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Why does this magnificent applied science, which saves work and 
makes life easier, bring us so little happiness?  

The simple answer runs:  
Because we have not yet learned to make sensible use of it. 

Albert Einstein (1879-1955)
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Summary 

 

Based on short generation time and ease of use, Saccharomyces yeasts are a 

substantial eukaryotic model organism for molecular biology and pharmacological 

research. The beverage-processing Saccharomyces yeast are adopted on manifold 

stressors, such as differences in temperature, osmotic pressure, oxygen and nutrient 

starvation, which induces the genetic regulation of stress response genes and the 

related metabolic answer. Furthermore, the metabolic processes of the yeast during 

industrial fermentation have been comprehensively investigated scientifically. In the 

present study, process technological variations were used to induce the gene 

expression consciously over stress situations. First, in order to evaluate native 

promoters of the industrial yeast Saccharomyces cerevisiae TUM 68 under industrial 

brewing conditions, a high throughput method was established. The fluorescence 

green protein (EGFP) as reporter gene allows a rapid and non-invasive detection of 

the promoter activity. This also enables a comparative evaluation of ten different 

stress-related native promoters of the hybrid yeast Saccharomyces pastorianus var. 

carlsbergensis TUM 34/70. Beside the effects of different cold shock scenarios and 

ethanol concentrations on the induction conditions, the induction triggered by 

fermentation without targeted induction was determined. The three promoters PSSA3, 

PHSP104 and PUBI4 were evaluated as the most efficient for temperature induction in 

industrial fermentation processes. In the final part, the gene ATF1 – which has product-

optimising properties against the biosynthesis of ethyl acetate and isoamyl acetate – 

was brought under the control of these three promoters. Under industry-orientated 

conditions, the self-cloning yeast with the regulated promoter PHSP104 and PUBI4 

shows significant higher amounts of ethyl acetate after the temperature shift from 12°C 

to 4°C, which indicates a targeted gene induction. 
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Zusammenfassung 

 
Die Saccharomyces Hefen stellen aufgrund ihrer kurzen Generationsphase und 

einfachen Handhabung den bedeutendsten eukaryotischen Modellorganismus für die 

molekularbiologische und pharmakologische Forschung dar. Ebenso sind 

Saccharomyces Hefen an mannigfachen Prozessen in der Lebensmittelindustrie 

beteiligt. Diese Hefen sind an die im Herstellungsprozess von Getränken und 

Lebensmitteln auftretenden Umwelteinflüsse adaptiert und deren 

Stoffwechselvorgänge in den jeweiligen Herstellungsprozessen zudem umfassend 

untersucht. Die an der Produktion hefefermentierter Getränke beteiligten 

Saccharomyces Hefen unterliegen verschiedenen Stressoren wie Temperatur, 

osmotischer Druck, Sauerstoff- und Nährstoffmangel, die eine starke Regulation der 

am Metabolismus beteiligten Enzyme bzw. Gene mit sich führen können. In der 

vorliegenden Arbeit wurde diese Induktion der Genexpression gezielt über 

prozesstechnische Variationen durch bewusst herbeigeführte Stressinduktionen 

hervorgerufen. Dazu wurde im ersten Teil ein Hochdurchsatzverfahren zur Evaluierung 

der Induktionskonditionen von nativen Promotoren der Hefe Saccharomyces 

cerevisiae Stamm TUM 68 unter industriellen Bedingungen entwickelt. Mittels des grün 

fluoreszierenden Proteins EGFP und dessen Fluoreszenzdetektion war es möglich, 

die Promotoraktivität zeitnah und nicht invasiv zu detektieren. Im Weiteren wurden 

zehn native Promotoren verschiedener stressinduzierter Gene der untergärigen Hefe 

Saccharomyces pastorianus Stamm TUM 34/70 mit der validierten Methode evaluiert. 

