wall biosynthesis (Levin 2005; Cyert 

and Philpott 2013). Calcineurin dephosphorylates a range of protein targets in yeast, 

including the Crz1 transcription factor, which then negatively regulates the vacuole Ca
2+

/H
+
 

exchanger Vcx1p, and positively regulates the vacuolar Ca
2+

-ATPase Pmc1p and the ER and 

Golgi localized Pmr1p, driving over-accumulation of Ca
2+

 through the increased activity of 

Vcx1 and causing a specific elevation of Ca
2+

 and increase of cytosolic pH (Yu et al. 2012).  

 

Osmotic stress response 

The HOG pathway is activated by several stimuli, including extracellular hyper-

osmolarity, heat stress, oxidative stress, and changes in turgor pressure (Saito and Posas 

2012; Tamás and Hohmann 2003). In S. cerevisiae, hyperosmotic stress stimulates the HOG 

(High Osmolarity Glycerol) MAP kinase pathway through the plasma membrane proteins 

Sln1p and Sho1p, which activate a signal transduction pathway, activating the MAP kinase 

Hog1, leading to glycerol synthesis and accumulation, produced as a by-product of alcohol 

fermentation. This is particularly true while fermenting glucose almost in the total absence of 

oxygen, when glycerol production is strictly required to re-oxidize excess NADH (Albers et 

al. 1996; Ansell et al. 1997; Björkqvist et al. 1997). The glycerol overload appears to cause 

reduced fitness and poor recovery of stationary phase cells (Beese et al. 2009; Tamás et al. 

1999).  

Consistent with the importance of this pathway to cope with the high sugar concentration 

present at the beginning of must fermentation it is not surprising that Δhog1, Δsho1 and Δfps1 

mutants showed a defective fermentative performance.  

 

Ethanol stress response 

In yeast, proline exhibits multiple functions during the fermentation process, including 

the enhancement of the stability of proteins and membranes (Rudolph and Crowe 1985; 

Samuel et al. 2000), which may explain increased ethanol tolerance (Takagi et al. 2005). 

According to these phenotypes, as expected, mutants of PUT4 and PRO1 were grouped in 

cluster 3 and did not reach the end of fermentation. This result highlights the essential role of 

proline in ethanol tolerance and fermentative performance.  

Many PDR proteins function as ATP-binding cassettes mediating membrane 

translocation of ions and of a wide range of substrates. They influence membrane and cell 

wall compositions and cell detoxifications systems (Gulshan and Moye-Rowley 2007) 
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including those involved in ethanol tolerance (Ma and Liu 2010). In this study, the absence of 

PDR12 (cluster 1) was selected for promoting a reduced fermentation. 

 

As an overall conclusion, we may say that Principal Component Analysis (PCA) is a 

very useful tool to be applied in fermentation studies that collect a huge amount of data and is 

probably the optimal dimension-reduction technique according to the sum of squared errors 

(Jolliffe 1986). It was used to uncover relationships of genotype-phenotype considering the 

selected mutants and fermentations traits. Interestingly, PCA indicated a putative high 

correlation between final dry biomass and improved fermentative performance. The 

population parameter “final dry biomass” seemed to be the major factor controlling 

fermentative ability of the mutants. In microorganisms, the alcoholic fermentative ability has 

been attributed to the glycolytic specific flux (Cortassa and Aon 1994; Pritchard and Kell 

2002), which, by definition, is considered at the cellular level. However, this hypothesis did 

not take into account that the fermentative ability, at the population level, is the result of both 

specific flux (i.e., flux per cell) and cell number. So, this work, with a different strategy of 

screening, seems to confirm the theory recently proposed by Albertin et al. (2011) of 

population size driving the efficiency of the fermentative process.  

Mutants selected with improved fermentative behavior presented a higher final dry 

biomass, which according to life history traits (Spor et al. 2008), can be explained as if these 

mutants were behaving like “ants”. “Ants” have a small cell size and consume glucose at a 

low rate, which allows a high carrying capacity to be reached; this evokes a “cooperative” 

strategy. This is particularly interesting since these strains favor increased maximum 

population size, a trait closely related to fermentation rate. Spor et al. (2008) showed that, in 

a broad collection of yeast strains from various ecological niches, extreme “ants” can be 

found in forest and laboratory environments, while industrial strains were paradoxically 

among the “grasshoppers” that have a more “selfish” strategy in which individual benefits 

prevail over population considerations (Spor et al. 2008; Takahashi et al. 2009).  

According to our study, transcription, cell cycle and stress response were the biological 

processes that were mainly associated with improved performance of mutants, while for 

reduced performance processes such as ion/H
+ 

homeostasis, cell wall integrity/lipid and sterol 

biosynthesis and cytoskeleton and protein folding were the most important. The results reflect 

the association of relevant genes with the main known ethanol targets, supporting ethanol as 

the major stress factor during wine fermentation and also justifying the relevance of studies 

performed on stationary phase cells when ethanol is present at a higher concentration. 
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However, the intricate network in which these genes participate also reflects the idea that 

many other pathways, directly and indirectly related to their main biological functions, can be 

implicated in the yeast fermentative performance. 
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Additional file 1 

List of interesting genes commonly reported in literature for being involved in fermentative performance during 

wine fermentation (organized according MIPS functional cateogories, using FunSpec). 

CATEGORY P-VALUE GENE NAME 

MIPS Functional Classification   

Stress response 1.00E-14 

SSA3, PKC1, TPS1, SSE2, SAT4, HSP30, SSK22, 

NTH1, KCS1, TPS2, SED1, PAM1, DIN7, PPZ2, 

NHX1, CYC7, SHO1, RIM15, FAB1, RPN12, SNF4, 
STF2, YHB1, SLT2, YCK1, SLN1, BCK1, PBS2, LCB3, 

HAL5, MSN4, KDX1, PIR3, HSP104, UBI4, FPS1, 

PPZ1, MSN2, ALD3, PAI3, HOR7, ZDS1, CRZ1, 
RAS2, YCK2, ZWF1, SSK2, DDR2, WHI2, VHS3, 

PTP2, MKK1, MKK2, ATH1, ASR1 

Phosphate metabolism 1.00E-14 
SSA3, TEL1, PKC1, REG2, VPS15, MEC1, CDC28, 

CHK1, GLK1, SAT4, PGK1, SSK22, CDC48, PPH21, 
YPD1, KCS1 

Cell wall 6.58E-09 

URA7, PKC1, FMP45, IPT1, SED1, HKR1, PKH1, 

SPI1, BEM2, ACT1, STF2, MTL1, ROM1, SMI1, 
SLT2, KIC1, HAL5, CWP1, PIR3, CNB1, SWI6, 

EXG1, MID2, FKS1, ROM2, CNA1, MRE11, MKS1, 

WSC2, SSK2, PKH2, WSC3, SLG1, VPS16, RLM1, 
COX11, MKK2, RHO1 

Metabolism of energy reserves (e.g. glycogen, 

trehalose) 
4.28E-08 

TPS1, KNH1, NTH1, REG1, TPS2, BMH2, HKR1, 

BMH1, GSY1, SMI1, VMA10, GSY2, EXG1, FKS1, 
ATH1, GPH1, GDB1 

Lipid, fatty acid and isoprenoid metabolism 2.76E-07 

TEL1, TSC3, FEN1, TSC13, GPD1, NAT1, SLC1, 

GIS1, SUR2, ISC1, TSC11, HSP12, FAB1, ACB1, 

ARD1, TOR1, AUR1, YPK1, TOR2, FPS1, VPS34, 
VAC14, CYB5, NMA111, FAA1, TCO89 

Transmembrane signal transduction 3.78E-07 
RGD1, STE50, SSK22, PTP3, SHO1, STE20, PBS2, 

CDC42, STE11, SSK2, PTP2 

Electron transport and membrane-associated 

energy conservation 
2.63E-06 

COR1, ATP1, ATP3, COX9, SDH4, QCR7, RIP1, 
CYC7, STF2, CYC1, ATP2, SDH2, COX12, NDI1, 

COX7 

Cell growth / morphogenesis 3.55E-06 
REG2, CDC28, STE50, FEN1, PPH21, HBT1, REG1, 
BMH2, PAM1, BMH1, ACT1, CMK1, MSB2, STE20, 

KIC1, YCK1 

Cell aging 4.23E-05 
SIR2, FOB1, PNC1, LAG1, ATP2, LAC1, RAD27, 

ZDS1, RAS2 

Bud / growth tip 0.000611262 
PPH21, BEM2, ACT1, ROM1, CDC42, ROM2, MYO2, 

RHO1 

Cellular signalling 0.00095938 
RGD1, BMH2, BMH1, RTG2, SKN7, SOK2, TAP42, 

TIP41 

Protein targeting, sorting and translocation 0.00116856 
SSA3, VPS15, STP22, ATG20, HSP78, SSA4, ACT1, 

FAB1, PEX14, PEX8, LAG1, VPS29, VPS25, DID4, 

VPS24, SNF7 

Respiration 0.00122599 
ATP1, ATP3, IMG1, CYC7, STF2, COX18, CYC1, 

ATP2, COX17, PGA3, COQ10 

Protein binding 0.00237041 

HSP26, UMP1, STP22, RAD18, SIR2, GCS1, YPD1, 

BMH2, HSP42, HSP78, PEX10, GIM4, TSC11, SSA4, 
BMH1, CDC4, PEX14, PEX4, BUB1, CDC23, KOG1, 

MET30, SLN1, PBS2, TOR1, DID4, TOR2, HSP104, 

UBI4, SSK1, SIC1, SWI6, BUD6, GIM5, TAP42, 
MRE11, ZDS1, LST8, SLG1, YLH47 

Protein with binding function or cofactor 

requirement (structural or catalytic)  
0.00245093 ACT1, SLM1, SLM2 

Homeostasis 0.00267041 PTK2, CMP2, SKY1, HRK1 

Cell death 0.00398351 LAG1, LAC1, SGS1, RAS2 

Cell adhesion 0.00419232 GAL83, HSP12 

Cytoskeleton/structural proteins 0.00598073 
STE50, HSP42, GIM4, ACT1, MSB2, STE20, CDC23, 

BCY1, SWE1, AUR1, TOR2, CDC42, GIM5, ZDS1, 
MCA1 

Peroxisome 0.00630141 PEX10, SNF4, PEX8, PEX4, PEX1, PEX15, ATG11 
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COMMON 
NAME 

SYSTEMATIC 
NAME 

DESCRIPTION NULL 

Stress response 

SSA3 YBL075C 

ATPase involved in protein folding and the response to stress; plays a role in 
SRP-dependent cotranslational protein-membrane targeting and translocation; 
member of the heat shock protein 70 (HSP70) family; localized to the 
cytoplasm 

Viable 

PKC1 YBL105C 

Protein serine/threonine kinase essential for cell wall remodeling during 
growth; localized to sites of polarized growth and the mother-daughter bud 
neck; homolog of the alpha, beta, and gamma isoforms of mammalian protein 
kinase C (PKC); phophorilates Bck1; actin filament organization; cytoplasmic 
mRNA processing body assembly; intracellular protein kinase cascade; 
peroxisome degradation; regulation of nuclear-transcribed mRNA poly(A) tail 
shortening  

Inviable 

TPS1 YBR281C 
Synthase subunit of trehalose-6-phosphate synthase/phosphatase complex, which 
synthesizes the storage carbohydrate trehalose; also found in a monomeric form; 
expression is induced by the stress response and repressed by the Ras-cAMP pathway 

Viable 

SSE2 YBR169C 
Member of the heat shock protein 70 (HSP70) family; may be involved in 
protein folding; localized to the cytoplasm; highly homologous to the heat 
shock protein Sse1p 

Viable 

SAT4 YCR008W 

Ser/Thr protein kinase involved in salt tolerance; funtions in regulation of 
Trk1p-Trk2p potassium transporter; partially redundant with Hal5p; has 
similarity to Npr1p; regulate the activity or stability of Trk1 and Trk2, Can1, 
Fur4 and Hxt1; act by positively modulating Trk1 and Trk2 stabilizing the 
transporters at the plasma membrane under low K; cellular cation 
homeostasis; cellular protein localization; G1/S transition of mitotic cell cycle 

Viable 

HSP30 YCR021C 
Hsp30; induced by heat shock, ETOH and entry in stationary phase; might 
have an energy conservation role limiting excessive ATP consumption by 
Pma1 during prolongued stress exposure 

Viable 

SSK22 YCR073C 
MAP kinase kinase kinase of the HOG1 mitogen-activated signaling pathway; 
functionally redundant with, and homologous to, Ssk2p; interacts with and is 
activated by Ssk1p; phosphorylates Pbs2p 

Viable 

NTH1 YNL191W 
Neutral trehalase, degrades trehalose; required for thermotolerance and may mediate 
resistance to other cellular stresses; may be phosphorylated by Cdc28p 

Viable 

KCS1 YCR005C Inositol kinase; vacuolar function and morphology Viable 

TPS2 YDR074W 
Phosphatase subunit of the trehalose-6-phosphate synthase/phosphatase 
complex, which synthesizes the storage carbohydrate trehalose; expression is 
induced by stress conditions and repressed by the Ras-cAMP pathway 

Viable 

SED1 YDR077W 

Major stress-induced structural GPI-cell wall glycoprotein in stationary-phase 
cells, associates with translating ribosomes, possible role in mitochondrial 
genome maintenance; ORF contains two distinct variable minisatellites; 
mitochondrial genome maintenance; fungal-type cell wall organization; require 
HOG1 for basal expression 

Viable 

PAM1 YDR251W 
Essential protein of unknown function; exhibits variable expression during 
colony morphogenesis; overexpression permits survival without protein 
phosphatase 2A, inhibits growth, and induces a filamentous phenotype 

Viable 

DIN7 YCR066W 

Histone 3; core histone protein required for chromatin assembly, part of 
heterochromatin-mediated telomeric and HM silencing; one of two identical 
histone H3 proteins (see HHT2); regulated by acetylation, methylation, and 
phosphorylation; chromatin assembly or disassembly; global genome 
nucleotide-excision repair; mitotic cell cycle spindle assembly checkpoint; 
rRNA transcription; sexual sporulation resulting in formation of a cellular 
spore  

Viable 

PPZ2 YDR436W 
Protein ser/thr phosphatase of the PP-1 family; Ser/thr phosphatase required 
for normal osmoregulation; negative regulator of TRK; cell wall maintenance; 
regulation of cell growth and division; ion homeostasis 

Viable 

NHX1 YDR456W 
Na+/H+ and K+/H+ exchanger, required for intracellular sequestration of 
Na+ and K+; located in the vacuole and late endosome compartments; 
required for osmotolerance to acute hypertonic shock and for vacuolar fusion 

Viable 

CYC7 YJR048W 

Cytochrome c isoform 2, expressed under hypoxic conditions; electron carrier 
of the mitochondrial intermembrane space that transfers electrons from 
ubiquinone-cytochrome c oxidoreductase to cytochrome c oxidase during 
cellular respiration 

Viable 

SHO1 YLL043W 

Osmotic stress sensor; Transmembrane osmosensor involved in activation of the 
Cdc42p- and MAP kinase-dependent filamentous growth pathway and the high-
osmolarity glycerol response pathway; Protein involved in the activation of HOG1 high-
osmolarity signal transduction pathway;  phosphorylated by Hog1p; interacts with 
Pbs2p, Msb2p, Hkr1p, and Ste11p; activates Ste20 in response to osmotic stress via 
Cdc42 GTPase 

Viable 
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RIM15 YDR074W 

Protein kinase repressed by glucose; involved in expression of meiotic genes; Stress 
response transcription factor; Nuclear localization triggered by Sho9D regulates; 
inactivated by Tor1 through the interaction with Bmh2;  involved in trehalose and 
glycogen syntesis ; higly expressed in Q cells; a transcriptional programme for induction 
of entry into G1/G0  (through the activatin  Gis1) and increase lifespan ; glucose-
repressible protein kinase; integrates signals transduced by Sch9, Ras and Tor pathways 
in response to nutrients 

Viable 

FAB1 YFR019W 
Inositol kinase; vacuolar function and morphology;involved in the regulation 
of arginine biosynthesis by interacting with and preventing de degradation of 
the transcription factors Arg80 and Mcm1 

Viable 

RPN12 YFR052W 
Subunit of the 19S regulatory particle of the 26S proteasome lid; synthetically 
lethal with RPT1, which is an ATPase component of the 19S regulatory 
particle; physically interacts with Nob1p and Rpn3p 

Viable 

SNF4 YGL115W 

Activating gamma subunit of the AMP-activated Snf1p kinase complex 
(contains Snf1p and a Sip1p/Sip2p/Gal83p family member); activates glucose-
repressed genes, represses glucose-induced genes; role in sporulation, and 
peroxisome biogenesi 

Viable 

STF2 YOR326W 

Component of the mitochondrial alpha-ketoglutarate dehydrogenase complex, 
which catalyzes a key step in the tricarboxylic acid (TCA) cycle, the oxidative 
decarboxylation of alpha-ketoglutarate to form succinyl-CoA; more expressed 
in SP 

Viable 

YHB1 YGR234W 
Nitric oxide oxidoreductase, flavohemoglobin involved in nitric oxide 
detoxification; plays a role in the oxidative and nitrosative stress responses 

Viable 

SLT2 YJL103C 

Serine/threonine MAP kinase; involved in regulating maintenance of cell wall integrity, 
progression through the cell cycle, and nuclear mRNA retention in heat shock; required 
for mitophagy and pexophagy; affects recruitment of mitochondria to the phagophore 
assembly site (PAS); regulated by the PKC1-mediated signaling pathway 

Viable 

YCK1 YHR135C 

Palmitoylated plasma membrane-bound casein kinase I isoform; shares 
redundant functions with Yck2p in morphogenesis, proper septin assembly, 
endocytic trafficking; provides an essential function overlapping with that of 
Yck2p 

Viable 

SLN1 YIL147C 

Two-component signal transducer; Osmotic stress sensor; Protein involved in 
the activation of HOG1 high-osmolarity signal transduction pathway; 
Histidine kinase osmosensor that regulates a MAP kinase cascade; 
transmembrane protein with an intracellular kinase domain that signals to 
Ypd1p and Ssk1p, thereby forming a phosphorelay system similar to bacterial 
two-component regulators; inactivation leads to dephosphorylation of Ssk1; 
osmosensory signaling pathway via two-component system; negative 
regulation of protein kinase activity; involved in acetic acid response 

Inviable? 