Dabei wurde neben verschiedener Kälteschock-Szenarien und 

Ethanolkonzentrationen auch die Induktion während der Fermentation ohne gezielte 

Induktion untersucht. Die drei Promotoren PSSA3, PHSP104 und PUBI4 zeigten dabei 

die effektivsten Induktionseigenschaften. Das Gen ATF1, welches 

produktoptimierende Eigenschaften bezüglich der Biosynthese der Aromastoffe 

Ethylacetat und Isoamylacetat besitzt, wurden anschließend unter die Kontrolle der 

evaluierten Promotoren gebracht. Unter industrienahen Bedingungen zeigten die 

selbstklonierten Hefen mit den regulierten Promotoren PUBI4 und PHSP104 einen 

signifikant höhere Konzentration an Ethylacetat nach dem Temperatursprung von 

12 °C auf 4 °C, was eine gezielte Induktion durch die prozesstechnische Variation der 

Temperatur belegt.  
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1. Introduction 

Yeasts have been used for centuries by humankind for the production of food and 

beverages, even prior to the knowledge of their existence. In ancient Egypt between 

4000 and 1000 BC, sour dough was prepared through a mixture of wheat flour and 

fermented beer. The earliest evidence of wine-making was dated as early as the 

seventh millennium BC in China (P. E. McGovern et al., 2004). The wine was made 

from rice, honey grapes and hawthorn. In the first century BC, Germanic and Celtic 

tribes established the knowledge of beer brewing in Europe (Corran, 1975). Initially, 

only monasteries were allowed to brew for their own consumption. During Lent, beer 

was the daily diet for the friars (Reinheitsgebot, 2016). The historic evolution of beer is 

indisputable, which was inextricably connected to bread. The phenomena of fermented 

beverage production leads to the ethanol-combined analgesic, disinfectant and mind-

altering effects (Vallee, 1998). Besides these profound effects, fermentation preserves 

and enhances the natural value of foods and beverages. This is provoked to 

pharmacological, nutritional and sensory benefits of fermented beverages. 

Furthermore, fermentation plays a key role in developing human culture and 

technology and contributing to the advancement and intensification of horticulture, 

agriculture and finally food-processing techniques (Patrick E McGovern, 2013; 

Underhill, 2002).  

Many industrial fermentation processes are performed by the yeast 

Saccharomyces cerevisiae, such as the production of alcoholic beverages (wine, sake 

and beer) as well as for bread dough fermentation. Additionally, the yeast is used in 

the bioethanol industry and as the best-known eukaryotic microorganism for the 

molecular biology. This yeast was the first eukaryotic organism to be fully sequenced 

in 1996 (Goffeau et al., 1996). Besides knowledge of the sequence, two-thirds of the 

≈6,000 genes have been characterised (Kumar & Snyder, 2001; Pena-Castillo & 

Hughes, 2007). Furthermore, due to the short generation time, modesty on the media 

and simple genetic modification, the yeast Saccharomyces has gained usage in the 

molecular biology and biotechnology. The scientific effort is based on the 

characterisation of coding genes and metabolic engineering of complete pathways 

(Ostergaard, Olsson, & Nielsen, 2000). Therefore, it became possible to produce 

heterologous compounds such as hepatitis and human papillomavirus vaccines and 

human insulin (Hou, Tyo, Liu, Petranovic, & Nielsen, 2012).  
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This industrialisation of Saccharomyces yeast in the context of metabolic engineering 

and usage in food and beverage industry is the focus of the following chapter.  

 

1.1 Industrialisation of yeast 

Pioneering studies from a scientific and technological perspective of yeasts start with 

PASTEUR and HANSEN in the mid-1800s with the observation of beer and wine 

fermentations (Barnett, 2000; Guilliermond, 2003). In 1859, PASTEUR refuted the theory 

of “spontaneous generation” throughout an experimental conclusion (Wyman, 1862). 

Furthermore, HANSEN separated yeast from bacteria and isolated different yeasts from 

mixed beer fermentations to describe the different types of yeast for a targeted 

production (Guilliermond, 2003). However, before this isolation of such pure cultures, 

the foodstuffs were prepared by using endogenous microflora. At present, some 100 

yeast genera represent over 1,400 yeast species (Kurtzman, Fell, & Boekhout, 2011). 

However, this number does not indicate the expected wealth of yeast biodiversity, 

given that the majority of yeast genera has simply not been isolated or described. As 

an example, the unknown parental strain of the bottom fermented yeast 

Saccharomyces pastorianus var. carlsbergensis was found in Tibet and published in 

2014, named as S. eubayanus (Bing, Han, Liu, Wang, & Bai, 2014). The habitat of this 

strain is not a coincidence, based on the strong hypothesis that Far East Asia is the 

origin centre of the Saccharomyces yeast (Bing et al., 2014; Q. M. Wang, Liu, Liti, 

Wang, & Bai, 2012).  

At present, microbial food cultures are defined by the EFFCA (European Food and 

Feed Cultures Association) as “live bacteria, yeasts or molds used in food production” 

(Bourdichon et al., 2012). For food-based use, microbial food additives have to be 

authorised and many of these microorganisms are included in the “Qualified 

Presumption of Safety” (QPS) list of EFSA (Barlow et al., 2007). Microbial food 

additives with a long history of safe use are listed in the International Dairy Federation 

review of microorganisms with technological beneficial use (Bourdichon et al., 2012).  

…alcoholic fermentation is a process correlated with the life and 

organisation of yeast cells, not with the dead or putrefaction of the 

cells. Nor is it a phenomenon of contact, for in that case the 

transformation of the sugar would occur in the presence of the 

ferment without giving anything to it or taking anything from it. 

PASTEUR, 1860 
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The domestication of yeast and its later industrialisation has adopted the yeast to 

specific production steps and led to a genetic appropriateness. The yeast strains used 

in industrial processes today have little in common with the antecedent yeast that was 

used thousands of years ago to transform sugar into alcohol inside human-made 

containers (Bauer & Pretorius, 2000; Querol & Bond, 2009).  

According to the latest findings, current industrial yeast can be grouped into five 

subsets, depending on the genotypic and phenotypic differences compared with wild 

yeast. Furthermore, industrial yeast originates from only a few common ancestors and 

further mutating through domestication and regional differences (Verstrepen, 2017). In 

Table 1, different yeasts for the various industrial relevant applications in food and 

beverage production as well as foreign proteins, bioethanol and metabolites are listed.  

 

Table 1: Application of industrial relevant yeast (modified to (Attfield & Bell, 2003))  

Genius Species Application 

Saccharomyces cerevisiae Bread, wine beer, sake, distilling, fuel 

alcohol and foreign proteins (e.g. Insulin, 

invertase, ergosterol),  

Saccharomyces  various species Beer, sake, wine, amylase, melibiase  

Candida utilis Food yeast and nucletides 

Candida paraffinica Food yeast 

Candida lipolytica Citric acid 

Rhodotorula species Carotene, itaconic acid 

Pichia angusta Foreign proteins 

Pichia species Food yeast, steroid precursors, riboflavin, 

α-galactosidase  

Kluyveromyces fragilis Invertase, food yeast 

Kluyveromyces marxianus Chees 

Kluyveromyces lactis Food yeast, β-galactosidase 

Hansenula  species Steroid precursor  

Torulopsis species Food yeast, gluconic acid  

Zygosaccharomyces rouxii Soy sauce, miso 

 

Compared to natural conditions, in industrial processes stressors appear in a higher 

intensity and – due to the process – also sequentially and simultaneously. What is 

stress and how does a unicellular organism adapt to stress? A theoretical definition of 

stress that is universal, transferable to living organisms and succinctly summaries all 
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previous definitions was established by the psychologist STRICKLAND in 2001: “The 

physiological and psychological responses to situations or events that disturb the 

equilibrium of an organism” (Strickland, 2001). 

 Stress is provoked by exogenous factors that disturb the organism through changes 

in the optimal situation or equilibrium. As a result, the organism responds with the 

stress syndrome. This syndrome could be caused by an arbitrary number of stress 

factors. The following reaction of the organism is the stress resistance, which is 

characterised by stress tolerance and stress adaption (Schopfer & Brennicke, 2011). 

The best-characterised response against stress by cells is the immediate synthesis of 

a limited number of proteins, the so-called stress proteins (Estruch, 2000). Therefore, 

global signalling pathways triggered by environmental stress lead to defined gene 

expression and physiological response in cellular adaption to environmental changes 

and repairing possible damages (Gasch et al., 2000; Hohmann & Mager, 2003). The 

response to stress is classified in three phases: i) immediate cellular changes occur as 

a direct consequence of stress exposure and damage; ii) defence process are 

triggered; and iii) the resumption of proliferation. These phases can be distinguished 

more or less depending on the type of stress (Hohmann & Mager, 2003). Especially 

unicellular organisms such as yeast are confronted with large variations of their natural 

or industrial environment in a direct way in comparison to complex metazoans (Bauer 

& Pretorius, 2000; Hohmann & Mager, 2003).  