BCK1 YGL253W 

Mitogen-activated protein (MAP) kinase kinase kinase acting in the protein kinase C 
signaling pathway, which controls cell integrity; upon activation by Pkc1p 
phosphorylates downstream kinases Mkk1p and Mkk2p; endoplasmic reticulum 
unfolded protein response; establishment of cell polarity; intracellular protein kinase 
cascade; peroxisome degradation; response to acid, required for growth under acidic pH; 
response to nutrients; lack of Stl2 activation in Pkc1 and Bkc1 deletion mutants, 
diminished phosphorilation on Rom2 deletion mutants in the presence of rapamycin 

Viable 

PBS2 YJL128C 

MAP kinase kinase (MAPKK) of the HOG signaling pathway; Tyrosine 
protein kinase of the MAP kinase kinase family; osmosensory signaling 
pathway; activated by Ssk2; phosphorilates Hog1; activated under severe 
osmotic stress; mitophagy-specific regulator; plays a role in regulating Ty1 
transposition; actin filament organization; activation of MAPK activity 
involved in osmosensory signaling pathway; cellular response to heat; 
hyperosmotic response; MAPK import into nucleus involved in osmosensory 
signaling pathway 

Viable 

LCB3 YDR062W 

Long-chain base-1-phosphate phosphatase with specificity for 
dihydrosphingosine-1-phosphate, regulates ceramide and long-chain base 
phosphates levels, involved in incorporation of exogenous long chain bases in 
sphingolipids 

Viable 

HAL5  YJL165C 

Putative protein kinase; overexpression increases sodium and lithium 
tolerance, whereas gene disruption increases cation and low pH sensitivity and 
impairs potassium uptake, suggesting a role in regulation of Trk1p and/or 
Trk2p transporters; regulate the activity or stability of Trk1 and Trk2; act by 
positively modulating Trk1 and Trk2 stabilizing the transporters at the plasma 
membrane under low K; cellular cation homeostasis; cellular protein 
localization; protein dephosphorylation  

Viable 

MSN4 YKL062W 
Transcriptional activator related to Msn2p; activated in stress conditions, 
which results in translocation from the cytoplasm to the nucleus; binds DNA 
at stress response elements of responsive genes, inducing gene expression 

Viable 

KDX1 YKL161C 
Protein kinase implicated in the Slt2p mitogen-activated (MAP) kinase 
signaling pathway; interacts with numerous components in the mating 

Viable 



 

 174 

pheromone and CWI MAPK pathways; associates with Rlm1p; 
biological_process unknown; require HOG1 for basal expression 

PIR3 YKL163W 

O-glycosylated covalently-bound cell wall protein required for cell wall 
stability; expression is cell cycle regulated, peaking in M/G1 and also subject 
to regulation by the cell integrity pathway; fungal-type cell wall organization; 
require HOG1 for basal expression 

Viable 

HSP104 YLL026W 

Heat shock protein that cooperates with Ydj1p (Hsp40) and Ssa1p (Hsp70) to 
refold and reactivate previously denatured, aggregated proteins; responsive to 
stresses including: heat, ethanol, and sodium arsenite; involved in [PSI+] 
propagation 

Viable 

UBI4 YJR102C 

Ubiquitin, becomes conjugated to proteins, marking them for selective degradation via 
the ubiquitin-26S proteasome system; essential for the cellular stress response; encoded 
as a polyubiquitin precursor comprised of 5 head-to-tail repeats; Poliubiquitin required 
for survival in SP 

Viable 

FPS1 YLL043W 
Protein that interacts with glycerol 3-phosphatase and plays a role in anaerobic 
glycerol production; codes for an inhibitor of Rhr2; localizes to the nucleus 
and cytosol; down-regulated in Sch9 deletion mutants  

Viable 

PPZ1 YOL086C 

Serine/threonine protein phosphatase Z, isoform of Ppz2p; involved in regulation of 
potassium transport, which affects osmotic stability, cell cycle progression, and 
halotolerance; required for normal osmoregulation; negative regulator of TRK; cell wall 
maintenance; regulation of cell growth and division; ion homeostasis; localized in plasma 
membrane, interacts directly with Trk1; 

Viable 

MSN2 YMR037C 
Transcriptional activator related to Msn4p; activated in stress conditions, 
which results in translocation from the cytoplasm to the nucleus; binds DNA 
at stress response elements of responsive genes, inducing gene expression 

Viable 

ALD3 YMR169C 
Cytoplasmic aldehyde dehydrogenase, involved in beta-alanine synthesis; uses 
NAD+ as the preferred coenzyme; very similar to Ald2p; expression is 
induced by stress and repressed by glucose 

Viable 

PAI3 YPL154C 
Cytoplasmic proteinase A (Pep4p) inhibitor, dependent on Pbs2p and Hog1p 
protein kinases for osmotic induction; intrinsically unstructured, N-terminal 
half becomes ordered in the active site of proteinase A upon contact 

Viable 

HOR7 YMR251W-A 

Hyperosmolarity-responsive protein; Protein of unknown function; 
overexpression suppresses Ca2+ sensitivity of mutants lacking inositol 
phosphorylceramide mannosyltransferases Csg1p and Csh1p; transcription is 
induced under hyperosmotic stress and repressed by alpha factor; response to 
stress 

Viable 

ZDS1 YJL187C 

Protein with a role in regulating Swe1p-dependent polarized growth; interacts 
with silencing proteins at the telomere; has a role in Bcy1p localization; 
implicated in mRNA nuclear export; involved in mitotic exit through Cdc14p 
regulation 

Viable 

CRZ1 YBL045C 

Calcineurin responsive zinc-finger; crucial for cell survival under ethanol stress; upon 
calcineurin activation, Crz1 enters the nucleus and binds to the promoters of a specific 
set of alkali-induced genes; dephosphoritation of Crz1p by calcineurin causes Crz1 rapid 
translocation to the nucleus and activation of the transcription of genes related to cell 
survival 

Viable 

RAS2 YBR039W 

GTPase; related with cAMP/PKA pathway; participates in the control of growth and 
metabolism in response to nutrients; represses stress resistance; acts upstream of PKA; 
acts upstream of Cyr1 by down-regulating the activity of PKA; inhibit Rim15 kinase 
repression by glucose reducing signalling through oxidative stress depense pathway 
(SODs, etc) induced by Rim15; lead to glucose-induced pHi decrease, and activation of 
Cyr1 

Viable 

YCK2 YNL154C 

Palmitoylated plasma membrane-bound casein kinase I isoform; shares 
redundant functions with Yck1p in morphogenesis, proper septin assembly, 
endocytic trafficking; provides an essential function overlapping with that of 
Yck1p 

Viable 

ZWF1 YBL030C 
Glucose-6-phosphate dehydrogenase (G6PD), catalyzes the first step of the pentose 
phosphate pathway; involved in adapting to oxidatve stress; homolog of the human 
G6PD which is deficient in patients with hemolytic anemia 

Viable 

SSK2 YNR031C 

MAP kinase kinase kinase (MAPKKK) of the osmosensory signaling pathway 
HOG1 mitogen-activated signaling pathway via two-component system; 
interacts with Ssk1p, leading to autophosphorylation and activation of Ssk2p 
which phosphorylates Pbs2p; also mediates actin cytoskeleton recovery from 
osmotic stress; actin cytoskeleton organization; response to osmotic stress 

Viable 

DDR2 YOL052C-A 
Multistress response protein, expression is activated by a variety of xenobiotic 
agents and environmental or physiological stresses. Also known as: DDRA2 

Viable 

WHI2 YBR179C 

Transcription factor; glucose repression regulator; related to pre-adaptation to 
respiration; complex plays a major role in orchestrating the transcription of 
genes involved in the TCA cycle, electron transport chain, ATP generation 
and mitochondrial biogenesis; regulator of mitochondria biogenesis 

Viable 

VHS3 YOR054C 
Negative regulatory subunit of protein phosphatase 1 Ppz1p and also a 
subunit of the phosphopantothenoylcysteine decarboxylase (PPCDC; Cab3p, 

Viable 



 

 175 

Sis2p, Vhs3p) complex, which catalyzes the third step of coenzyme A 
biosynthesis; Homologous to Hal3; negatively regulates Ppz1 activity; 
contributes_to phosphopantothenoylcysteine decarboxylase activity; 
phosphopantothenoylcysteine decarboxylase activity; protein phosphatase 
inhibitor activity 

PTP2 YOR208W 

Phosphotyrosine-specific protein phosphatase involved in the inactivation of 
mitogen-activated protein kinase (MAPK) during osmolarity sensing; 
dephosporylates Hog1p MAPK and regulates its localization; localized to the 
nucleus; inactivation of MAPK activity involved in cell wall biogenesis; 
inactivation of MAPK activity involved in osmosensory signaling pathway; 
regulation of protein localization; protein dephosphorylation; regulation of 
sporulation; act on Slt2 and Hog1; activity prevent lethal hyperactivation of 
Hog1 under heat stress 

Viable 

MKK1 YOR231W 
Mitogen-activated kinase kinase involved in protein kinase C signaling 
pathway that controls cell integrity; upon activation by Bck1p phosphorylates 
downstream target, Slt2p; functionally redundant with Mkk2p 

Viable 

MKK2 YPL140C 
Mitogen-activated kinase kinase involved in protein kinase C signaling 
pathway that controls cell integrity; upon activation by Bck1p phosphorylates 
downstream target, Slt2p; functionally redundant with Mkk1p 

Viable 

ATH1 YPR026W Acid trehalase required for utilization of extracellular trehalose Viable 

ASR1 YPR093C 
Ethanol specific transcription regulator; Ring/PHD finger protein that 
constitutively shuttles between the cytoplasm and nucleus and that is rapidly 
and reversibly accumulated in the nucleus under ethanol stress 

Viable 

Phosphate metabolism 

TEL1 YBR136W 
Protein kinase primarily involved in telomere length regulation; contributes to 
cell cycle checkpoint control in response to DNA damage; functionally 
redundant with Mec1p; homolog of human ataxia telangiectasia (ATM) gene 

Viable 

REG2 YDR028C 
Regulatory subunit of the Glc7p type-1 protein phosphatase; involved with 
Reg1p, Glc7p, and Snf1p in regulation of glucose-repressible genes, also 
involved in glucose-induced proteolysis of maltose permease 

Viable 

VPS15 YBR097W 

Myristoylated serine/threonine protein kinase involved in vacuolar protein 
sorting; functions as a membrane-associated complex with Vps34p; active 
form recruits Vps34p to the Golgi membrane; interacts with the GDP-bound 
form of Gpa1p 

Viable 

MEC1 YDR110W 

Genome integrity checkpoint protein and PI kinase superfamily member; 
signal transducer required for cell cycle arrest and transcriptional responses 
prompted by damaged or unreplicated DNA; monitors and participates in 
meiotic recombination 

Viable 

CDC28 YLR319C 
Catalytic subunit of the main cell cycle cyclin-dependent kinase (CDK); 
alternately associates with G1 cyclins (CLNs) and G2/M cyclins (CLBs) which 
direct the CDK to specific substrates 

Inviable 

CHK1 YMR190C 

Serine/threonine kinase and DNA damage checkpoint effector, mediates cell 
cycle arrest via phosphorylation of Pds1p; phosphorylated by checkpoint 
signal transducer Mec1p; homolog of S. pombe and mammalian Chk1 
checkpoint kinase 

Viable 

GLK1 YCL040W 
Glucokinase, catalyzes the phosphorylation of glucose at C6 in the first 
irreversible step of glucose metabolism; one of three glucose phosphorylating 
enzymes; expression regulated by non-fermentable carbon sources 

Viable 

PGK1 YCR012W 
3-phosphoglycerate kinase, catalyzes transfer of high-energy phosphoryl 
groups from the acyl phosphate of 1,3-bisphosphoglycerate to ADP to 
produce ATP; key enzyme in glycolysis and gluconeogenesis 

Viable 

CDC48 YDL126C 

Transcription factor (bHLH) involved in interorganelle communication 
between mitochondria, peroxisomes, and nucleus;  regulates CIT2 gene 
expression; mitochondria-nucleus signaling pathway; protein localization; 
transcription initiation from RNA polymerase II promoter  

Viable 

PPH21 YDL134C 

Catalytic subunit of protein phosphatase 2A (PP2A), functionally redundant 
with Pph22p; methylated at C terminus; forms alternate complexes with 
several regulatory subunits; involved in signal transduction and regulation of 
mitosis 

Viable 

YPD1 YDL235C 

Phosphorelay intermediate protein, phosphorylated by the plasma membrane 
sensor Sln1p in response to osmotic stress and then in turn phosphorylates 
the response regulators Ssk1p in the cytosol and Skn7p in the nucleus; 
osmosensory signaling pathway via two-component system 

Inviable 

KCS1 YCR005C Inositol kinase; vacuolar function and morphology Viable 
Cell wall 

URA7 YLL009C 
Major CTP synthase isozyme (see also URA8), catalyzes the ATP-dependent transfer of 
the amide nitrogen from glutamine to UTP, forming CTP, the final step in de novo 
biosynthesis of pyrimidines; involved in phospholipid biosynthesis 

Viable 
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FMP45 YLR119W 

Cell cortex protein; affects sphingolipid biosynthesis; integral membrane protein 
localized to mitochondria (untagged protein); required for sporulation and maintaining 
sphingolipid content; has sequence similarity to SUR7 and YNL194C; more expressed in 
SP 

Viable 

IPT1 YDL015C 

Inositolphosphotransferase, involved in synthesis of mannose-(inositol-P)2-
ceramide (M(IP)2C), the most abundant sphingolipid;, can mutate to 
resistance to the antifungals syringomycin E and DmAMP1 and to K. lactis 
zymocin 

Viable 

SED1 YDR077W 

Major stress-induced structural GPI-cell wall glycoprotein in stationary-phase 
cells, associates with translating ribosomes, possible role in mitochondrial 
genome maintenance; ORF contains two distinct variable minisatellites; 
mitochondrial genome maintenance; fungal-type cell wall organization; require 
HOG1 for basal expression 

Viable 

HKR1 YDR420W 

Mucin family member that functions as an osmosensor in the Sho1p-mediated 
HOG pathway with Msb2p; proposed to be a negative regulator of 
filamentous growth; mutant displays defects in beta-1,3 glucan synthesis and 
bud site selection; 1,3-beta-D-glucan biosynthetic process; cellular bud site 
selection; fungal-type cell wall organization; hyperosmotic response; 
osmosensory signaling pathway via Sho1 osmosensor 

Inviable? 

PKH1 YDR490C 

Serine/threonine protein kinase involved in sphingolipid-mediated signaling 
pathway that controls endocytosis; activates Ypk1p and Ykr2p, components of 
signaling cascade required for maintenance of cell wall integrity; redundant 
with Pkh2p 

Viable 

SPI1 YCR012W 

GPI-anchored cell wall protein; induced during SP; involved in weak acid resistance; 
expression increased folowing exposure to ETOH, acetaldehyde and hyperosmotic 
shock, exhaustion of aa and nitrogen, acidic and basic pH; expression is highly induced  
during the diauxic shift, stationary phase and nutrient starvation under lab and 
winemaking conditions; basal expression requires Msn2p/Msn4p; similar to Sed1p; 
repressed by Srb10 in aerobiosis, regulated by Rsp5 (ubiquitin-ligase) 

Viable 

BEM2 YER155C 
Rho GTPase activating protein (RhoGAP) involved in the control of 
cytoskeleton organization and cellular morphogenesis; required for bud 
emergence 

Viable 

ACT1 YIL125W 
Actin, structural protein involved in cell polarization, endocytosis, and other 
cytoskeletal functions  

Inviable 

STF2 YOR326W 

Component of the mitochondrial alpha-ketoglutarate dehydrogenase complex, 
which catalyzes a key step in the tricarboxylic acid (TCA) cycle, the oxidative 
decarboxylation of alpha-ketoglutarate to form succinyl-CoA; more expressed 
in SP 

Viable 

MTL1 YGR023W 

Putative plasma membrane sensor of the  cell wall integrity signaling pathway ; 
involved in cell integrity signaling and cell wall organization and cell wall stress 
response during glucose starvation and oxidative stress; has structural and 
functional similarity to Mid2p 

Viable 

ROM1 YGR070W 
GDP/GTP exchange protein (GEP) for Rho1p; mutations are synthetically 
lethal with mutations in rom2, which also encodes a GEP 

Viable 

SMI1 YGR229C 
Protein involved in the regulation of cell wall synthesis; proposed to be 
involved in coordinating cell cycle progression with cell wall integrity 

Viable 

SLT2 YJL103C 

Serine/threonine MAP kinase; involved in regulating maintenance of cell wall integrity, 
progression through the cell cycle, and nuclear mRNA retention in heat shock; required 
for mitophagy and pexophagy; affects recruitment of mitochondria to the phagophore 
assembly site (PAS); regulated by the PKC1-mediated signaling pathway 

Viable 

KIC1 YHR102W 

Protein kinase of the PAK/Ste20 family, required for cell integrity; physically 
interacts with Cdc31p (centrin), which is a component of the spindle pole 
body; part of the RAM network that regulates cellular polarity and 
morphogenesis 

Viable 

HAL5  YJL165C 

Putative protein kinase; overexpression increases sodium and lithium 
tolerance, whereas gene disruption increases cation and low pH sensitivity and 
impairs potassium uptake, suggesting a role in regulation of Trk1p and/or 
Trk2p transporters; regulate the activity or stability of Trk1 and Trk2; act by 
positively modulating Trk1 and Trk2 stabilizing the transporters at the plasma 
membrane under low K; cellular cation homeostasis; cellular protein 
localization; protein dephosphorylation  