 

Figure 1: Types of stress during beer fermentation procedure, propagation and storage of the

yeast cells (B. R. Gibson, Lawrence, Leclaire, Powell, & Smart, 2007). 
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During industrial beer fermentation, yeast is exposed to multiple stress situations in 

different stages of the fermentation (Figure 1). First, the pitching of the yeast into the 

fermentation medium exposes the yeast to high concentrations of osmotically-active 

substances, in particular glucose, fructose, sucrose, maltose and maltotriose (from 

10 °P (C. Boulton & Quain, 2013)) and in later phases of fermentation higher 

concentrations of ethanol (up to 4%(v/v)) (Piper, 1995). Such hypertonic conditions 

lead to an efflux of water from the cell, reduction of the water availability and diminished 

turgor pressure (B. R. Gibson et al., 2007; Hohmann, 2002; Markus J. Tamás & 

Hohmann, 2003). In order to overcome this situation, cell wall modifications and an 

increase of the osmolyte glycerol are the direct response (Bauer & Pretorius, 2000). 

After the adaption of the cells to the media, further stressors occur during the 

fermentation process itself. Nutrient limitations – which could result in a reduction of 

fermentation efficiency or starvation – occur at different stages of the fermentation (see 

Figure 1), with the highest stress phenomena at the end of fermentation, provoked by 

the simultaneous appearance of ethanol toxicity (R. B. Boulton, Singleton, Bisson, & 

Kunkee, 2013). The response against malnutrition includes the synthesis of 

intracellular trehalose and the accumulation of heat shock proteins (Werner-

Washburne, Stone, & Craig, 1987). During the fermentation, higher amounts of ethanol 

are produced. Ethanol has a toxicity against organism at low concentrations, low as 

2% (v/v) and influences membrane fluidity by changing the levels of hexadecanoic, 

octadecanoic and palmitoleic acids to enhance the membrane fluidity and reduce the 

intracellular water activity (Kajiwara, Suga, Sone, & Nakamura, 2000). This affect all 

compartments of the cell; for instance, the membrane structure, enzyme activity and 

protein folding. Equally, in response against starvation, the accumulation of trehalose 

and heat shock proteins occur, as well as the enhancement of the membrane rigidity 

(Arneborg, Hoy, & Jorgensen, 1995). Temperature shifts occur at the beginning 

(pitching) and the end of fermentation through the switch from fermentation to 

maturation. All changes of temperature are recognised as a stress by the yeast cell 

(Piper, OrtizCalderon, Holyoak, Coote, & Cole, 1997). Throughout the temperature 

shift (for heat and cold shock equally), membrane fluidity decreases and triggers the 

stress response. A temperature shock results in an accumulation of heat shock 

proteins. Additionally, an increment of intracellular trehalose and glycogen occur due 

to a cold shock situation (Murata et al., 2006; Panadero, Pallotti, Rodriguez-Vargas, 

Randez-Gil, & Prieto, 2006). 
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Oxidative stress is controversially debated. An incomplete oxygen metabolism could 

cause a reduction of oxygen to reductive oxygen species (ROS), which are derivate 

forms of O2 such as H2O2, OH•, O2¯, O3 and 1O2. ROS causes damage via the 

peroxidation of lipids, oxidation of proteins and DNA (B. R. Gibson et al., 2007; Morano, 

Grant, & Moye-Rowley, 2012). The stress response of the yeast cell is the synthesis 

of antioxidants to the catalytic reduction of ROS through electronic transfer; for 

instance, superoxide dismutase, catalases, glutathione and thioredoxin (B. R. Gibson 

et al., 2007; Toledano, Delaunay, Biteau, Spector, & Azevedo, 2003). During 

propagation, for the production of biomass with a high value of vitality and viability, 

higher concentrations of catalase and an accumulation of glycogen and trehalose are 

detectable (Bleoanca & Bahrim, 2013). Further studies have shown the influence of 

growth-limiting conditions during fermentation – and therefore the depletion of glucose 

in the wort – on the increment of antioxidants in the absence of oxygen (Gibson et al., 

2008). The genetic regulation for an effective stress response is the objective of the 

following section.  

 

1.2 Genetic regulation affected by stress during fermentation 

As mentioned above, stress is a sudden change of environmental factors. Therefore, 

only in the stress situation is a response necessary to outlast this unfavourable 

situation. Furthermore, to avoid metabolic burden – namely an increased energy 

demand or dilution of molecular factors required for transcription and translation 

(Nevoigt, 2008) – a “fine tuning” of gene expression is indispensable. Consequently, 

the expression of genes that are involved in regulatory or rate-limiting steps of the 

metabolic process are altered in comparison to the entire pathway (Gasch, 2003). 

Therefore, a rapid return to a “non-stress” situation in gene expression is possible and 

reduces the effort and energy requirement (Belanger, Larson, Kahn, Tkachev, & Ay, 

2016; Gasch, 2003; Richter, Haslbeck, & Buchner, 2010).  

The trigger of a stressor leads to the stimulation of the appropriate pathway and the 

induction of relevant stress response genes. There are several genes involved in 

different stress responses and activated by different pathways. This is caused by the 

presence of different transcription-binding sites into the promoter sequences where the 

equivalent transcription factor (TF) binds. TFs are further defined by the function of 

regulating transcription nearby sequences that they bind (Hughes & de Boer, 2013) 

and they are grouped into three classes: (i) Zink (Zn)2+stabilized, which is most 
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abundant in eukaryotic organism; (ii) helix-turned-helix; and (iii) zipper type (Hahn & 

Young, 2011). (Hahn & Young, 2011). At present, there are 180 known genes 

designated as TFs in the yeast genome (www.yeastract.com) (Teixeira et al., 2014). 

Furthermore, the quantity of transcription-binding sites in the promoter region reflects 

the strength of induction patterns (Estruch, 2000). The induction and regulation of the 

different stress response pathways for environmental stress, heat and cold shock, 

osmotic pressure and oxidative stress response will be outlined in the following.  

Substantial fractions of responses are not specific to the stimuli than to common 

environmental changes, these is known as cross-protection (Estruch, 2000). Through 

the environmental stress response (ESR), approximately 900 genes are altered in 

the expression level, whereby approximately 600 genes are reduced in expression 

rate. These genes are mostly associated with a growth-related function and protein 

synthesis. The remaining genes are induced during ESR, whereby 45% of these genes 

are uncharacterised. The characterised genes are e.g. related to carbohydrate 

metabolism, metabolic transport, fatty acid metabolism, protein folding/degradation, 

DNA damage repair, cell wall modifications, detoxification of ROS, autophagy (see 

Table 2) (Gasch, 2003; Gasch et al., 2000).  

The induction of the particular genes is negatively regulated by the cAMP-protein 

kinase A (PKA) pathway, where the membrane bound G-coupled receptors respond 

to external stimuli. Stress conditions reducing interaction of heat shock proteins 

(e.g. Hsp70p) with the protein kinase Cdc25p are followed by reducing cAMP. This 

leads to a downregulation of PKA and mediates the transcription genes’ transcription 

factors Yap1p and Msn2p and Msn4p (Estruch, 2000; Martinez-Pastor et al., 1996; 

Schmitt & McEntee, 1996). Msn2/4p belongs to the zinc-finger family and has the 

identical DNA binding domain (DBD; CCCCT), which is named stress response 

element (STRE) (Marchler, Schüller, Adam, & Ruis, 1993; Martinez-Pastor et al., 

1996). However, these two TFs vary in their cellular behaviour. A deletion of MSN4 

has no influence on the gene expression, whereas a deletion of MSN2 results in a 

reduced induction pattern of STRE-related genes (Martinez-Pastor et al., 1996). Under 

un-stressed conditions, the Msn2/4p are phosphorylated and located in the cytosol. 

Under stress conditions, they become hyper-phosphorylated and translocated to the 

nucleus (Garreau et al., 2000; Gorner et al., 1998) where they induce the STRE-related 

genes. Inversely, increasing cAMP reverses the hyper-phosphorylation and triggers 

the relocation to cytosol (Gasch, 2003). 
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Table 2: ESR-induced genes and their function 
ESR genes Gene function 

Carbohydrate metabolism  

TPS1, TPS2, TSL1 Trehalose 6-phosphate synthase/phosphatase complex 

NTH1, ATH1 Trehalases 

GSY2, GPH1 Glycogen synthetase, Glycogen phosphorylase  

PFK26, FBP26 6-Phosphofructo-2-Kinase, Fructose bisphosphatase 

Fatty acid metabolism  

FAA1, PXA2 

CAT2 

Fatty acid activation, Peroxisomal ABC-transporter 

Carnitine Acetyltransferase (exporting) 

Respiration  

CIT1, CYC7 

COX15, COQ5 

Citrat synthase, cytochrome c 

Cyctochrom c oxidase, Coenzym Q 

Oxidative Stress defence  

TRX2, GRX2 

ECM38, PRX1 

ZWF1, GND2 

 

CTT1, SOD1 

HYR1, GPX1 

CCP1, MCR1 

Thioredoxin, Glutaredoxin 

Gamma-glutamyltranspeptidase, Peroxiredoxin 

Glucose-6-phosphate dehydrogenase,  

6-Phosphogluconate dehydrogenase (NADH-generating 

steps) 