Viable 

CWP1 YKL096W 

Cell wall mannoprotein that localizes specifically to birth scars of daughter 
cells, linked to a beta-1,3- and beta-1,6-glucan heteropolymer through a 
phosphodiester bond; required for propionic acid resistance; ascospore-type 
prospore membrane assembly; fungal-type cell wall organization; require 
HOG1 for basal expression 

Viable 

PIR3 YKL163W 

O-glycosylated covalently-bound cell wall protein required for cell wall 
stability; expression is cell cycle regulated, peaking in M/G1 and also subject 
to regulation by the cell integrity pathway; fungal-type cell wall organization; 
require HOG1 for basal expression 

Viable 
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CNB1 YGR062C 

Calcineurin B, regulatory subunit of calcineurin, a Ca2+/calmodulin-regulated type 2B 
protein phosphatase which regulates Crz1p (a stress-response transcription factor), the 
other calcineurin subunit is encoded by CNA1 and/or CMP1; cell wall organization; 
cellular ion homeostasis; adaptation of signaling pathway by response to pheromone 
involved in conjugation with cellular fusion 

Viable 

SWI6 YLR182W 

Transcription cofactor, forms complexes with Swi4p and Mbp1p to regulate 
transcription at the G1/S transition; involved in meiotic gene expression; cell 
wall stress induces phosphorylation by Mpk1p, which regulates Swi6p 
localization; implicated in the expression of cell wall biosynthetic genes; UFP-
specific transcription factor mRNA processing involved in endoplasmic 
reticulum unfolded protein respons; positive regulation of transcription, 
DNA-dependent; meiosis 

Viable 

EXG1 YLR300W 

Major exo-1,3-beta-glucanase of the cell wall, involved in cell wall beta-glucan 
assembly; exists as three differentially glycosylated isoenzymes; fungal-type cell 
wall organization; cellular glucan metabolic process; transcriptional regulated 
by PBS2 and HOG1 

Viable 

MID2 YLR332W 

Mating process protein; O-glycosylated plasma membrane protein that acts as 
a sensor for cell wall integrity signaling and activates the pathway under acidic 
conditions leading to transcription of Rlm1-dependent genes; interacts with 
Rom2p, a guanine nucleotide exchange factor for Rho1p, and with cell 
integrity pathway protein Zeo1p; cell morphogenesis involved in conjugation; 
cell wall organization; peroxisome degradation; response to acid and to 
osmotic stress; mediated a response to acidic pH that leads to activation of 
Rlm1; UFP-specific transcription factor mRNA processing involved in 
endoplasmic reticulum unfolded protein response; membrane-spanning 
sensors of the CWI signaling pathway; may trigger chitin synthase under stress 
conditions; major mediator of transcriptional response to chitin binding drugs 
(Congo red); involved in the maintenance of cellular integrity during the 
mating response; evenly distributed in the membrane, accumulating in the tip 
upon pheromone stimulus 

Viable 

FKS1 YLR342W 
Catalytic subunit of 1,3-beta-D-glucan synthase, functionally redundant with 
alternate catalytic subunit Gsc2p; binds to regulatory subunit Rho1p; involved 
in cell wall synthesis and maintenance; localizes to sites of cell wall remodeling 

Viable 

ROM2 YGR248W 

GDP/GTP exchange factor (GEF) for Rho1p and Rho2p; mutations are synthetically 
lethal with mutations in rom1, which also encodes a GEF involved in cell wall integrity 
pathway; recruited by plasma membrane CWI signaling sensors; catalizes the exchange 
of GDP to GTP in Rho1; phosphatidylinositol-4,5-bisphosphate binding; activation of 
Rho GTPase activity; establishment of cell polarity; intracellular signal transduction 
involved in cell surface receptor linked signaling; negative regulation of cAMP-mediated 
signaling; positive regulation of endocytosis; regulation of fungal-type cell wall 
organization; small GTPase mediated signal transduction; function downstream of Tor2 

Viable 

CNA1 YLR433C 

Calcineurin A; one isoform (the other is CMP2) of the catalytic subunit of 
calcineurin, a Ca++/calmodulin-regulated protein phosphatase which 
regulates Crz1p (a stress-response transcription factor), the other calcineurin 
subunit is CNB1; cell wall organization; cellular ion homeostasis; adaptation of 
signaling pathway by response to pheromone involved in conjugation with 
cellular fusion 

Viable 

MRE11 YER095W 

Subunit of a complex with Rad50p and Xrs2p (MRX complex) that functions 
in repair of DNA double-strand breaks and in telomere stability, exhibits 
nuclease activity that appears to be required for MRX function; widely 
conserved 

Viable 

MKS1 YNL076W 

Citrate synthase, catalyzes the condensation of acetyl coenzyme A and 
oxaloacetate to form citrate, peroxisomal isozyme involved in glyoxylate cycle; 
expression is controlled by Rtg1p and Rtg2p transcription factors; target gene 
of retrograde pathway; overexpressed when retrograde pathway is activated; 
glyoxylate cycle; glutamate biosynthetic process; citrate metabolic process 

Viable 

WSC2 YNL283C 

Partially redundant sensor-transducer of the stress-activated PKC1-MPK1 
signaling pathway involved in maintenance of cell wall integrity and recovery 
from heat shock; secretory pathway Wsc2p is required for the arrest of 
secretion response 

Viable 

SSK2 YNR031C 

MAP kinase kinase kinase (MAPKKK) of the osmosensory signaling pathway 
HOG1 mitogen-activated signaling pathway via two-component system; 
interacts with Ssk1p, leading to autophosphorylation and activation of Ssk2p 
which phosphorylates Pbs2p; also mediates actin cytoskeleton recovery from 
osmotic stress; actin cytoskeleton organization; response to osmotic stress 

Viable 

PKH2 YOL100W 

Serine/threonine protein kinase involved in sphingolipid-mediated signaling 
pathway that controls endocytosis; activates Ypk1p and Ykr2p, components of 
signaling cascade required for maintenance of cell wall integrity; redundant 
with Pkh1p 

Viable 

WSC3 YOL105C Partially redundant sensor-transducer of the stress-activated PKC1-MPK1 Viable 
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signaling pathway involved in maintenance of cell wall integrity; involved in 
the response to heat shock and other stressors; regulates 1,3-beta-glucan 
synthesis; peroxisome degradation; actin cytoskeleton organization; cell wall 
organization; response to heat; Rho protein signal transduction; CWI 
membrane-spanning mechanosensor with a cystein-rich domain; detects 
disturbances in the wall or stretching of the membrane and transfer this signal 
to the cytroplasmic regions to promote down-stream signaling 

SLG1 YOR008C 

Sensor-transducer of the stress-activated PKC1-MPK1 kinase pathway; 
involved in maintenance of cell wall integrity; required for mitophagy; 
involved in organization of the actin cytoskeleton; secretory pathway Wsc1p is 
required for the arrest of secretion response 

Viable 

VPS16 YPL045W 

Subunit of the vacuole fusion and protein sorting HOPS complex and the 
CORVET tethering complex; part of the Class C Vps complex essential for 
membrane docking and fusion at Golgi-to-endosome and endosome-to-
vacuole protein transport stages 

Viable 

RLM1 YPL089C 

Transcription factor of the MADS box family; component of the protein 
kinase C-mediated MAP kinase pathway involved in the maintenance of cell 
integrity; phosphorylated and activated by the MAP-kinase Slt2p; resistance to 
lethality of MKK1 overexpression; implicated  in regulating cell cycle 

Viable 

COX11 YPL132W 

Mitochondrial inner membrane protein required for delivery of copper to the 
Cox1p subunit of cytochrome c oxidase; association with mitochondrial 
ribosomes suggests that copper delivery may occur during translation of 
Cox1p 

Viable 

MKK2 YPL140C 
Mitogen-activated kinase kinase involved in protein kinase C signaling 
pathway that controls cell integrity; upon activation by Bck1p phosphorylates 
downstream target, Slt2p; functionally redundant with Mkk1p 

Viable 

RHO1 YPR165W 

GTP-binding protein of the rho subfamily of Ras-like proteins, involved in 
establishment of cell polarity; positive regulation of protein kinase C (Pkc1p) 
signaling cascade, binds and activate Pkc1; regulates/activates the cell wall 
synthesizing enzyme 1,3-beta-glucan synthase (Fks1p and Gsc2p) changing 
cell wall composition by facilitanting the production of the major cell wall 
component 1,3-beta-D-glucan; actin cytoskeleton organization; budding cell 
bud growth; positive regulation of endocytosis; regulation of cell size; 
regulation of exocyst localization; regulation of fungal-type cell wall 
organization; regulation of vacuole fusion, non-autophagic; regulation of 
protein localization; small GTPase mediated signal transduction; role in the 
coordination of multiple signals 

Inviable 

Metabolism of energy reserves (e.g. glycogen, trehalose) 

TPS1 YBR281C 
Synthase subunit of trehalose-6-phosphate synthase/phosphatase complex, which 
synthesizes the storage carbohydrate trehalose; also found in a monomeric form; 
expression is induced by the stress response and repressed by the Ras-cAMP pathway 

Viable 

KNH1 YML110C 
Protein with similarity to Kre9p, which is involved in cell wall beta 1,6-glucan synthesis; 
overproduction suppresses growth defects of a kre9 null mutant; required for propionic 
acid resistance 

Viable 

NTH1 YNL191W 
Neutral trehalase, degrades trehalose; required for thermotolerance and may mediate 
resistance to other cellular stresses; may be phosphorylated by Cdc28p 

Viable 

REG1 YOR197W 
Regulatory subunits of Gln7; implicated in the negative regulation of glucose 
repressible genes 

Viable 

TPS2 YDR074W 
Phosphatase subunit of the trehalose-6-phosphate synthase/phosphatase 
complex, which synthesizes the storage carbohydrate trehalose; expression is 
induced by stress conditions and repressed by the Ras-cAMP pathway 

Viable 

BMH2 YDR099W 

14-3-3 protein; suppressor of clathrin deficiency; positive regulation of Pho85; 
control entry in quiescence;  controls proteome at post-transcriptional level, 
binds proteins and DNA, involved in regulation of many processes including 
exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling; affect the expression of genes associated to carbon and nitrogen 
metabolism; inactivated by Bub1; interacts with TORC1 and PKA pathways to 
promote  the cytoplasmic retention of Msn2/Msn4 and Rim15 

Viable 

HKR1 YDR420W 

Mucin family member that functions as an osmosensor in the Sho1p-mediated 
HOG pathway with Msb2p; proposed to be a negative regulator of 
filamentous growth; mutant displays defects in beta-1,3 glucan synthesis and 
bud site selection; 1,3-beta-D-glucan biosynthetic process; cellular bud site 
selection; fungal-type cell wall organization; hyperosmotic response; 
osmosensory signaling pathway via Sho1 osmosensor 

Inviable? 

BMH1 YER177W 

14-3-3 protein, major isoform; controls proteome at post-transcriptional level, 
binds proteins and DNA, involved in regulation of many processes including 
exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling 

Viable 

GSY1 YFR015C Glycogen synthase with similarity to Gsy2p, the more highly expressed yeast Viable 
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homolog; expression induced by glucose limitation, nitrogen starvation, 
environmental stress, and entry into stationary phase 

SMI1 YGR229C 
Protein involved in the regulation of cell wall synthesis; proposed to be 
involved in coordinating cell cycle progression with cell wall integrity 

Viable 

VMA10 YKL041W 
Subunit G of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-
ATPase (V-ATPase), an electrogenic proton pump found throughout the 
endomembrane system; involved in vacuolar acidification 

Viable 

GSY2 YLR258W 

Glycogen synthase, similar to Gsy1p; expression induced by glucose limitation, 
nitrogen starvation, heat shock, and stationary phase; activity regulated by 
cAMP-dependent, Snf1p and Pho85p kinases as well as by the Gac1p-Glc7p 
phosphatase 

Viable 

EXG1 YLR300W 

Major exo-1,3-beta-glucanase of the cell wall, involved in cell wall beta-glucan 
assembly; exists as three differentially glycosylated isoenzymes; fungal-type cell 
wall organization; cellular glucan metabolic process; transcriptional regulated 
by PBS2 and HOG1 

Viable 

FKS1 YLR342W 
Catalytic subunit of 1,3-beta-D-glucan synthase, functionally redundant with 
alternate catalytic subunit Gsc2p; binds to regulatory subunit Rho1p; involved 
in cell wall synthesis and maintenance; localizes to sites of cell wall remodeling 

Viable 

ATH1 YPR026W Acid trehalase required for utilization of extracellular trehalose Viable 

GPH1 YNL076W 

Non-essential glycogen phosphorylase required for the mobilization of glycogen, activity 
is regulated by cyclic AMP-mediated phosphorylation, expression is regulated by stress-
response elements and by the HOG MAP kinase pathway; debranching and glycogen 
degradation; induced in early SP and under ethanol 

Viable 

GDB1 YPR184W 
Glycogen debranching enzyme containing glucanotranferase and alpha-1,6-
amyloglucosidase activities, required for glycogen degradation; phosphorylated 
in mitochondria; activity is inhibited by Igd1p 

Viable 

Lipid, fatty acid and isoprenoid metabolism 

TEL1 YBR136W 
Protein kinase primarily involved in telomere length regulation; contributes to 
cell cycle checkpoint control in response to DNA damage; functionally 
redundant with Mec1p; homolog of human ataxia telangiectasia (ATM) gene 

Viable 

TSC3 YGR037C 
Protein that stimulates the activity of serine palmitoyltransferase (Lcb1p, 
Lcb2p) several-fold; involved in sphingolipid biosynthesis 

Inviable 

FEN1 YLR025W 

Fatty acid elongase, involved in sphingolipid biosynthesis; acts on fatty acids of up to 24 
carbons in length; mutations have regulatory effects on 1,3-beta-glucan synthase, 
vacuolar ATPase, and the secretory pathway; involved in sphingolipid biosynthetic 
process, fatty acid elongation and vesicle-mediated transport 

Viable 

TSC13 YDR297W 

Enoyl reductase that catalyzes the last step in each cycle of very long chain 
fatty acid elongation, localizes to the ER, highly enriched in a structure 
marking nuclear-vacuolar junctions, coimmunoprecipitates with elongases 
Fen1p and Sur4p 

Viable 

GPD1 YCR010C 
NAD-dependent glycerol-3-phosphate dehydrogenase, key enzyme of glycerol synthesis, 
essential for growth under osmotic stress; expression regulated by high-osmolarity 
glycerol response pathway; homolog of Gpd2p 

Viable 

NAT1 YPL045W 

Subunits of N-terminal acetyltransferase NatA (Nat1p, Ard1p, Nat5p); N-terminally 
acetylates many proteins, which influences multiple processes such as the cell cycle, 
heat-shock resistance, mating, sporulation, and telomeric silencing; required for 
"viability" in stationary phase 

Viable 

SLC1 YBR026C 

Component of serine palmitoyltransferase, responsible along with Lcb2p for 
the first committed step in sphingolipid synthesis, which is the condensation 
of serine with palmitoyl-CoA to form 3-ketosphinganine; sphingolipid 
biosynthetic process 

Inviable 

GIS1 YDR178W 

JmjC domain-containing histone demethylase and transcription factor; involved in 
expression of genes during nutrient limitation; negatively regulates DPP1 and PHR1; 
activity is modulated by limited proteasome-mediated proteolysis; transcription factor of 
the general stress response pathway; regulates genes containing the post-diauxic shift 
element; involved in the induction of thermotolerance and starvation resistance by a 
Msn2/Msn4-independent mechanism; activated by Rim15; up-regulated in Sch9, Tor1 
and Ras2 deletion mutants; regulation of phospholipid biosynthetic process; positive 
regulation of transcription from RNA polymerase II promoter; negative regulation of 
transcription from RNA polymerase II promoter; maintenance of stationary phase in 
response to starvation; histone demethylation; chronological cell aging 

Viable 

SUR2 YHL003C 
Sphinganine C4-hydroxylase, catalyses the conversion of sphinganine to 
phytosphingosine in sphingolipid biosyntheis 

Viable 

ISC1 YCL008C 

Mitochondrial membrane localized inositol phosphosphingolipid phospholipase C 
(sphingomyelinase), hydrolyzes complex sphingolipids to produce ceramide; activated by 
phosphatidylserine, cardiolipin, and phosphatidylglycerol; mediates Na+ and Li+ 
halotolerance; down regulation of ceramide synthase activity by calcineurin; ceramide 
biosynthetic process,  response to salt stress, sphingolipid catabolic process; upregulator 
of Sit4 

Viable 

TSC11 YER093C 
Subunit of TORC2 (Tor2p-Lst8p-Avo1-Avo2-Tsc11p-Bit61p), a membrane-
associated complex that regulates actin cytoskeletal dynamics during polarized 
growth and cell wall integrity; involved in sphingolipid metabolism; contains a 

Inviable 
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RasGEFN domain 

HSP12 YML007W 
Plasma membrane protein involved in maintaining membrane organization in stress 
conditions; induced by heat shock, oxidative stress, osmostress, stationary phase, 
glucose depletion, oleate and alcohol; regulated by HOG and Ras-Pka pathways 

Viable 

FAB1 YFR019W 
Inositol kinase; vacuolar function and morphology;involved in the regulation 
of arginine biosynthesis by interacting with and preventing de degradation of 
the transcription factors Arg80 and Mcm1 

Viable 

ACB1 YDR072C 
Acyl-CoA-binding protein, transports newly synthesized acyl-CoA esters from 
fatty acid synthetase (Fas1p-Fas2p) to acyl-CoA-consuming processes; subject 
to starvation-induced, Grh1p-mediated unconventional secretion 

Viable? 

ARD1 YNL216W 

Subunit of N-terminal acetyltransferase NatA (Nat1p, Ard1p, Nat5p); 
acetylates many proteins and thus affects telomeric silencing, cell cycle, heat-
shock resistance, mating, and sporulation; human Ard1p levels are elevated in 
cancer cells 

Viable 

TOR1 YDR256C 
PIK-related protein kinase and rapamycin target; subunit of TORC1, a complex that 
controls growth in response to nutrients by regulating translation, transcription, 
ribosome biogenesis, nutrient transport and autophagy; involved in meiosis 

Viable 

AUR1 YJL196C 
Phosphatidylinositol:ceramide phosphoinositol transferase (IPC synthase), 
required for sphingolipid synthesis; can mutate to confer aureobasidin A 
resistance 

Viable 

YPK1 YCL040W 

Ser/thr-specific protein kinase required for receptor-mediated endocytosis; role in cell 
wall maintenance and actin cytoskeleton dynamics, endocytosis and translation during 
nitrogen starvation and nutrient sensing; phosphorilated and activated by Pkh1; calcium 
induces phosphorilation in a Hog1-dependent way 

Viable 

TOR2 YKL203C 

Polarization of cell growth and actin cytoskeletal organization; Slm2 (PI4,5P2)-
dependent protein; maintains proper actin cytoskeletal organization and cell 
wall integrity; activates Slm1 and Slm2, downregulating the expression of 
genes related to the oxidative stress response; insensitive to rapamycin; 
involved in cell cycle progression and nutrientreceptor endocytosis; compose 
TORC2 together with Avo1/2/3, Bit61, Lst8, Slm1 and Tsc1; interacts with 
Ypk2 to regulate actin polarization; act upstresm of Rho1/Pkc1 CWI pathway; 
control the activity of ceramide synthase; highly expressed in Q cells 

Inviable 

FPS1 YLL043W 
Protein that interacts with glycerol 3-phosphatase and plays a role in anaerobic 
glycerol production; codes for an inhibitor of Rhr2; localizes to the nucleus 
and cytosol; down-regulated in Sch9 deletion mutants  

Viable 

VPS34 YLR240W 

Phosphatidylinositol 3-kinase responsible for the synthesis of 
phosphatidylinositol 3-phosphate; forms membrane-associated signal 
transduction complex with Vps15p to regulate protein sorting; activated by the 
GTP-bound form of Gpa1p 

Viable 

VAC14 YLR386W 

Protein involved in regulated synthesis of PtdIns(3,5)P(2), in control of 
trafficking of some proteins to the vacuole lumen via the MVB, and in 
maintenance of vacuole size and acidity; interacts with Fig4p; activator of 
Fab1p 

Viable 

CYB5 YGR206W 
Cytochrome b5, involved in the sterol and lipid biosynthesis pathways; acts as an 
electron donor to support sterol C5-6 desaturation 

Viable 

NMA111 YNL305C 

Subunit of chromosomal passenger complex (CPC; Ipl1p-Sli15p-Bir1p-
Nbl1p), which regulates chromosome segregation; Putative target for 
Nma111; degradated by Nma111; interacts with Tca1; required for 
chromosome bi-orientation and for spindle assembly checkpoint activation 
upon reduced sister kinetochore tension; spindle checkpoint; sister chromatid 
biorientation; mitotic spindle elongation; chromosome segregation; apoptosis. 

Inviable 

FAA1 YHL020C 

Long chain fatty acyl-CoA synthetase, activates imported fatty acids with a 
preference for C12:0-C16:0 chain lengths; functions in long chain fatty acid 
import; accounts for most acyl-CoA synthetase activity; localized to lipid 
particles 

Viable 

TCO89 YPL180W 

Subunit of TORC1 (Tor1p or Tor2p-Kog1p-Lst8p-Tco89p), a complex that 
regulates growth in response to nutrient availability; cooperates with Ssd1p in 
the maintenance of cellular integrity; deletion strains are hypersensitive to 
rapamycin 

Viable 

Transmembrane signal transduction 

RGD1 YPR006C 

GTPase-activating protein (RhoGAP) for Rho3p and Rho4p, possibly involved in 
control of actin cytoskeleton organization; phosphatidylinositol-3,5-bisphosphate, 
phosphatidylinositol-3-phosphate, phosphatidylinositol-4,5-bisphosphate, 
phosphatidylinositol-4-phosphate and phosphatidylinositol-5-phosphate binding; 
osmosensory signaling pathway; response to acid/ role in the tolerance to acidic 
conditions; expression under acidic conditions depends on Hog1; may influence CWI 
pathway 

Viable 

STE50 YBL099W 

Osmotolerance; Protein involved in mating response, invasive/filamentous growth, and 
osmotolerance, acts as an adaptor that links G protein-associated Cdc42p-Ste20p 
complex to the effector Ste11p to modulate signal transduction; cellular response to 
heat; cellular response to heat; osmosensory signaling pathway via Sho1 osmosensor; 

Viable 
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pheromone-dependent signal transduction involved in conjugation with cellular fusion; 
signal transduction involved in filamentous growth; higly expressed in Q cells 

PTP3 YER075C 

Negative regulator og HOG pathway; Phosphotyrosine-specific protein 
phosphatase involved in the inactivation of mitogen-activated protein kinase 
(MAPK) during osmolarity sensing; dephosporylates Hog1p MAPK and 
regulates its localization; localized to the cytoplasm; higly expressed in Q cells; 
act on Slt2 and Hog1; activity prevent lethal hyperactivation of Hog1 under 
heat stress 

Viable 

SHO1 YLL043W 

Osmotic stress sensor; Transmembrane osmosensor involved in activation of the 
Cdc42p- and MAP kinase-dependent filamentous growth pathway and the high-
osmolarity glycerol response pathway; Protein involved in the activation of HOG1 high-
osmolarity signal transduction pathway;  phosphorylated by Hog1p; interacts with 
Pbs2p, Msb2p, Hkr1p, and Ste11p; activates Ste20 in response to osmotic stress via 
Cdc42 GTPase 

Viable 

STE20 YHL007C 

Cdc42p-activated signal transducing kinase of the PAK (p21-activated kinase) 
family; involved in pheromone response, pseudohyphal/invasive growth, 
vacuole inheritance, down-regulation of sterol uptake; GBB motif binds Ste4p; 
stimulates Ste11; GTP-binding protein of RAS superfamily; Ser/thr protein 
kinase of the pheromone pathway; pseudohyphal growth under Nitrogen 
starvation; higly expressed in NQ cells 

Viable 

PBS2 YJL128C 

MAP kinase kinase (MAPKK) of the HOG signaling pathway; Tyrosine 
protein kinase of the MAP kinase kinase family; osmosensory signaling 
pathway; activated by Ssk2; phosphorilates Hog1; activated under severe 
osmotic stress; mitophagy-specific regulator; plays a role in regulating Ty1 
transposition; actin filament organization; activation of MAPK activity 
involved in osmosensory signaling pathway; cellular response to heat; 
hyperosmotic response; MAPK import into nucleus involved in osmosensory 
signaling pathway 

Viable 

CDC42 YLR229C 
Small rho-like GTPase, essential for establishment and maintenance of cell 
polarity; mutants have defects in the organization of actin and septins 

Inviable? 

STE11 YLR362W 

MAPKKK; Signal transducing Ser/thr protein kinase of the MEKK family;  
involved in pheromone response and pseudohyphal/invasive growth pathways 
where it phosphorylates Ste7p, and the high osmolarity response pathway, via 
phosphorylation of Pbs2p (activation); regulated by Ste20p and Ste50p for the 
phosphorylation of Hog1; no phosphorilation under alkaline conditions; 
activation of MAPKK activity; cellular response to heat; invasive growth in 
response to glucose limitation; MAPKKK cascade involved in cell wall 
biogenesis; MAPKKK cascade involved in osmosensory signaling pathway; 
osmosensory signaling pathway via Sho1 osmosensor; pheromone-dependent 
signal transduction involved in conjugation with cellular fusion; pseudohyphal 
growth; signal transduction involved in filamentous growth  

Viable 

SSK2 YNR031C 

MAP kinase kinase kinase (MAPKKK) of the osmosensory signaling pathway 
HOG1 mitogen-activated signaling pathway via two-component system; 
interacts with Ssk1p, leading to autophosphorylation and activation of Ssk2p 
which phosphorylates Pbs2p; also mediates actin cytoskeleton recovery from 
osmotic stress; actin cytoskeleton organization; response to osmotic stress 

Viable 

PTP2 YOR208W 

Phosphotyrosine-specific protein phosphatase involved in the inactivation of 
mitogen-activated protein kinase (MAPK) during osmolarity sensing; 
dephosporylates Hog1p MAPK and regulates its localization; localized to the 
nucleus; inactivation of MAPK activity involved in cell wall biogenesis; 
inactivation of MAPK activity involved in osmosensory signaling pathway; 
regulation of protein localization; protein dephosphorylation; regulation of 
sporulation; act on Slt2 and Hog1; activity prevent lethal hyperactivation of 
Hog1 under heat stress 

Viable 

Electron transport and membrane-associated energy conservation 

COR1 YBL045C 

NADH:ubiquinone oxidoreductase, transfers electrons from NADH to 
ubiquinone in the respiratory chain but does not pump protons, in contrast to 
the higher eukaryotic multisubunit respiratory complex I; phosphorylated; 
homolog of human AMID; chronological cell aging; mitochondrial electron 
transport, NADH to ubiquinone; NADH oxidation; positive regulation of 
apoptosis  

Viable 

ATP1 YBL099W 
Gamma subunit of the F1 sector of mitochondrial F1F0 ATP synthase, which 
is a large, evolutionarily conserved enzyme complex required for ATP 
synthesis; more expressed in SP 

Viable 

ATP3 YBR039W 

Iron-sulfur protein subunit of succinate dehydrogenase (Sdh1p, Sdh2p, Sdh3p, 
Sdh4p), which couples the oxidation of succinate to the transfer of electrons 
to ubiquinone as part of the TCA cycle and the mitochondrial respiratory 
chain;  mitochondrial electron transport, succinate to ubiquinone; tricarboxylic 
acid cycle; cellular respiration; more expressed in SP 

Viable 
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COX9 YDL067C 
Subunit VIIa of cytochrome c oxidase, which is the terminal member of the 
mitochondrial inner membrane electron transport chain 

Viable 

SDH4 YDR178W 

Membrane anchor subunit of succinate dehydrogenase (Sdh1p, Sdh2p, Sdh3p, 
Sdh4p), which couples the oxidation of succinate to the transfer of electrons 
to ubiquinone as part of the TCA cycle and the mitochondrial respiratory 
chain 

Viable 

QCR7 YFR019W 

Subunit 7 of the ubiquinol cytochrome-c reductase complex, which is a component of 
the mitochondrial inner membrane electron transport chain; oriented facing the 
mitochondrial matrix; N-terminus appears to play a role in complex III assembly; more 
expressed in SP 

Viable 

RIP1 YDR173C 
Ubiquinol-cytochrome-c reductase, a Rieske iron-sulfur protein of the mitochondrial 
cytochrome bc1 complex; transfers electrons from ubiquinol to cytochrome c1 during 
respiration; more expressed inSP 

Viable 

CYC7 YJR048W 

Cytochrome c isoform 2, expressed under hypoxic conditions; electron carrier 
of the mitochondrial intermembrane space that transfers electrons from 
ubiquinone-cytochrome c oxidoreductase to cytochrome c oxidase during 
cellular respiration 

Viable 

ATP2 YGL252C 
Beta-subunit of the F1-portion of mitochondrial F1F0 ATP synthase;  conserved 
enzyme complex required for ATP synthesis; phosphorylated; more expressed in SP 

Viable 

SDH2 ACN17 

Membrane anchor subunit of succinate dehydrogenase (Sdh1p, Sdh2p, Sdh3p, 
Sdh4p), which couples the oxidation of succinate to the transfer of electrons 
to ubiquinone as part of the TCA cycle and the mitochondrial respiratory 
chain; mitochondrial electron transport, succinate to ubiquinone; tricarboxylic 
acid cycle; cellular respiration; more expressed in SP 

Viable 

COX12 YLR038C 

Subunit VIb of cytochrome c oxidase, which is the terminal member of the 
mitochondrial inner membrane electron transport chain; required for assembly 
of cytochrome c oxidase but not required for activity after assembly; 
phosphorylated 

Viable 

NDI1 YML120C 
Alcohol dehydrogenases; involved in ethanol biosynthetic process involved in 
glucose fermentation to ethanol, NADH oxidation, amino acid catabolic 
process to alcohol via Ehrlich pathway 

Viable 

COX7 YMR256C 
Subunit VII of cytochrome c oxidase, which is the terminal member of the 
mitochondrial inner membrane electron transport chain 

Viable 

Cell growth and morphogenesis 

REG2 YDR028C 
Regulatory subunit of the Glc7p type-1 protein phosphatase; involved with 
Reg1p, Glc7p, and Snf1p in regulation of glucose-repressible genes, also 
involved in glucose-induced proteolysis of maltose permease 

Viable 

CDC28 YLR319C 
Catalytic subunit of the main cell cycle cyclin-dependent kinase (CDK); 
alternately associates with G1 cyclins (CLNs) and G2/M cyclins (CLBs) which 
direct the CDK to specific substrates 

Inviable 

STE50 YBL099W 

Osmotolerance; Protein involved in mating response, invasive/filamentous growth, and 
osmotolerance, acts as an adaptor that links G protein-associated Cdc42p-Ste20p 
complex to the effector Ste11p to modulate signal transduction; cellular response to 
heat; cellular response to heat; osmosensory signaling pathway via Sho1 osmosensor; 
pheromone-dependent signal transduction involved in conjugation with cellular fusion; 
signal transduction involved in filamentous growth; higly expressed in Q cells 

Viable 

FEN1 YLR025W 

Fatty acid elongase, involved in sphingolipid biosynthesis; acts on fatty acids of up to 24 
carbons in length; mutations have regulatory effects on 1,3-beta-glucan synthase, 
vacuolar ATPase, and the secretory pathway; involved in sphingolipid biosynthetic 
process, fatty acid elongation and vesicle-mediated transport 

Viable 

PPH21 YDL134C 

Catalytic subunit of protein phosphatase 2A (PP2A), functionally redundant 
with Pph22p; methylated at C terminus; forms alternate complexes with 
several regulatory subunits; involved in signal transduction and regulation of 
mitosis 

Viable 

HBT1 YOR270C 

Substrate of the Hub1p ubiquitin-like protein that localizes to the shmoo tip (mating 
projection); mutants are defective for mating projection formation, thereby implicating 
Hbt1p in polarized cell morphogenesis; cell morphogenesis involved in conjugation with 
cellular fusi; more expressed in SP 

Viable 

REG1 YOR197W 
Regulatory subunits of Gln7; implicated in the negative regulation of glucose 
repressible genes 

Viable 

BMH2 YDR099W 

14-3-3 protein; suppressor of clathrin deficiency; positive regulation of Pho85; 
control entry in quiescence;  controls proteome at post-transcriptional level, 
binds proteins and DNA, involved in regulation of many processes including 
exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling; affect the expression of genes associated to carbon and nitrogen 
metabolism; inactivated by Bub1; interacts with TORC1 and PKA pathways to 
promote  the cytoplasmic retention of Msn2/Msn4 and Rim15 

Viable 

PAM1 YDR251W 
Essential protein of unknown function; exhibits variable expression during 
colony morphogenesis; overexpression permits survival without protein 
phosphatase 2A, inhibits growth, and induces a filamentous phenotype 

Viable 
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BMH1 YER177W 

14-3-3 protein, major isoform; controls proteome at post-transcriptional level, 
binds proteins and DNA, involved in regulation of many processes including 
exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling 

Viable 

ACT1 YIL125W 
Actin, structural protein involved in cell polarization, endocytosis, and other 
cytoskeletal functions  

Inviable 

CMK1 YFR014C 
Calmodulin-dependent protein kinase; may play a role in stress response, many 
CA++/calmodulan dependent phosphorylation substrates demonstrated in 
vitro, amino acid sequence similar to Cmk2p and mammalian Cam Kinase II 

Viable 

MSB2 YGR014W 

Mucin family member involved in the Cdc42p- and MAP kinase-dependent 
filamentous growth signaling pathway; also functions as an osmosensor in 
parallel to the Sho1p-mediated pathway; potential Cdc28p substrate; 
establishment of cell polarity; hyperosmotic response; osmosensory signaling 
pathway via Sho1 osmosenso; response to osmotic stress; signal transduction 
involved in filamentous growth 

Viable 

STE20 YHL007C 

Cdc42p-activated signal transducing kinase of the PAK (p21-activated kinase) 
family; involved in pheromone response, pseudohyphal/invasive growth, 
vacuole inheritance, down-regulation of sterol uptake; GBB motif binds Ste4p; 
stimulates Ste11; GTP-binding protein of RAS superfamily; Ser/thr protein 
kinase of the pheromone pathway; pseudohyphal growth under Nitrogen 
starvation; higly expressed in NQ cells 

Viable 

KIC1 YHR102W 

Protein kinase of the PAK/Ste20 family, required for cell integrity; physically 
interacts with Cdc31p (centrin), which is a component of the spindle pole 
body; part of the RAM network that regulates cellular polarity and 
morphogenesis 

Viable 

YCK1 YHR135C 

Palmitoylated plasma membrane-bound casein kinase I isoform; shares 
redundant functions with Yck2p in morphogenesis, proper septin assembly, 
endocytic trafficking; provides an essential function overlapping with that of 
Yck2p 

Viable 

Cell aging 

SIR2 YML094W 

Conserved NAD+ dependent histone deacetylase of the Sirtuin family 
involved in regulation of lifespan; plays roles in silencing at HML, HMR, 
telomeres, and the rDNA locus; negatively regulates initiation of DNA 
replication 

Viable 

FOB1 YJL124C 

Nucleolar protein that binds the rDNA replication fork barrier (RFB) site; 
required for replication fork blocking, recombinational hotspot activity, 
condensin recruitment to RFB and rDNA repeat segregation; related to 
retroviral integrases 

Viable 

PNC1 YFR015C 

Nicotinamidase that converts nicotinamide to nicotinic acid as part of the NAD(+) 
salvage pathway, required for life span extension by calorie restriction; required for 
chromatin silencing at telomere and rDNA; PNC1 expression responds to all known 
stimuli that extend replicative life span; more expressed in SP 

Viable 

LAG1 YKL008C 
Ceramide synthase component, involved in synthesis of ceramide from 
C26(acyl)-coenzyme A and dihydrosphingosine or phytosphingosine, 
functionally equivalent to Lac1p 

Viable 

ATP2 YGL252C 
Beta-subunit of the F1-portion of mitochondrial F1F0 ATP synthase;  conserved 
enzyme complex required for ATP synthesis; phosphorylated; more expressed in SP 

Viable 

LAC1 YJL134W 

Longevity-assurance protein; Ceramide synthase component, involved in 
synthesis of ceramide from C26(acyl)-coenzyme A and dihydrosphingosine or 
phytosphingosine, functionally equivalent to Lac1p; involved in ceramide 
biosynthetic process and replicative cell aging 

Viable 

RAD27 YER070W 
5' to 3' exonuclease, 5' flap endonuclease, required for Okazaki fragment 
processing and maturation as well as for long-patch base-excision repair; 
member of the S. pombe RAD2/FEN1 family 

Viable 

ZDS1 YJL187C 

Protein with a role in regulating Swe1p-dependent polarized growth; interacts 
with silencing proteins at the telomere; has a role in Bcy1p localization; 
implicated in mRNA nuclear export; involved in mitotic exit through Cdc14p 
regulation 

Viable 

RAS2 YBR039W 

GTPase; related with cAMP/PKA pathway; participates in the control of growth and 
metabolism in response to nutrients; represses stress resistance; acts upstream of PKA; 
acts upstream of Cyr1 by down-regulating the activity of PKA; inhibit Rim15 kinase 
repression by glucose reducing signalling through oxidative stress depense pathway 
(SODs, etc) induced by Rim15; lead to glucose-induced pHi decrease, and activation of 
Cyr1 

Viable 

Bud / gowth tip 

PPH21 YDL134C 

Catalytic subunit of protein phosphatase 2A (PP2A), functionally redundant 
with Pph22p; methylated at C terminus; forms alternate complexes with 
several regulatory subunits; involved in signal transduction and regulation of 
mitosis 

Viable 
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BEM2 YER155C 
Rho GTPase activating protein (RhoGAP) involved in the control of 
cytoskeleton organization and cellular morphogenesis; required for bud 
emergence 

Viable 

ACT1 YIL125W 
Actin, structural protein involved in cell polarization, endocytosis, and other 
cytoskeletal functions  

Inviable 

ROM1 YGR070W 
GDP/GTP exchange protein (GEP) for Rho1p; mutations are synthetically 
lethal with mutations in rom2, which also encodes a GEP 

Viable 

CDC42 YLR229C 
Small rho-like GTPase, essential for establishment and maintenance of cell 
polarity; mutants have defects in the organization of actin and septins 

Inviable? 