Cytosolic catalase, cytosolic superoxide dismutase 

Glutathione peroxidases  

Cytochrome c peroxidase, Cytochrome b5 reductase 

Autophagy  

APG1, APG7, AUT1 

 

PMC1 

PRC1, YPS6, LAP4, 

PEP4, PRB1 

PAI3, PB12 

Autophagy-related proteins and cytoplasm-to-vacuole 

targeting (CVT) pathway 

Vacuolar calcium pump 

Vacuolar proteases 

 

Protease inhibitors 

Protein folding/degradation  

SSA3, SSA4, SSE2, 

HSP78 

HSP12, HSP26, HSP48 

 

HSP104 

UBC5, UBC8, HUL4 

UBI4, UBP15 

Hsp70 chaperone 

 

Small heat shock proteins 

 

Disaggregase, Heat shock protein 

Ubiquitin ligation and conjugation 

Polyubiquitin, putative deubiquitinating enzyme 
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In addition to STRE, there are further transcription-binding sites included in the 

promoter region of some genes where condition-specific TFs bind; for instance, Hsf1p 

and Yap1p. Such regulatory systems would confer protection under mild stress, but 

the activity of these systems would be impaired or become insouciant under severe 

conditions, thus making the STRE/Msn2/4p system essential for cell survival (Estruch, 

2000). 

The mentioned Hsf1p is involved in the heat shock response (HSR), which is an 

evolutionary consistent response for all eukaryotes (Richter et al., 2010). This is a 

multifaceted regulation system due to the metabolic remodelling, transient cessation 

of growth and global changes of transcription and it is not only responsible for heat 

shock but also for cold shock and higher contents of ethanol (Piper, 1995). This is 

partly triggered by the above-mentioned changes in the membrane fluidity by 

temperature shifts and ethanol. However, the temperature-sensing mechanism 

predicted on a membrane-embedded protein compound has not yet been identified 

(Verghese, Abrams, Wang, & Morano, 2012). Furthermore, the ratio of saturated and 

unsaturated fatty acids in membrane affects the temperature set point at which the 

HSR is induced (Carratù et al., 1996). Ethanol tolerance is partly expressed under the 

same conditions as heat shock. The pre-treatment of cells with heat results in higher 

ethanol tolerance, but not vise versa. Indeed, a pre-treatment with ethanol results in 

thermal intolerance (Piper, 1995). Beside the HSP genes listed in Table, 2 the 

remaining relevant genes of the HSP family (Table 3) are regulated solely by Hsf1p 

(Boy-Marcotte et al., 1999; A Trott & Morano, 2003), with one exception, HSP30, which 

is only regulated by Yap1p (Seymour & Piper, 1999). A hypothesis for the induction of 

the ESR and HSR is not a requirement for survival of the stimulating stress but rather 

for survival of a subsequent stress and it is named as “acquired stress resistance” 

(Berry & Gasch, 2008). 

The TF Hsf1p is an 833-amino-acids protein and it includes a DBD, a three leucine 

zipper (LZ) repeats responsible for the trimerisation of the factor, an essential 

C- terminal transcriptional activation (CTA) domain and – uniquely for yeast – HSF, a 

transcriptional activation domain at the N-terminus (Hashikawa, Yamamoto, & Sakurai, 

2007; Nieto-Sotelo, Wiederrecht, Okuda, & Parker, 1990). The heat shock element 

(HSE) is a pentameric unit grouped into three distinct classes: i) the “perfect” type HSE 

comprises three continuously-inverted repeats of the pentameric unit 

(nTTCnnGAAnnTTCn); ii) the “gap” type [nTTCnnGAAn(5 bp)nGAAn]; and  
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iii) the “step” type [nTTCn(5 bp)nTTCn(5 bp)nTTCn]. Types ii and iii include a five bp 

insertion between the consensus sequence to preserve the proper spatial orientation 

(Hashikawa et al., 2007; Sakurai & Takemori, 2007). In contrast to vertebrates, one 

yeast HSF pentameric unit binds poorly on HSE and is insufficient to induce 

transcription, where a trimerisation of HSF increases the DNA binding and stabilises 

the DNA-protein interaction (Drees, Grotkopp, & Nelson, 1997).  