ROM2 YGR248W 

GDP/GTP exchange factor (GEF) for Rho1p and Rho2p; mutations are synthetically 
lethal with mutations in rom1, which also encodes a GEF involved in cell wall integrity 
pathway; recruited by plasma membrane CWI signaling sensors; catalizes the exchange 
of GDP to GTP in Rho1; phosphatidylinositol-4,5-bisphosphate binding; activation of 
Rho GTPase activity; establishment of cell polarity; intracellular signal transduction 
involved in cell surface receptor linked signaling; negative regulation of cAMP-mediated 
signaling; positive regulation of endocytosis; regulation of fungal-type cell wall 
organization; small GTPase mediated signal transduction; function downstream of Tor2 

Viable 

MYO2 YOR358W 
Protein involved in regulation of the mitochondrial F1F0-ATP synthase; Stf1p 
and Stf2p may act as stabilizing factors that enhance inhibitory action of the 
Inh1p protein; up-regulated by ethanol 

Viable 

RHO1 YPR165W 

GTP-binding protein of the rho subfamily of Ras-like proteins, involved in 
establishment of cell polarity; positive regulation of protein kinase C (Pkc1p) 
signaling cascade, binds and activate Pkc1; regulates/activates the cell wall 
synthesizing enzyme 1,3-beta-glucan synthase (Fks1p and Gsc2p) changing 
cell wall composition by facilitanting the production of the major cell wall 
component 1,3-beta-D-glucan; actin cytoskeleton organization; budding cell 
bud growth; positive regulation of endocytosis; regulation of cell size; 
regulation of exocyst localization; regulation of fungal-type cell wall 
organization; regulation of vacuole fusion, non-autophagic; regulation of 
protein localization; small GTPase mediated signal transduction; role in the 
coordination of multiple signals 

Inviable 

Cellular signalling 

RGD1 YPR006C 

GTPase-activating protein (RhoGAP) for Rho3p and Rho4p, possibly involved in 
control of actin cytoskeleton organization; phosphatidylinositol-3,5-bisphosphate, 
phosphatidylinositol-3-phosphate, phosphatidylinositol-4,5-bisphosphate, 
phosphatidylinositol-4-phosphate and phosphatidylinositol-5-phosphate binding; 
osmosensory signaling pathway; response to acid/ role in the tolerance to acidic 
conditions; expression under acidic conditions depends on Hog1; may influence CWI 
pathway 

Viable 

BMH2 YDR099W 

14-3-3 protein; suppressor of clathrin deficiency; positive regulation of Pho85; 
control entry in quiescence;  controls proteome at post-transcriptional level, 
binds proteins and DNA, involved in regulation of many processes including 
exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling; affect the expression of genes associated to carbon and nitrogen 
metabolism; inactivated by Bub1; interacts with TORC1 and PKA pathways to 
promote  the cytoplasmic retention of Msn2/Msn4 and Rim15 

Viable 

BMH1 YER177W 

14-3-3 protein, major isoform; controls proteome at post-transcriptional level, 
binds proteins and DNA, involved in regulation of many processes including 
exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling 

Viable 

RTG2 YGL252C 
Sensor of mitochondrial dysfunction; regulates the subcellular location of 
Rtg1p and Rtg3p, transcriptional activators of the retrograde (RTG) and TOR 
pathways; Rtg2p is inhibited by the phosphorylated form of Mks1p 

Viable 

SKN7 YLR240W 

Nuclear response regulator and transcription factor; physically interacts with the Tup1-
Cyc8 complex and recruits Tup1p to its targets; part of a branched two-component 
signaling system; required for optimal induction of heat-shock genes in response to 
oxidative stress; involved in osmoregulation; response to singlet oxygen; response to 
osmotic stress; response to oxidative stress; regulation of cell size; regulation of 
transcription from RNA polymerase II promoter in response to oxidative stress; Sln1 
activition in response to hypo-osmotic stress, stimulates Skn7 resulting in the activation 
of OCH1; interacts gentically and physically with Rho1 

Viable 

SOK2 YMR016C 

Nuclear protein that plays a regulatory role in the cyclic AMP (cAMP)-
dependent protein kinase (PKA) signal transduction pathway; negatively 
regulates pseudohyphal differentiation; homologous to several transcription 
factors 

Viable 

TAP42 YMR028W 

Essential protein involved in the TOR signaling pathway; physically associates 
with the protein phosphatase 2A and the SIT4 protein phosphatase catalytic 
subunits; regulator subunit of Sit4; direct target of Tor phosphorilation; major 
branch of TORC1 signaling that is responsible for repression stress regulated 
(STRE), nitrogen catabolite repressed (NCR) and retrograde signaling (RTG) 
genes, and for the crosstalk between TORC1 and general amino acid control 

Inviable 
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(GAAC) response  

TIP41 YPR040W 
Protein that interacts physically and genetically with Tap42p, which regulates 
protein phosphatase 2A; component of the TOR (target of rapamycin) 
signaling pathway 

Viable 

Protein targeting, sorting and translocation 

SSA3 YBL075C 

ATPase involved in protein folding and the response to stress; plays a role in 
SRP-dependent cotranslational protein-membrane targeting and translocation; 
member of the heat shock protein 70 (HSP70) family; localized to the 
cytoplasm 

Viable 

VPS15 YBR097W 

Myristoylated serine/threonine protein kinase involved in vacuolar protein 
sorting; functions as a membrane-associated complex with Vps34p; active 
form recruits Vps34p to the Golgi membrane; interacts with the GDP-bound 
form of Gpa1p 

Viable 

STP22 YCL008C 

Component of the ESCRT-I complex, which is involved in ubiquitin-
dependent sorting of proteins into the endosome; homologous to the mouse 
and human Tsg101 tumor susceptibility gene; mutants exhibit a Class E Vps 
phenotype 

Viable 

ATG20 YPR049C 

Sorting nexin family member required for the cytoplasm-to-vacuole targeting 
(Cvt) pathway and for endosomal sorting; has a Phox homology domain that 
binds phosphatidylinositol-3-phosphate; interacts with Snx4p; potential 
Cdc28p substrate 

Viable 

HSP78 YDR258C 
Oligomeric mitochondrial matrix chaperone that cooperates with Ssc1p in 
mitochondrial thermotolerance after heat shock; able to prevent the 
aggregation of misfolded proteins as well as resolubilize protein aggregates 

Viable 

SSA4 YER103W 

Heat shock protein that is highly induced upon stress; plays a role in SRP-
dependent cotranslational protein-membrane targeting and translocation; 
member of the HSP70 family; cytoplasmic protein that concentrates in nuclei 
upon starvation 

Viable 

ACT1 YIL125W 
Actin, structural protein involved in cell polarization, endocytosis, and other 
cytoskeletal functions  

Inviable 

FAB1 YFR019W 
Inositol kinase; vacuolar function and morphology;involved in the regulation 
of arginine biosynthesis by interacting with and preventing de degradation of 
the transcription factors Arg80 and Mcm1 

Viable 

PEX14 YGR077C 

Peroxisomal membrane peroxin that is a central component of the 
peroxisomal protein import machinery; interacts with both PTS1 (Pex5p) and 
PTS2 (Pex7p), peroxisomal matrix protein signal recognition factors and 
membrane receptor Pex13p 

Viable 

PEX8 YMR174C 
Intraperoxisomal organizer of the peroxisomal import machinery, tightly 
associated with the lumenal face of the peroxisomal membrane, essential for 
peroxisome biogenesis, binds PTS1-signal receptor Pex5p 

Viable 

LAG1 YKL008C 
Ceramide synthase component, involved in synthesis of ceramide from 
C26(acyl)-coenzyme A and dihydrosphingosine or phytosphingosine, 
functionally equivalent to Lac1p 

Viable 

VPS29 YHR012W 

Endosomal protein that is a subunit of the membrane-associated retromer 
complex essential for endosome-to-Golgi retrograde transport; forms a 
subcomplex with Vps35p and Vps26p that selects cargo proteins for 
endosome-to-Golgi retrieval 

Viable 

VPS25 YJR102C 
Component of the ESCRT-II complex, which is involved in ubiquitin-
dependent sorting of proteins into the endosome 

Viable 

DID4 YKL002W 

Class E Vps protein of the ESCRT-III complex, required for sorting of 
integral membrane proteins into lumenal vesicles of multivesicular bodies, and 
for delivery of newly synthesized vacuolar enzymes to the vacuole, involved in 
endocytosis 

Viable 

VPS24 YKL041W 

One of four subunits of the endosomal sorting complex required for transport 
III (ESCRT-III); forms an ESCRT-III subcomplex with Did4p; involved in 
the sorting of transmembrane proteins into the multivesicular body (MVB) 
pathway 

Viable 

SNF7 YLR025W 

One of four subunits of the endosomal sorting complex required for transport 
III (ESCRT-III); involved in the sorting of transmembrane proteins into the 
multivesicular body (MVB) pathway; recruited from the cytoplasm to 
endosomal membranes 

Viable 

Respiration 

ATP1 YBL099W 
Gamma subunit of the F1 sector of mitochondrial F1F0 ATP synthase, which 
is a large, evolutionarily conserved enzyme complex required for ATP 
synthesis; more expressed in SP 

Viable 

ATP3 YBR039W 
Iron-sulfur protein subunit of succinate dehydrogenase (Sdh1p, Sdh2p, Sdh3p, 
Sdh4p), which couples the oxidation of succinate to the transfer of electrons 
to ubiquinone as part of the TCA cycle and the mitochondrial respiratory 

Viable 
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chain;  mitochondrial electron transport, succinate to ubiquinone; tricarboxylic 
acid cycle; cellular respiration; more expressed in SP 

IMG1 YMR150C 
Mitochondrial inner membrane localized ATP-dependent DNA helicase, 
required for the maintenance of the mitochondrial genome; not required for 
mitochondrial transcription 

Viable 

CYC7 YJR048W 

Cytochrome c isoform 2, expressed under hypoxic conditions; electron carrier 
of the mitochondrial intermembrane space that transfers electrons from 
ubiquinone-cytochrome c oxidoreductase to cytochrome c oxidase during 
cellular respiration 

Viable 

STF2 YOR326W 

Component of the mitochondrial alpha-ketoglutarate dehydrogenase complex, 
which catalyzes a key step in the tricarboxylic acid (TCA) cycle, the oxidative 
decarboxylation of alpha-ketoglutarate to form succinyl-CoA; more expressed 
in SP 

Viable 

COX18 YGR062C 

Mitochondrial integral inner membrane protein required for membrane 
insertion of C-terminus of Cox2p; interacts genetically and physically with 
Mss2p and Pnt1p; similar to S. cerevisiae Oxa1, N. crassa Oxa2p, and E. coli 
YidC 

Viable 

CYC1 YDR265W 
Cytochrome c, isoform 1; electron carrier of the mitochondrial intermembrane 
space that transfers electrons from ubiquinone-cytochrome c oxidoreductase 
to cytochrome c oxidase during cellular respiration 

Viable 

ATP2 YGL252C 
Beta-subunit of the F1-portion of mitochondrial F1F0 ATP synthase;  conserved 
enzyme complex required for ATP synthesis; phosphorylated; more expressed in SP 

Viable 

COX17 YLL009C 
Copper metallochaperone that transfers copper to Sco1p and Cox11p for 
eventual delivery to cytochrome c oxidase; contains twin cysteine-x9-cysteine 
motifs 

Viable 

PGA3 YBL049W 

Putative cytochrome b5 reductase, localized to the plasma membrane; may be 
involved in regulation of lifespan, increasing CLS and RLS by promoting 
respiration, shifting fermentative to respiratory through the modulation of 
NAD+/NADH ratio; required for maturation of Gas1p and Pho8p, proposed 
to be involved in protein trafficking; increased expression and activity under 
low glucose concentration 

Inviable 

COQ10 YOL008W 
Coenzyme Q (ubiquinone) binding protein, functions in the delivery of Q6 to 
its proper location for electron transport during respiration; START domain 
protein with homologs in bacteria and eukaryotes  

Viable 

Protein binding 

HSP26 YMR056C 
Small heat shock protein (sHSP) with chaperone activity; forms hollow, sphere-shaped 
oligomers that suppress unfolded proteins aggregation; oligomer activation requires 
heat-induced conformational change; also has mRNA binding activity 

Viable 

UMP1 YBR173C 
Short-lived chaperone required for correct maturation of the 20S proteasome; 
may inhibit premature dimerization of proteasome half-mers; degraded by 
proteasome upon completion of its assembly 

Viable 

STP22 YCL008C 

Component of the ESCRT-I complex, which is involved in ubiquitin-
dependent sorting of proteins into the endosome; homologous to the mouse 
and human Tsg101 tumor susceptibility gene; mutants exhibit a Class E Vps 
phenotype 

Viable 

RAD18 YMR224C 
E3 ubiqutin ligase, forms heterodimer with Rad6p to monoubiquitinate 
PCNA-K164; heterodimer binds single-stranded DNA and has single-stranded 
DNA dependent ATPase activity; required for postreplication repair 

Viable 

SIR2 YML094W 

Conserved NAD+ dependent histone deacetylase of the Sirtuin family 
involved in regulation of lifespan; plays roles in silencing at HML, HMR, 
telomeres, and the rDNA locus; negatively regulates initiation of DNA 
replication 

Viable 

GCS1 YDL226C 
ADP-ribosylation factor GTPase activating protein (ARF GAP), involved in 
ER-Golgi transport; shares functional similarity with Glo3p 

Viable 

YPD1 YDL235C 

Phosphorelay intermediate protein, phosphorylated by the plasma membrane 
sensor Sln1p in response to osmotic stress and then in turn phosphorylates 
the response regulators Ssk1p in the cytosol and Skn7p in the nucleus; 
osmosensory signaling pathway via two-component system 

Inviable 

BMH2 YDR099W 

14-3-3 protein; suppressor of clathrin deficiency; positive regulation of Pho85; 
control entry in quiescence;  controls proteome at post-transcriptional level, 
binds proteins and DNA, involved in regulation of many processes including 
exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling; affect the expression of genes associated to carbon and nitrogen 
metabolism; inactivated by Bub1; interacts with TORC1 and PKA pathways to 
promote  the cytoplasmic retention of Msn2/Msn4 and Rim15 

Viable 

HSP42 YDR171W 
Small heat shock protein (sHSP) with chaperone activity; forms barrel-shaped 
oligomers that suppress unfolded protein aggregation; involved in 
cytoskeleton reorganization after heat shock 

Viable 



 

 187 

HSP78 YDR258C 
Oligomeric mitochondrial matrix chaperone that cooperates with Ssc1p in 
mitochondrial thermotolerance after heat shock; able to prevent the 
aggregation of misfolded proteins as well as resolubilize protein aggregates 

Viable 

PEX10 YGR133W 

Peroxisomal membrane E3 ubiquitin ligase, required for for Ubc4p-dependent 
Pex5p ubiquitination and peroxisomal matrix protein import; contains zinc-
binding RING domain; mutations in human homolog cause various 
peroxisomal disorders 

Viable 

GIM4 YER016W 
Subunit of the heterohexameric cochaperone prefoldin complex which binds 
specifically to cytosolic chaperonin and transfers target proteins to it 

Viable 

TSC11 YER093C 

Subunit of TORC2 (Tor2p-Lst8p-Avo1-Avo2-Tsc11p-Bit61p), a membrane-
associated complex that regulates actin cytoskeletal dynamics during polarized 
growth and cell wall integrity; involved in sphingolipid metabolism; contains a 
RasGEFN domain 

Inviable 

SSA4 YER103W 

Heat shock protein that is highly induced upon stress; plays a role in SRP-
dependent cotranslational protein-membrane targeting and translocation; 
member of the HSP70 family; cytoplasmic protein that concentrates in nuclei 
upon starvation 

Viable 

BMH1 YER177W 

14-3-3 protein, major isoform; controls proteome at post-transcriptional level, 
binds proteins and DNA, involved in regulation of many processes including 
exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling 

Viable 

CDC4 YFL009W 
F-box protein required for G1/S and G2/M transition, associates with Skp1p 
and Cdc53p to form a complex, SCFCdc4, which acts as ubiquitin-protein 
ligase directing ubiquitination of the phosphorylated CDK inhibitor Sic1p 

Viable 

PEX14 YGR077C 

Peroxisomal membrane peroxin that is a central component of the 
peroxisomal protein import machinery; interacts with both PTS1 (Pex5p) and 
PTS2 (Pex7p), peroxisomal matrix protein signal recognition factors and 
membrane receptor Pex13p 

Viable 

PEX4 YKL197C 
Peroxisomal ubiquitin conjugating enzyme required for peroxisomal matrix 
protein import and peroxisome biogenesis 

Viable 

BUB1 YOR069W 

Protein kinase involved in the cell cycle checkpoint into anaphase; forms complex with 
Mad1p and Bub3p crucial to preventing cell cycle progression into anaphase in the 
presence of spindle damage; CDC28-mediated phosphorylation at Bub1p-T566 is 
important for its degradation in anaphase and adaptation of the checkpoint to prolonged 
mitotic arrest, but not to its kinase activity or chromosome segregation function; 
associates with centromere DNA via Skp1p 

Viable 

CDC23 YHR166C 
Subunit of the Anaphase-Promoting Complex/Cyclosome (APC/C), which is 
a ubiquitin-protein ligase required for degradation of anaphase inhibitors, 
including mitotic cyclins, during the metaphase/anaphase transition 

Viable 

KOG1 YHR186C 

Subunit of TORC1, a rapamycin-sensitive complex involved in growth control 
that contains Tor1p or Tor2p, Lst8p and Tco89p; contains four HEAT 
repeats and seven WD-40 repeats; may act as a scaffold protein to couple 
TOR and its effectors; actin polarization 

Inviable 

MET30 YIL046W 

F-box protein containing five copies of the WD40 motif, controls cell cycle 
function, sulfur metabolism, and methionine biosynthesis as part of the 
ubiquitin ligase complex; interacts with and regulates Met4p, localizes within 
the nucleus 

Viable 

SLN1 YIL147C 

Two-component signal transducer; Osmotic stress sensor; Protein involved in 
the activation of HOG1 high-osmolarity signal transduction pathway; 
Histidine kinase osmosensor that regulates a MAP kinase cascade; 
transmembrane protein with an intracellular kinase domain that signals to 
Ypd1p and Ssk1p, thereby forming a phosphorelay system similar to bacterial 
two-component regulators; inactivation leads to dephosphorylation of Ssk1; 
osmosensory signaling pathway via two-component system; negative 
regulation of protein kinase activity; involved in acetic acid response 

Inviable? 

PBS2 YJL128C 

MAP kinase kinase (MAPKK) of the HOG signaling pathway; Tyrosine 
protein kinase of the MAP kinase kinase family; osmosensory signaling 
pathway; activated by Ssk2; phosphorilates Hog1; activated under severe 
osmotic stress; mitophagy-specific regulator; plays a role in regulating Ty1 
transposition; actin filament organization; activation of MAPK activity 
involved in osmosensory signaling pathway; cellular response to heat; 
hyperosmotic response; MAPK import into nucleus involved in osmosensory 
signaling pathway 

Viable 

TOR1 YDR256C 
PIK-related protein kinase and rapamycin target; subunit of TORC1, a complex that 
controls growth in response to nutrients by regulating translation, transcription, 
ribosome biogenesis, nutrient transport and autophagy; involved in meiosis 

Viable 

DID4 YKL002W 
Class E Vps protein of the ESCRT-III complex, required for sorting of 
integral membrane proteins into lumenal vesicles of multivesicular bodies, and 
for delivery of newly synthesized vacuolar enzymes to the vacuole, involved in 

Viable 
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endocytosis 

TOR2 YKL203C 

Polarization of cell growth and actin cytoskeletal organization; Slm2 (PI4,5P2)-
dependent protein; maintains proper actin cytoskeletal organization and cell 
wall integrity; activates Slm1 and Slm2, downregulating the expression of 
genes related to the oxidative stress response; insensitive to rapamycin; 
involved in cell cycle progression and nutrientreceptor endocytosis; compose 
TORC2 together with Avo1/2/3, Bit61, Lst8, Slm1 and Tsc1; interacts with 
Ypk2 to regulate actin polarization; act upstresm of Rho1/Pkc1 CWI pathway; 
control the activity of ceramide synthase; highly expressed in Q cells 

Inviable 

HSP104 YLL026W 

Heat shock protein that cooperates with Ydj1p (Hsp40) and Ssa1p (Hsp70) to 
refold and reactivate previously denatured, aggregated proteins; responsive to 
stresses including: heat, ethanol, and sodium arsenite; involved in [PSI+] 
propagation 

Viable 

UBI4 YJR102C 

Ubiquitin, becomes conjugated to proteins, marking them for selective degradation via 
the ubiquitin-26S proteasome system; essential for the cellular stress response; encoded 
as a polyubiquitin precursor comprised of 5 head-to-tail repeats; Poliubiquitin required 
for survival in SP 

Viable 

SSK1 YLR006C 

Osmossensing; Cytoplasmic response regulator; part of a two-component 
signal transducer that mediates osmosensing via a phosphorelay mechanism; 
required for mitophagy; dephosphorylated form is degraded by the ubiquitin-
proteasome system; potential Cdc28p substrate; activation of MAPKKK 
activity involved in osmosensory signaling pathway; osmosensory signaling 
pathway via two-component system; positive regulation of protein 
autophosphorylation; higly expressed in Q cells; unphosphorilated form 
activates Ssk2 and Ssk22 

Viable 

SIC1 YBR097W 
Inhibits entry of budding yeast cells into S phase when they entry into a nutrient 
depletion-induced SP growth arrest 

Viable 

SWI6 YLR182W 

Transcription cofactor, forms complexes with Swi4p and Mbp1p to regulate 
transcription at the G1/S transition; involved in meiotic gene expression; cell 
wall stress induces phosphorylation by Mpk1p, which regulates Swi6p 
localization; implicated in the expression of cell wall biosynthetic genes; UFP-
specific transcription factor mRNA processing involved in endoplasmic 
reticulum unfolded protein respons; positive regulation of transcription, 
DNA-dependent; meiosis 

Viable 

BUD6 YFL039C 
Actin- and formin-interacting protein; stimulates actin cable nucleation by 
recruiting actin monomers to Bni1p; involved in polarized cell growth; isolated 
as bipolar budding mutant; potential Cdc28p substrate 

Viable 

GIM5 YEL003W 

Silencing regulatory protein and DNA-repair protein; binds to telomere 
rDNA; associated with polysomes; regulation of autophagy and mitophagy; 
maintenance of autophagic flux in response to nutrient starvation; catalyze an 
NAD+ dependent histone deacetylation of histone 3 and histone 4 leading to 
closed nucleosomal structures and gene silencing; inhibited by nicotinamide; 
activated by TORC1 activity inducing a rise of NAD+/NADH ratio that 
activates Sir2; required for assymetric inheritance of oxidatively damaged 
proteins during cytokinesis resulting in an enhanced capacity to respond to 
oxidative stress in daughter cells 

Viable 

TAP42 YMR028W 

Essential protein involved in the TOR signaling pathway; physically associates 
with the protein phosphatase 2A and the SIT4 protein phosphatase catalytic 
subunits; regulator subunit of Sit4; direct target of Tor phosphorilation; major 
branch of TORC1 signaling that is responsible for repression stress regulated 
(STRE), nitrogen catabolite repressed (NCR) and retrograde signaling (RTG) 
genes, and for the crosstalk between TORC1 and general amino acid control 
(GAAC) response  

Inviable 

MRE11 YER095W 

Subunit of a complex with Rad50p and Xrs2p (MRX complex) that functions 
in repair of DNA double-strand breaks and in telomere stability, exhibits 
nuclease activity that appears to be required for MRX function; widely 
conserved 

Viable 

ZDS1 YJL187C 

Protein with a role in regulating Swe1p-dependent polarized growth; interacts 
with silencing proteins at the telomere; has a role in Bcy1p localization; 
implicated in mRNA nuclear export; involved in mitotic exit through Cdc14p 
regulation 

Viable 

LST8 YNL006W 
rotein required for the transport of amino acid permease Gap1p from the 
Golgi to the cell surface; component of the TOR signaling pathway; associates 
with both Tor1p and Tor2p; contains a WD-repeat 

Inviable 

SLG1 YNR001C 

Sensor-transducer of the stress-activated PKC1-MPK1 kinase pathway and CWI; 
involved in maintenance of cell wall integrity; sensor for CWI necessary for alkaline 
conditions leading to the activation of Swi4- and Swi6-dependent genes; required for 
mitophagy; involved in organization of the actin cytoskeleton; secretory pathway Wsc1p 
is required for the arrest of secretion response; actin cytoskeleton organization; 
establishment of cell polarity and organization; involved in peroxisome degradation, 

Viable 
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positive regulation of endocytosis, response to osmotic and heat stress, and Rho protein 
signal transduction; CWI membrane-spanning mechanosensor with a cystein-rich 
domain; detects disturbances in the wall or stretching of the membrane and transfer this 
signal to the cytoplasmatic regions to promote down-stream signaling; sitimulates CWI 
signaling during vegetative growth; accumulates in a cell cycle-dependent manner at sites 
of cell wall remodelling (tip of emerging buds and bud neck during septum formation 
and cell separation); polar localization; endocytosis by interaction with Sla1; increased 
half-life by end3 deletion results in cell wall thickeness;  opposite effects between Wsc1 
and Ras on downstream targets; facilitate cross talk with cAMP-PKA pathway through 
the downstream activation of Slt2 in the CWI pathway and negative regulation of a 
downstream target of RAS in the cAMP-PKA pathway in response to thermal stress 

YLH47 YPR125W 

Mitochondrial inner membrane protein exposed to the mitochondrial matrix, 
associates with mitochondrial ribosomes, NOT required for respiratory 
growth; homolog of human Letm1, a protein implicated in Wolf-Hirschhorn 
syndrome ; required for mitochondrial K/H exchange; potassium ion and 
proton  transpor; protein insertion into mitochondrial membrane 

Viable 

Protein with binding function or cofactor requirement (structural or catalytic) 

ACT1 YIL125W 
Actin, structural protein involved in cell polarization, endocytosis, and other 
cytoskeletal functions  

Inviable 

SLM1 YIL105C 
Phosphoinositide PI4,5P(2) binding protein, forms a complex with Slm2p; 
acts downstream of Mss4p in a pathway regulating actin cytoskeleton 
organization in response to stress; phosphorylated by the TORC2 complex 

Viable 

SLM2 YNL047C 
Phosphoinositide PI4,5P(2) binding protein, forms a complex with Slm1p; 
acts downstream of Mss4p in a pathway regulating actin cytoskeleton 
organization in response to stress; phosphorylated by the TORC2 complex 

Viable 

Homeostasis 

PTK2 YJR059W 

Putative serine/threonine protein kinase involved in regulation of ion 
transport across plasma membrane; enhances spermine uptake; activate Pma1 
by phosphorylation; cellular ion homeostasis; G1/S transition of mitotic cell 
cycle; polyamine transport; regulation of cell size 

Viable 

CMP2 YHR116W 

Calcineurin A; one isoform (the other is CNA1) of the catalytic subunit of calcineurin, a 
Ca++/calmodulin-regulated protein phosphatase which regulates Crz1p (a stress-
response transcription factor), the other calcineurin subunit is CNB1; dephosphoritation 
of Crz1p by calcineurin causes Crz1 rapid translocation to the nucleus and activation of 
the transcription of genes related to cell survival; cellular ion homeostasis; adaptation of 
signaling pathway by response to pheromone involved in conjugation with cellular 
fusion; enhances de degradation of Msn2 leading to insuffiencient induction of genes 
possessing the STRE; 

Viable 

SKY1 YMR216C 

SR protein kinase (SRPK) involved in regulating proteins involved in mRNA 
metabolism and cation homeostasis; similar to human SRPK1; cellular cation 
homeostasis; mRNA splice site selection; positive regulation of protein import 
into nucleus; protein phosphorylation; response to drug; regulation of cell size 

Viable 

HRK1 YOR267C 
Protein serine/threonine kinase implicated in activation of plasma membrane 
H-ATPase Pma1 in response to glucose metabolism; cellular ion homeostasis 

Viable 

Cell death 

LAC1 YJL134W 

Longevity-assurance protein; Ceramide synthase component, involved in 
synthesis of ceramide from C26(acyl)-coenzyme A and dihydrosphingosine or 
phytosphingosine, functionally equivalent to Lac1p; involved in ceramide 
biosynthetic process and replicative cell aging 

Viable 

LAG1 YKL008C 
Ceramide synthase component, involved in synthesis of ceramide from 
C26(acyl)-coenzyme A and dihydrosphingosine or phytosphingosine, 
functionally equivalent to Lac1p 

Viable 

SGS1 YBL088C 

Nucleolar DNA helicase of the RecQ family; involved in genome integrity 
maintenance; regulates chromosome synapsis and meiotic joint 
molecule/crossover formation; potential role as repressor of a subset of 
rapamycin responsive genes; rapidly lost in response to rapamycin in Rrd1p-
dependent manner; similar to human BLM and WRN proteins implicated in 
Bloom and Werner syndromes 

Viable 

RAS2 YBR039W 

GTPase; related with cAMP/PKA pathway; participates in the control of growth and 
metabolism in response to nutrients; represses stress resistance; acts upstream of PKA; 
acts upstream of Cyr1 by down-regulating the activity of PKA; inhibit Rim15 kinase 
repression by glucose reducing signalling through oxidative stress depense pathway 
(SODs, etc) induced by Rim15; lead to glucose-induced pHi decrease, and activation of 
Cyr1 

Viable 

Cell adhesion 

GAL83 YER027C 
One of three possible beta-subunits of the Snf1 kinase complex, allows 
nuclear localization of the Snf1 kinase complex in the presence of a 
nonfermentable carbon source; contains glycogen-binding domain 

Viable 

HSP12 YML007W 
Plasma membrane protein involved in maintaining membrane organization in stress 
conditions; induced by heat shock, oxidative stress, osmostress, stationary phase, 

Viable 
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glucose depletion, oleate and alcohol; regulated by HOG and Ras-Pka pathways 

Cytoskeleton/structural proteins 

STE50 YBL099W 

Osmotolerance; Protein involved in mating response, invasive/filamentous growth, and 
osmotolerance, acts as an adaptor that links G protein-associated Cdc42p-Ste20p 
complex to the effector Ste11p to modulate signal transduction; cellular response to 
heat; cellular response to heat; osmosensory signaling pathway via Sho1 osmosensor; 
pheromone-dependent signal transduction involved in conjugation with cellular fusion; 
signal transduction involved in filamentous growth; higly expressed in Q cells 

Viable 

HSP42 YDR171W 
Small heat shock protein (sHSP) with chaperone activity; forms barrel-shaped 
oligomers that suppress unfolded protein aggregation; involved in 
cytoskeleton reorganization after heat shock 

Viable 

GIM4 YER016W 
Subunit of the heterohexameric cochaperone prefoldin complex which binds 
specifically to cytosolic chaperonin and transfers target proteins to it 

Viable 

ACT1 YIL125W 
Actin, structural protein involved in cell polarization, endocytosis, and other 
cytoskeletal functions  

Inviable 

MSB2 YGR014W 

Mucin family member involved in the Cdc42p- and MAP kinase-dependent 
filamentous growth signaling pathway; also functions as an osmosensor in 
parallel to the Sho1p-mediated pathway; potential Cdc28p substrate; 
establishment of cell polarity; hyperosmotic response; osmosensory signaling 
pathway via Sho1 osmosenso; response to osmotic stress; signal transduction 
involved in filamentous growth 

Viable 

STE20 YHL007C 

Cdc42p-activated signal transducing kinase of the PAK (p21-activated kinase) 
family; involved in pheromone response, pseudohyphal/invasive growth, 
vacuole inheritance, down-regulation of sterol uptake; GBB motif binds Ste4p; 
stimulates Ste11; GTP-binding protein of RAS superfamily; Ser/thr protein 
kinase of the pheromone pathway; pseudohyphal growth under Nitrogen 
starvation; higly expressed in NQ cells 

Viable 

CDC23 YHR166C 
Subunit of the Anaphase-Promoting Complex/Cyclosome (APC/C), which is 
a ubiquitin-protein ligase required for degradation of anaphase inhibitors, 
including mitotic cyclins, during the metaphase/anaphase transition 

Viable 

BCY1 YIL033C 

Regulatory subunit of the cyclic AMP-dependent protein kinase (PKA), a 
component of a signaling pathway that controls a variety of cellular processes, 
including metabolism, cell cycle, stress response, stationary phase, and 
sporulation 

Viable 

SWE1 YNL068C 
Protein kinase that regulates the G2/M transition by inhibition of Cdc28p 
kinase activity; localizes to the nucleus and to the daughter side of the mother-
bud neck; homolog of S. pombe Wee1p; potential Cdc28p substrate 

Viable 

AUR1 YJL196C 
Phosphatidylinositol:ceramide phosphoinositol transferase (IPC synthase), 
required for sphingolipid synthesis; can mutate to confer aureobasidin A 
resistance 

Viable 

TOR2 YKL203C 

Polarization of cell growth and actin cytoskeletal organization; Slm2 (PI4,5P2)-
dependent protein; maintains proper actin cytoskeletal organization and cell 
wall integrity; activates Slm1 and Slm2, downregulating the expression of 
genes related to the oxidative stress response; insensitive to rapamycin; 
involved in cell cycle progression and nutrientreceptor endocytosis; compose 
TORC2 together with Avo1/2/3, Bit61, Lst8, Slm1 and Tsc1; interacts with 
Ypk2 to regulate actin polarization; act upstresm of Rho1/Pkc1 CWI pathway; 
control the activity of ceramide synthase; highly expressed in Q cells 

Inviable 

CDC42 YLR229C 
Small rho-like GTPase, essential for establishment and maintenance of cell 
polarity; mutants have defects in the organization of actin and septins 

Inviable? 