 

Table 3: Relevant heat shock proteins involved in heat shock response in Saccharomyces yeast (Becker 

& Craig, 1994; Bleoanca & Bahrim, 2013; Boy-Marcotte et al., 1999; Ma & Liu, 2010; Seymour & Piper, 

1999) 

HSP gene      Physiological function TF binding site 
 STRE  HSE  YAP

Small HSP´s 
HSP12 Cellular role is not entirely known; possible impact on the 

initiation of stationary phase and induction of 
sporulation. Hsp30p may regulate plasma membrane 
ATPase 

7 1 0 
HSP26 4 7 0 

HSP30 0 0 3 

HSP70 family   

SSA3 

Cytosolic HSP70 gene, molecular chaperones, binding 
newly-translated proteins to assist in proper folding and 
prevent aggregation/misfolding  

0 1 0 

SSA4 Paralog of SSA3 0 1 0 

HSP100 family  

 
Disaggregases; Solubilisation of protein aggregates and 
degradation of proteins 

   

HSP104 
Essential for thermotolerance acquisition. It is expressed 
constitutively in respiring cells, which do not ferment, 
entering stationary phase. 

3 10 1 

 

One of the five MAP kinases in S. cerevisiae regulates the genetic response affected 

by osmotic pressure, namely the high osmolarity glycerol (HOG) pathway (Gustin, 

Albertyn, Alexander, & Davenport, 1998; Markus J. Tamás & Hohmann, 2003). In order 

to avoid excessive turgor or cell burst through osmotic stress, compatible solutes are 

synthesised by the yeast cells. These are osmoprotectants, which not affect the 

physical or biochemical processes and increase internal osmolarity. The sole 

compatible solute in S. cerevisiae is glycerol. The accumulation of trehalose and 

glycogen is stimulated by general stress and functions as a storage carbohydrate. The 

genes GPD1 (Glycerol-3-Phosphate Dehydrogenase) and GPP2 (Glycerol-3-

Phosphate Phosphatase) mainly affect the synthesis of glycerol during osmotic stress 

(Rep, Albertyn, Thevelein, Prior, & Hohmann, 1999; M. Rep et al., 1999). Furthermore, 

for control of cellular glycerol content, the glycerol channel Fps1p is rapidly gated by 
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osmolarity changes to ensure internal glycerol accumulation (Markus J Tamás et al., 

1999). Both stress-relevant genes GPD1 and GPP2 are rapidly and transient induced 

to 50-fold after stressor occurs. The protein level and enzyme activity of Gpd1p and 

Gpp2p increase up to 10-fold, depending on the severity of stress (Blomberg, 1995; 

Blomberg & Adler, 1989; Martijn Rep et al., 1999; M. Rep et al., 1999). and are 

triggered by the transmembrane histidine phosphotransfer kinase and osmosensor 

Sln1p (Figure 2). The generated signal is transduced through the MAPK 

phosphorylation cascade (Ssk2/22p and Pbs2p). The phosphorylated Hog1p 

translocates from cytoplasm to the nucleus and binds in complex with Hot1p on the 

promoter region of GPP2 and GPD1 (Aguilera, Randez-Gil, & Prieto, 2007; Alepuz, de 

Nadal, Zapater, Ammerer, & Posas, 2003). The transcription-binding site of Hot1p has 

not been determined. 

Figure 2: Signal cascade of HOG pathway. Trigger of the membrane bound osmosensor Sln1p. Signal 

transduced through MAPK phosphorylation cascade, which results in the phosphorylation of Hog1p. 

Consequently, phosphorylated Hog1p relocate to nucleus and promotes gene expression of inter alia 

GOD1 and DPP2.  

 

Changes in intracellular concentrations of oxidants activate the oxidative stress 

response by a sophisticated redox sensor. This is provoked by the incomplete 

reduction of oxygen during propagation. The genomic response to low doses of ROS 

such as H2O2 results in rapid and transient regulation of more than 100 up-regulated 
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genes and 50 repressed genes (Gasch et al., 2000). The direct activation of gene 

expression by oxidants is based on the TF Yap1p that co-regulates in association with 

Skn7p. Yap1p controls the major response regulon to oxidative stress, whereas Skn7p 

is required for a differential usage of two overlapping sets of genes in distinct stress 

responses (J. Lee et al., 1999). Yap1p binds to the Yap1p recognition element (YRE) 

T(T/G)ACTAA in the promoter region of response genes (Fernandes, Rodrigues-

Pousada, & Struhl, 1997). (Fernandes et al., 1997). Yap1p contains on the N-Terminus 

a nuclear location signal and on the C-Terminus a nuclear export signal. In non-stress 

situations, Yap1p is located in cytosol, whereas the conformation change triggered by 

intramolecular disulphide bounds in the presence of H2O2 results in relocation to the 

nucleus (Gulshan, Rovinsky, Coleman, & Moye-Rowley, 2005; Kuge et al., 2001). 