GIM5 YEL003W 

Silencing regulatory protein and DNA-repair protein; binds to telomere 
rDNA; associated with polysomes; regulation of autophagy and mitophagy; 
maintenance of autophagic flux in response to nutrient starvation; catalyze an 
NAD+ dependent histone deacetylation of histone 3 and histone 4 leading to 
closed nucleosomal structures and gene silencing; inhibited by nicotinamide; 
activated by TORC1 activity inducing a rise of NAD+/NADH ratio that 
activates Sir2; required for assymetric inheritance of oxidatively damaged 
proteins during cytokinesis resulting in an enhanced capacity to respond to 
oxidative stress in daughter cells 

Viable 

ZDS1 YJL187C 

Protein with a role in regulating Swe1p-dependent polarized growth; interacts 
with silencing proteins at the telomere; has a role in Bcy1p localization; 
implicated in mRNA nuclear export; involved in mitotic exit through Cdc14p 
regulation 

Viable 

Peroxisome 

PEX10 YGR133W 

Peroxisomal membrane E3 ubiquitin ligase, required for for Ubc4p-dependent 
Pex5p ubiquitination and peroxisomal matrix protein import; contains zinc-
binding RING domain; mutations in human homolog cause various 
peroxisomal disorders 

Viable 
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SNF4 YGL115W 

Activating gamma subunit of the AMP-activated Snf1p kinase complex 
(contains Snf1p and a Sip1p/Sip2p/Gal83p family member); activates glucose-
repressed genes, represses glucose-induced genes; role in sporulation, and 
peroxisome biogenesi 

Viable 

PEX8 YMR174C 
Intraperoxisomal organizer of the peroxisomal import machinery, tightly 
associated with the lumenal face of the peroxisomal membrane, essential for 
peroxisome biogenesis, binds PTS1-signal receptor Pex5p 

Viable 

PEX4 YKL197C 
Peroxisomal ubiquitin conjugating enzyme required for peroxisomal matrix 
protein import and peroxisome biogenesis 

Viable 

PEX1 YOL044W 

AAA-peroxin that heterodimerizes with AAA-peroxin Pex6p and participates 
in the recycling of peroxisomal signal receptor Pex5p from the peroxisomal 
membrane to the cystosol; induced by oleic acid and upregulated during 
anaerobiosis 

Viable 

PEX15 YGL153W 

Phosphorylated tail-anchored type II integral peroxisomal membrane protein 
required for peroxisome biogenesis, cells lacking Pex15p mislocalize 
peroxisomal matrix proteins to cytosol, overexpression results in impaired 
peroxisome assembly 

Viable 

ATG11 YDR049W 
Adapter protein for pexophagy and the cytoplasm-to-vacuole targeting (Cvt) 
pathway; directs receptor-bound cargo to the phagophore assembly site (PAS) 
for packaging into vesicles; required for recruiting other proteins to the (PAS) 

Viable 
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Additional file 2 

Growth data analysed using the DMFit software available on the Combase website 

(http://www.combase.cc/index.php/en/). Growth data were fit to the model proposed by Baranyi and 

Roberts (1994) to obtain lag times and specific growth rates of each fermentation assay. 
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(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YJL094c::kanMX4) 

Δaqy1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YPR192w::kanMX4) 

Δrgd1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YBR260c::kanMX4) 

Δrim101  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YHL027w::kanMX4) 

Δhxt3  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YDR345c::kanMX4) 

BY4741 

Parameters Values 

R2  0.99 ± 0.21 
Lag (h) 33.83 ± 2.69 

µg 0.12 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.19 
Lag (h) 9.63 ± 1.21 

µg 0.20 ± 0.01 

!

Parameters Values 
R2  0.96 ± 0.34 

Lag (h) 5.50 ± 5.54 

µg 0.11 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.31 

Lag (h) 11.11 ± 6.43 

µg 0.13 ± 0.02 

!

Parameters Values 

R2  0.99 ± 0.07 
Lag (h) 8.78 ± 4.92 

µg 0.16 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.13 

Lag (h) 19.9 ± 1.00 

µg 0.15 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.13 
Lag (h) 17.57 ± 1.19 

µg 0.13 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.14 
Lag (h) 18.04 ± 1.65 

µg 0.08 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.15 
Lag (h) 65.45 ± 1.36 

µg 0.28 ± 0.04 

!

Parameters Values 

R2  0.99 ± 0.18 
Lag (h) 38.61 ± 2.52 

µg 0.09 ± 0.01 

!

 

http://www.combase.cc/index.php/en/


 

 193 

Δppz1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YML016c::kanMX4) 

Parameters Values 

R2  0.99 ± 0.18 
Lag (h) 4.90 ± 1.21 

µg 0.21 ± 0.01 

!

Δfps1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YLL043w::kanMX4) 

Parameters Values 

R2  0.99 ± 0.22 
Lag (h) 23.23 ± 1.65 

µg 0.13 ± 0.01 

!

Δgpd1  
BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YDL022w::kanMX4 

Δtps1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YBR126c::kanMX4) 

Δgln3 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YER040w::kanMX4) 

Δhog1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YLR113w::kanMX4) 

Δgcn4 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YEL009c::kanMX4) 

Δnth1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YDR001c::kanMX4) 

Δstl1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YDR536w::kanMX4) 

Δgup1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YGL084c::kanMX4) 

Parameters Values 
R2  0.97 ± 0.22 

Lag (h) 6.15 ± 1.36 

µg 0.11 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.25 

Lag (h) 13.26 ± 2.42 

µg 0.12 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.19 
Lag (h) 10.01 ± 2.62 

µg 0.22 ± 0.03 

!

Parameters Values 

R2  0.99 ± 0.22 
Lag (h) 8.39 ± 1.55 

µg 0.17 ± 0.01 

!

Parameters Values 

R2  0.98 ± 0.21 
Lag (h) 14.80 ± 1.72 

µg 0.15 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.19 
Lag (h) 8.83 ± 1.29 

µg 0.17 ± 0.01 

!

Parameters Values 

R2  0.98 ± 0.25 
Lag (h) 6.00 ± 4.57 

µg 0.22 ± 0.05 

!

Parameters Values 

R2  0.99 ± 0.21 
Lag (h) 241.60 ± 2.61 

µg 0.12 ± 0.02 

!
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Δste50 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YCL032w::kanMX4) 

Δtor1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YJR066w::kanMX4) 

Δypk1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YKL126w::kanMX4) 

Δavo2  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YMR068w::kanMX4) 

Δhsp12 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YFL014w::kanMX4) 

Δpdr5 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YOR153w::kanMX4) 

Δhsp30 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YCR021c::kanMX4) 

Δpnc1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YGL037c::kanMX4) 

Δrim15 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YFL033c::kanMX4) 

Δsho1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YER118c::kanMX4) 

Parameters Values 
R2  0.99 ± 0.10  

Lag (h) 8.16 ± 0.54  

µg 0.22 ± 0.01  

!

Parameters Values 
R2  0.99 ± 0.16 

Lag (h) 42.57 ± 1.30 

µg 0.14 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.15 
Lag (h) 15.58 ± 1.51 

µg 0.23 ± 0.03 

!

Parameters Values 

R2  0.99 ± 0.16 
Lag (h) 6.00 ± 3.38 

µg 0.19 ± 0.03 

!

Parameters Values 
R2  0.99 ± 0.20 

Lag (h) 6.00 ± 3.54 

µg 0.21 ± 0.04 

!

Parameters Values 
R2  0.99 ± 0.22 

Lag (h) 5.99 ± 3.74 

µg 0.22 ± 0.04 

!

Parameters Values 
R2  0.99 ± 0.26 

Lag (h) 6.00 ± 3.96 

µg 0.24 ± 0.04 

!

Parameters Values 

R2  0.99 ± 0.19 
Lag (h) 7.76 ± 1.31 

µg 0.17 ± 0.10 

!

Parameters Values 

R2  0.99 ± 0.24 
Lag (h) 5.99 ± 3.68 

µg 0.22 ± 0.03 

!

Parameters Values 

R2  0.99 ± 0.17 
Lag (h) 8.72 ± 4.22 

µg 0.18 ± 0.04 

!
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Δpdr12 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YPL058c::kanMX4) 

Δhsp26 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YBR072w::kanMX4) 

Δsod2 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YHR008c::kanMX4) 

Δslg1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YOR008c::kanMX4) 

Δknh1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YDL049c::kanMX4) 

Δura7 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YBL039c::kanMX4) 

Δslt2 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YHR030c::kanMX4) 

Δrom2 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YLR371w::kanMX4) 

Δetp1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YHL010c::kanMX4) 

Δzwf1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YNL241c::kanMX4) 

Parameters Values 

R2  0.98 ± 0.21 
Lag (h) 14.80 ± 1.72 

µg 0.15 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.15 
Lag (h) 50.95 ± 1.17 

µg 0.16 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.15 
Lag (h) 9.98 ± 3.10 

µg 0.21 ± 0.04 

!

Parameters Values 

R2  0.97 ± 0.34 
Lag (h) 13.06 ± 3.54 

µg 0.14 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.18 

Lag (h) 42.62 ± 2.02 

µg 0.12 ± 0.01 

!

Parameters Values 
R2  0.99 ± 0.17 

Lag (h) 6.00 ± 3.53 

µg 0.18 ± 0.03 

!

Parameters Values 

R2  0.99 ± 0.20 
Lag (h) 5.99 ± 2.86 

µg 0.20 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.18 

Lag (h) 11.17 ± 2.48  

µg 0.22 ± 0.03 

!

Parameters Values 

R2  0.97 ± 0.30 
Lag (h) 5.50 ± 5.29 

µg 0.11 ± 0.02 

!

Parameters Values 

R2  0.99 ± 0.19 
Lag (h) 27.23 ± 1.25 

µg 0.16 ± 0.01 

!
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Δlap3 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YNL239w::kanMX4) 

Δbck1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YJL095w::kanMX4) 

Δspi1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YER150w::kanMX4) 

Δput4 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YOR348c::kanMX4) 

Δerg2 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YMR202w::kanMX4) 

Δerg4 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YGL012w::kanMX4) 

Δerg3 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YLR056w::kanMX4) 

Δaro4 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YBR249c::kanMX4) 

Δpro1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YDR300c::kanMX4) 

Δswi4 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YER111c::kanMX4) 

Parameters Values 

R2  0.99 ± 0.20 
Lag (h) 18.24 ± 1.18 

µg 0.38 ± 0.05 

!

Parameters Values 

R2  0.99 ± 0.20 
Lag (h) 9.85 ± 2.85 

µg 0.13 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.24 
Lag (h) 22.32 ± 1.84 

µg 0.13 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.19 
Lag (h) 11.92 ± 2.13 

µg 0.12 ± 0.01 

!

Parameters Values 

R2  0.94 ± 0.40 
Lag (h) 5.82 ± 1.72 

µg 0.02 ± 0.01 

!

Parameters Values 

R2  0.94 ± 0.43 
Lag (h) 5.83 ± 1.72 

µg 0.02 ± 0.01 

!

Parameters Values 
R2  0.98 ± 0.31 

Lag (h) 10.32 ± 3.75 

µg 0.13 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.11 

Lag (h) 19.33 ± 1.12 

µg 0.11 ± 0.01 

!

Parameters Values 

R2  0.99 ± 0.14 
Lag (h) 124.19 ± 1.83 

µg 0.14 ± 0.02 

!

Parameters Values 

R2  0.70 ± 0.59 
Lag (h) 15.53 ± 0.00 

µg 0.01 ± 0.00 

!



 

 

 

Δcyb5 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YNL111c::kanMX4) 

Δfmp45  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YDL222c::kanMX4) 

Δsur4 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YLR372w::kanMX4) 

Δopi3 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YJR073c::kanMX4) 

Δfis1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YIL065c::kanMX4) 

Δcmp2 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YML057w::kanMX4) 

Δcnb1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YKL190w::kanMX4) 

Δaif1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YNR074c::kanMX4) 

Δfen1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YCR034w::kanMX4) 

Δisc1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YER019w::kanMX4) 

Parameters Values 

R2  0.99 ± 0.23 
Lag (h) 18.21 ± 1.83 

µg 0.14 ± 0.01 

!

Parameters Values 
R2  0.99 ± 0.17 

Lag (h) 29.46 ± 1.81 

µg 0.19 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.15 

Lag (h) 50.48 ± 1.91 

µg 0.23 ± 0.08 

!

Parameters Values 
R2  0.99 ± 0.18 

Lag (h) 11.31 ± 1.42 

µg 0.22 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.14 

Lag (h) 124.19 ± 1.83 

µg 0.14 ± 0.02 

!

Parameters Values 
R2  0.98 ± 0.27 

Lag (h) 12.35 ± 3.04 

µg 0.13 ± 0.02 

!

Parameters Values 
R2  0.97 ± 0.33 

Lag (h) 5.50 ± 4.84 

µg 0.12 ± 0.02 

!

Parameters Values 
R2  0.99 ± 0.28 

Lag (h) 40.88 ± 2.36 

µg 0.14 ± 0.01 

!

Parameters Values 
R2  0.99 ± 0.12 

Lag (h) 37.17 ± 1.59 

µg 0.10 ± 0.01 

!

Parameters Values 
R2  0.99 ± 0.18 

Lag (h) 22.01 ± 1.82 

µg 0.15 ± 0.01 

!



 

 

 
Δcrz1 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YNL027w::kanMX4) 

Δctt1  
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YGR088w::kanMX4) 

Δskn7 
(BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YHR206w::kanMX4) 

Parameters Values 
R2  0.99 ± 0.15 

Lag (h) 26.43 ± 1.17 

µg 0.17 ± 0.01 

!

Parameters Values 
R2  0.99 ± 0.23 

Lag (h) 5.26 ± 1.66 

µg 0.19 ± 0.01 

!

Parameters Values 
R2  0.97 ± 0.31 

Lag (h) 5.26 ± 1.66 

µg 0.20 ± 0.02 

!

 
 



 

 

Additional file 3 
 

Functional categories of the genes pointed out from the screening with beneficial/deleterious effect on 

fermentative performance. Gene lists were analyzed using FUNSPEC (Robinson et al., 2002). P 

values represent the probability that the interaction of a given list of genes with any given functional 

category occurs by chance. MIPS, Munich Information Center for Protein Sequences; GO, Gene 

Ontology. 

 

Genes whose absence improved fermentation 

 
Category p-value Genes 

MIPS Functional Classification   
Oxidative stress response 2.9E-03 CTT1, SKN7 

Catalase reaction 3.0E-03 CTT1 

pH response 4.5E-03 RIM101 

GO Molecular Function   

Two-component response regulator activity 1.2E-05 RIM15, SKN7 

Nicotinamidase activity 1.5E-0.2 PNC1 

Sequence-specific DNA binding 1.6E-0.2 GCN4, RIM101, SKN7 

Catalase activity 3.0E-0.2 CTT1 

Small GTPase regulator activity 9.1E-0.2 ROM2 

Rho guanyl-nucleotide exchange factor activity 9.1E-0.2 ROM2 

GO Biological Process   

Two-component signal transduction system 3.1E-05 RIM15, SKN7 

Response to stress 5.1E-05 HSP30, RIM15, CTT1, SKN7 

Activation of Rho GTPase activity 1.5E-0.2 ROM2 

Negative regulation of phospholipid translocation 1.5E-0.2 YPK1 

Negative regulation of cAMP-mediated signaling 1.5E-0.2 ROM2 

Intracellular signal transduction involved in cell surfasse receptor linked signaling 1.5E-0.2 ROM2 

Response to reactive oxygen species 3.0E-0.2 CTT1 

Positive regulation of transcription initiation from RNA polymerase II promoter 3.0E-0.2 GCN4 

Negative regulation of transcription from RNA polymerase II promoter 3.1E-0.2 GCN4, RIM101 

Hydrogen peroxide catabolic process 4.5E-0.2 CTT1 

Negative regulation of ATPase activity 4.5E-0.2 HSP30 

Regulation of transcription, DNA-dependent 4.9E-0.2 GCN4, RIM15, RIM101, SKN7 

Cellular response to anoxia 6.0E-0.2 RIM101 

Nicotinate nucleotide salvage 6.0E-0.2 PNC1 

Regulation of transcription from RNA polymerase II promoter in response to oxidative stress 6.0E-0.2 SKN7 

Cellular response to water deprrivation 6.0E-0.2 CTT1 

Response to singlet oxygen 6.0E-0.2 SKN7 

Age-dependent response to oxidative stress involved in Chronological cell aging 7.6E-0.2 RIM15 

Regulation of fungal-type cell wall organization 7.6E-0.2 ROM2 

Response to pH 7.6E-0.2 RIM101 

Establishment of protein localization 7.6E-0.2 GCN4 

Positive regulation of endocytosis 9.1E-0.2 ROM2 

 

 

Genes whose absence impaired fermentation 

 

Category 
p-

value 
Genes 

MIPS Functional Classification   
Osmosensing and responding 3.9E-05 RGD1, ISC1, SHO1, HOG1 

Cellular import 1.3E-04 HXT3, HXT1, TRK1, FPS1, PUT4 

Calcium binding 4.5E-04 CNB1, CMP2 



 

 

C-compound and carbohydrate transport 8.6E-04 GUP1, FPS1, PDR12 

Tetracyclic and pentacyclic triterpenes (cholesterin, steroids and hopanoids) metabolism 1.0E-03 ERG4, ERG3, ERG2 

Homeostasis of protons 2.2E-03 VMA1, BTN2, KHA1 

Regulation by modification 3.1E-03 CNB1, CMP2 

Homeostasis of cations 4.9E-03 CNB1, CRZ1 

Polyphosphoinositol mediated signal transduction 5.4E-03 ISC1, TOR1 

Induction of apoptosis 5.6E-03 AIF1 

Lipid, fatty acid and isoprenoid metabolism 6.1E-03 FEN1, ISC1, TOR1, FPS1 

Phospholipid metabolism 6.3E-03 URA7, ISC1, OPI3 

Cation transport (H+, Na+, K+, Ca2+, NH4+, etc.) 6.3E-03 VMA1, KHA1, TRK1 

MAPKKK cascade 9.8E-03 BCK1, HOG1 

Transmembrane signal transduction 9.8E-03 RGD1, SHO1 

GO Molecular Function   

Calcium-dependent protein serine/threonine phosphatase activity 9.1E-05 CNB1, CMP2 

Fatty acid elongase activity 9.1E-05 FEN1, SUR4 

Transport activity 1.5E-02 HXT1, FPS1, AQY1 

Cation transmembrane transporter activity 1.5E-02 KHA1, TRK1 

Transferase activity, transferring acyl groups other than amino-acyl groups 1.6E-02 FEN1, SUR4 

Fructose transmembrane transporter activity 1.6E-02 HXT3, HXT1 

Mannose transmembrane transporter activity 3.1E-02 HXT3, HXT1 

Glucose transmembrane transporter activity 3.1E-02 HXT3, HXT1 

Phosphatidyl-N-methylethanolamine N-methyltransferase activity 4.4E-02 OPI3 

Phosphatidyl-N-dimethylethanolamine N-methyltransferase activity 5.6E-02 OPI3 

N-methyltransferase activity 5.6E-02 OPI3 

Methylene-fatty-acyl-phospholipid synthase activity 5.6E-02 OPI3 

C-5 sterol desaturase activity 5.6E-02 ERG3 

C-8 sterol isomerase activity 5.6E-02 ERG2 

Oxidoreductase activity, acting on a sulfur group of donors, NAD or NADP as acceptor 5.6E-02 AIF1 

Neutral amino acid transmembrane transporter activity 5.6E-02 PUT4 

Delta24(24-1) sterol reductase activity 5.6E-02 ERG4 

GO Biological Process   

Osmosensory signaling pathway 3.2E-06 RGD1, SHO1, HOG1 

Lipid biosynthetic process 8.9E-06 FEN1, ERG4, ERG3, SUR4, ERG2 

Response to acid 1.3E-05 RGD1, SPI1, BCK1 

Fatty acid elongation 9.1E-05 FEN1, SUR4 

Glycerol transport 1.8E-04 GUP1, FPS1 

Fatty acid biosynthetic process 2.3E-04 FEN1, ERG3, SUR4 

Ergosterol biosynthetic process 2.7E-04 ERG4, ERG3, ERG2 

Steroid biosynthetic process 3.4E-04 ERG4, ERG3, ERG2 

Sterol biosynthetic process 5.4E-04 ERG4, ERG3, ERG2 

Cellular response to heat  1.1E-03 SHO1, HOG1 

Transmembrane transport 1.3E-03 
HXT3, HXT1, KHA1, TRK1, FPS1, PUT4, 

AQY1 

Response to arsenic-containing substance 1.6E-03 FPS1, HOG1 

Adaptation of signaling pathway by response to pheromone involved in conjugation with 

cellular fusion  
1.9E-03 CNB1, CMP2 

Cellular ion homeostasis 1.9E-03 CNB1, CMP2 

Potassium ion transport 2.2E-03 KHA1, TRK1 

Sphingolipid biosynthetic process 3.1E-0.3 FEN1, SUR4 

Sphingolipid catabolite process 5.6E-0.3 FPS1, HOG1 

Monovalent inorganic cation transport 5.6E-0.3 FEN1, SUR4 

Neutral amino acid transport 5.6E-0.3 PUT4 

Organic acid transport 5.6E-0.3 PDR12 

Apoptosis 6.6E-0.3 FIS1, AIF1 



 

 

Additional file 4 

 

Raw data used to build the matrixes for PCA and for PCoA. 
 

 Lag 
phase 

Doubling 
time 

Exponential 
duration 

Time to reach 
stationary 

Stationary 
duration 

Time to 
exhaust 
glucose 

Time to 
must 

dryness 

Final dry 
biomass 

BY4741 9.63 3.46 21.37 27.56 280.31 121.14 317.50 3.57 
HXT1 33.83 5.74 36.17 41.27 299.90 164.90 375.00 1.10 
HXT3 5.50 6.07 39.50 46.24 358.26 208.26 410.00 2.30 
VMA1 11.11 5.17 21.39 34.24 604.66 182.99 650.00 2.67 
RIM101 8.78 4.35 16.88 26.04 142.68 90.18 177.50 2.92 
BTN2 19.90 4.77 27.10 35.30 264.80 164.80 320.00 2.20 
RGD1 17.57 5.44 32.43 40.18 262.25 182.25 320.00 2.50 
TRK1 17.76 7.41 47.41 56.06 286.19 158.69 360.00 2.58 
AQY1 65.45 2.48 19.55 27.50 392.05 262.05 485.00 2.60 
KHA1 38.61 7.09 46.39 59.25 222.14 159.64 320.00 2.75 
PPZ1 4.90 3.52 25.10 28.55 221.54 164.04 255.00 3.38 
FPS1 23.23 5.26 26.77 37.07 389.71 199.71 450.00 1.40 
GUP1 6.15 6.10 23.85 36.90 396.95 186.95 440.00 0.40 
GPD1 13.26 5.62 38.74 44.77 211.97 126.97 270.00 2.90 
STL1 10.01 3.20 15.99 26.94 188.05 113.05 225.00 2.10 
TPS1 7.20 3.81 24.80 32.07 205.73 115.73 245.00 3.85 
NTH1 11.33 3.52 24.17 30.31 318.36 153.36 360.00 2.75 
GLN3 8.83 4.01 23.17 30.47 165.70 110.70 205.00 2.10 
GCN4 6.00 3.21 19.00 25.18 118.82 88.82 150.00 4.60 
HOG1 241.60 5.81 28.40 107.64 390.75 325.75 740.00 2.80 
STE50 8.16 3.16 19.84 23.48 593.37 213.37 625.00 3.78 
TOR1 42.57 5.08 29.43 38.50 338.93 223.93 420.00 1.80 
SHO1 15.58 2.97 24.42 31.99 272.43 169.93 320.00 2.30 
YPK1 6.00 3.70 25.00 28.96 160.04 110.04 195.00 3.80 
RIM15 6.00 3.25 22.00 27.23 218.77 56.77 252.00 4.05 
AVO2 6.00 3.16 19.00 25.66 118.34 103.34 150.00 4.45 
PNC1 6.00 2.90 19.00 25.62 108.39 88.39 140.00 4.75 
HSP12 7.76 3.98 23.24 30.48 211.76 124.26 250.00 2.05 
HSP30 6.00 3.13 19.00 25.61 108.39 88.39 140.00 4.55 
PDR5 8.72 3.96 21.28 28.27 393.01 153.01 430.00 1.60 
PDR12 47.50 4.86 31.50 37.82 334.68 219.68 420.00 2.40 
HSP26 50.95 4.38 29.05 33.95 400.10 220.10 485.00 2.10 
ZWF1 9.98 3.27 18.77 23.77 286.25 186.25 320.00 2.25 
SOD2 13.06 5.05 21.94 38.18 268.76 168.76 320.00 2.00 
ETP1 42.62 5.67 37.38 44.61 232.77 152.77 320.00 2.85 
SLG1 6.00 3.88 25.00 29.87 274.13 144.13 310.00 3.65 
ROM2 6.00 3.40 25.00 29.06 154.95 104.95 190.00 4.35 
KNH1 11.16 3.19 23.84 26.81 662.02 202.02 700.00 2.00 
SLT2 5.50 6.39 34.50 46.54 267.96 167.96 320.00 2.95 
URA7 27.23 4.49 27.77 33.08 399.69 199.69 460.00 1.40 
LAP3 18.24 1.84 11.76 14.62 347.14 207.14 380.00 2.90 
BCK1 9.85 5.27 35.15 44.60 340.56 180.56 395.00 2.85 
SWI4 22.31 5.30 27.69 38.10 319.59 174.59 380.00 2.55 
SPI1 11.92 5.81 35.08 42.45 265.63 153.13 320.00 2.50 
PRO1 5.82 47.48 94.18 433.52 465.65 n.d. n.d. 2.40 
PUT4 5.83 45.01 94.17 431.88 467.30 n.d. n.d. 2.80 
ARO4 10.32 5.42 24.68 41.38 288.29 203.29 340.00 2.50 
ERG2 19.33 6.51 35.67 44.93 635.74 n.d. n.d. 1.85 
ERG3 124.19 4.91 25.81 150.23 303.84 n.d. n.d. 3.15 
ERG4 15.53 130.78 14.47 559.37 95.10 n.d. n.d. 1.30 
CYB5 18.21 4.97 21.79 39.08 195.71 129.46 253.00 2.20 
FMP45 29.46 3.48 20.54 29.80 170.74 150.74 230.00 2.85 
ISC1 50.48 3.08 24.52 69.51 280.49 140.02 350.00 3.10 
SUR4 11.31 5.49 13.69 20.54 n.d. 293.15 n.d. 1.80 
FEN1 12.35 5.49 22.65 38.66 265.84 138.99 304.50 2.00 
OPI3 5.50 13.86 49.50 82.73 431.77 211.77 520.00 1.40 
AIF1 5.50 5.79 34.50 43.87 260.63 165.63 310.00 2.20 
FIS1 40.88 5.03 19.12 38.99 345.14 180.14 425.00 2.65 
CNB1 37.17 6.85 42.83 59.53 223.30 143.30 320.00 2.95 
CMP2 22.01 4.52 27.99 37.03 223.46 160.96 282.50 2.25 
CRZ1 26.43 4.07 23.57 30.28 298.29 183.29 355.00 2.90 
CTT1 5.26 3.49 19.74 26.15 108.59 103.59 140.00 4.80 
SKN7 5.26 3.56 19.74 24.42 127.33 80.33 157.00 4.50 
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Chapter VI – Concluding remarks and future perspectives 

 
During wine fermentation, yeast cells grow for a short period, reaching soon the 

stationary phase (as resting cells). As such, they accomplish most of the fermentation. 

Previous studies suggest that at late stages of wine fermentation yeast cells behave very 

differently from the well-recognized behavior of Saccharomyces cerevisiae under standard 

laboratory conditions. These results seem to indicate that proton (H
+
) homeostasis may play a 

role throughout fermentation in the ability of yeasts to remain viable. 

Therefore, one of the main goals of this work was to study intracellular pH and proton 

homeostasis mechanisms of a wine and laboratorial strains during the long and dynamic 

process of fermentation.  

During the last task of the work we investigated how some important (according to what 

has been reported in literature) metabolic pathways and biological processes intervene in the 

already mentioned peculiar behavior conferring a high stress resistance and the ability to 

ferment hexoses up to exhaustion.  

To accomplish these goals, we designed an experimental workflow composed by 4 main 

tasks briefly described further. It was expected with this work to reveal new insights of H
+
 

homeostasis and intracellular pH and also to develop a strong foundation in yeast biology in a 

simulated wine fermentation environment, understanding the most relevant physiological 

mechanisms and their interaction during wine fermentation. 

 The specific goal of the work described in Chapter II was to evaluate parameters 

involved in proton homeostasis of a wine strain (ISA1000) fermenting natural white grape 

must (Arinto) at three different temperatures: 15ºC (commonly used for the fermentation of 

white wines), 25ºC (laboratory studies) and 30ºC (commonly used in red wines). The most 

relevant result was that late stationary cells showed a low intracellular pH, in particular at 

lower temperatures (pHi ≈5 at 15ºC), and became almost impermeable to protons, even when 

they were challenged with high extracellular ethanol concentration, maintaining their 

metabolic activity and survival capacity. Although natural grape must is certainly the ideal 

substrate to extrapolate results to the winery, these results can not be reproduced in different 

harvests and by laboratories located in different parts of the world. 

 In order to proceed with more in-depth studies, we combined suggestions made by 

some authors improving the formulation of a modified synthetic grape must, in which several 

yeast strains were able to ferment with good performance comparable to that in natural grape 

must.  
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Therefore, Chapter III deals with the ability of two closely related laboratory S. 

cerevisiae strains (S288C and BY4741) to ferment ISA-SGM (Instituto Superior de 

Agronomia – Synthetic Grape Must) under conditions similar to those found in wineries. To 

validate the use of the auxotrophic haploid strain BY4741 as a model for wine yeast 

fermentation studies, the results obtained with this strain were also compared with the 

behavior of an enological yeast strain under the same conditions. With this work we could 

establish standard conditions for an efficient fermentation using BY4741 single mutation 

derivative strains to extract relevant physiological data on their fermentative performance in 

simulated wine fermentation studies. 

 In Chapter IV we studied BY4741 intracellular pH development at both population 

and single-cell levels during simulated wine fermentations. At a population level, late 

stationary populations had a more acidic intracellular pH, confirming results obtained in 

Chapter II with a wine strain fermenting real grape must. Additionally, 5(6)-Carboxy-2',7'-

dichlorofluorescein diacetate succinimidyl ester probe (low pKa and suitable for an acidic 

environment) in our set-up accumulated within vacuoles during stationary phase, becoming 

not suitable for measuring pHi at late stationary phases. Analyzing single cells and using a 

cytosolic staining probe (5(6)-carboxyfluorescein diacetate succinimidyl ester), BY4741 

exhibited subpopulations with “healthy” pHi at the end of fermentation. Once more, H
+
 

homeostasis mechanisms seemed to be responsible for the observed maintenance of cell 

viability and, in this case, of  “healthy” pHi at late stages of fermentation. 

Parallel to characterization of H
+
 homeostasis and intracellular pH studies, at population 

and at single-cell levels, in Chapter V we proposed a strategy to screen a specific set of the 

yeast disruptome as for their ability to ferment ISA-SGM. Saccharomyces cerevisiae deletion 

strains from Euroscarf collection were screened for reduced or improved fermentative 

performance of ISA-SGM. Strains were selected among the BY4741-derived haploid single-

deletion mutants for nonessential yeast genes involved in general stress response, cell wall 

integrity, lipid metabolic process, ion and proton homeostasis, nutrient depletion (including 

cellular transport) and cell aging. As expected many of the mutations studied were 

deleterious for wine fermentation, but surprisingly some were beneficial. The statistical 

treatment revealed that in general the ability to attain a higher yeast biomass was in tune with 

a more efficient fermentative behavior.  

In Chapter II we could evaluate parameters involved in H
+
 homeostasis of a wine strain 

(ISA1000) fermenting natural white grape must (Arinto) at three different temperatures. This 

work really raises the interest of future studies on plasma membranes, mainly at late 
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stationary phase, as it was clear that during the long fermentation cells have gradually 

changed to become less permeable to protons, presumably because of some change in 

membrane composition. Although this study provides no evidence that ergosterol is involved, 

it could be interesting to quantify this compound in the membranes of cells fermenting at the 

same three temperatures and at different growth phases. Proton fluxes and intracellular pH 

techiques used in this study only can estimate these parameters at a population level. It would 

be relevant to measure intracellular pH of this wine yeast at single-cell level using 

Fluorescence Ratio Imaging Microscopy (FRIM), under the same experimental conditions. 

We also showed that stationary phase cells produced at 15ºC and assayed at 15ºC presented a 

very small H+ influx rate even at 20% (v/v) ethanol, and that this rate is much lower than that 

of cells grown at 30ºC and assayed at 30ºC. To extend this study, it would be interesting to 

know what happens if cells grown at one temperature are assayed at the other temperature. 

This would show whether the low influx is caused by a physical change that happens to the 

cells when they are grown at low temperature. 

In Chapter III, we combined suggestions made by some authors improving the 

formulation of a modified synthetic grape must (called ISA-SGM). An interesting 

observation was that the addition of organic acids, not thought to be metabolized by yeast 

under anaerobic fermentation conditions, apparently enabled a more complete utilization of 

sugar. This could be address in future to find a meaningful explanation for this event.  

 In Chapter IV we studied intracellular pH at a single-cell level of BY4741 fermenting 

ISA-SGM, in conditions simulating wine fermentations. It would be interesting to extend the 

FRIM methodology to a commercial wine strain fermenting natural grape must. This Paper 

III was original in the way we reported for the first time a rapid method for time-lapse studies 

of intracellular pH during long fermentations and also a vacuole-accumulation of CDCF 

mainly during late stationary phases. It would be interesting to confirm our results with a 

stable vacuolar-pHluorin. Other question still remains: why CFDC migrates preferably (under 

these conditions) to the vacuole? It would be relevant to understand this phenomenon. We 

found a healthy population of cells at late stage of fermentation. It would also be relevant to 

collect these cells and analyze their transcriptome in comparison with a population of cells 

that presenting a lower internal pH (but still viable although not culturable) under the same 

conditions. This would probably tell us the main genomic differences that could be 

responsible for the improved  fitness and ability to form colonies. 

The majority of the studies published so far in this post-genomic era have been 

conducted in order to develop high-throughput tools to perform more in-depth analysis at 
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different genomic levels. However, there still exists a gap between lab studies and real yeast 

life. 

The work described in chapter V is not yet finished (there are still mutants to screen). 

However, the results obtained so far open new gates and pointed out further studies (e.g. 

study more in-depth lipid metabolism, plasma membrane lipid rearrangements and cell wall 

biosynthesis during wine fermentation) to find at both genomic and physiological levels the 

determinants behind yeast behavior during late stages of wine fermentation. We are aware of 

the limitations of studying yeast disruptome, but we are also confident that, with the proposed 

strategy of screening (Chapter V), it is possible to unveil determinants that have not only a 

direct phenotypic effect but also a physiological meaning in scale-up experiments (that mimic 

better reality).  

Once identified the determinants responsible for an efficient fermentation during the late 

stages of wine fermentation, this would lead to screen different yeast genomes (comparative 

genomics) to search for strains more robust and efficient for long fermentations or to restart 

stuck / sluggish fermentations. 
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