Table 4 shows relevant genes induced by oxidative stress and their regulation by 

Yap1p and Skn7p. Beside this, genes from the HSP family, drug transporters and 

genes that are involved in carbohydrate metabolism are also induced by ROS.  

 

Table 4: Relevant genes involved in oxidative stress response and their TF´s in Saccharomyces yeast 

(Gasch et al., 2000; Godon et al., 1998; J. Lee et al., 1999) 

Gene Physiological function Regulation 

Glutathione system 

GSH1 Glutamate-cysteine ligase Yap1p 

GSH2 Glutathione synthetase  Yap1p 

GLR1 Glutathione reductase Yap1p 

GPX1/2 Glutathione peroxidase Yap1p 

Thioredoixin system  

TRX2 Thioredoxin 2 Yap1p/Skn7p 

TRR1 Thioredoxin reductase 1 Yap1p/Skn7p 

TSA1 Thiol peroxidase Yap1p/Skn7p 

Other antioxidants 

CCP1 Cytochrome-c peroxidase Yap1p/Skn7p 

CTA1 Catalase A Yap1p 

SOD1 Superoxide dismutase Yap1p/Skn7p 

 

At the end of fermentation, ethanol toxicity, the depletion of carbohydrates and nutrient 

starvation result in the increase of different stress-related genes. Furthermore, the 

yeast cells enter the stationary phase (Christopher Boulton & Quain, 2008). The 

metabolism of glycogen and trehalose functions as reserve carbohydrates. Glycogen 
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accumulates before fermentable sugar is exhausted, whereas trehalose accumulates 

when cells enter the stationary phase due to nutritional shortage (François & Parrou, 

2001; B. R. Gibson et al., 2008). Both reserve carbohydrates are synthesised from 

Glucose-6-phosphate and UDP-Glucose. Trehalose is synthesised by trehalose 

synthase complex through the genes TPS1, TPS2 (see Table 5), and the largest unit 

is this complex TPS3 and TSL1 (Bell et al., 1998). Thereby, the regulation of 

transcription is STRE-dependent and is further controlled by post-translational 

regulations of the subunits (Parrou, Teste, & François, 1997). The slow degradation of 

trehalose during the stationary phase is accompanied with the genes NTH1/2 (neutral 

trehalase) and ATH1 (vacuolar acid trehalose).  

The activation of glycogen metabolism is linked to decreasing concentrations of 

glucose and it is also STRE-dependent (Parrou et al., 1997). The initiation of the 

metabolism of glycogen is ensured through the self-glycosylating initiator proteins 

Glg1/2p and glycogen synthetase (GLG1/2) followed by the glycogen-branching 

enzyme GLC3 (François & Parrou, 2001).  

 

Besides the starvation and ethanol toxicity, at the end of fermentation a decrease in 

temperature occur due to the transition from fermentation to maturation. The stress 

response of cold shock affects membrane fluidification, cell wall maintenance, 

osmolyte synthesis, protein-folding support and ROS detoxification (Homma, 

Iwahashi, & Komatsu, 2003; Kandror, Bretschneider, Kreydin, Cavalieri, & Goldberg, 

2004; Murata et al., 2006). In particular, the primary signal is transduced to classical 

stress pathways and transcription factors (Aguilera et al., 2007) such as the high 

osmolality glycerol (HOG) pathway (Panadero et al., 2006; A. Trott, Shaner, & Morano, 

2005), cell wall integrity (CWI) pathway (Corcoles-Saez, Ballester-Tomas, de la 

Torre-Ruiz, Prieto, & Randez-Gil, 2012), and heat shock response. The cold-sensing 

signal is triggered by changes in the physical state of membrane, which are monitored 

by the histidine phosphotransfer kinase and osmosensor Sln1p (Carratù et al., 1996; 

Panadero et al., 2006). Furthermore, a deletion of the TF Msn2/4p results in rapid 

death of the yeast cells at 0°C (Kandror et al., 2004) which suggests that ESR is 

involved equally. The involvement of cold shock-relevant genes and the associated TF 

is summarised in Table 5.  
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Table 5: Cold-shock relevant genes and the associated pathway in Saccharomyces yeast.  

Genes      Physiological function  
 

cAMP-PKA 
TPS1 Trehalose-6-Phosphate Synthase 

Trehalose-6-Phosphate Synthase TPS2 
 
HOG Pathway 

GPD1 
GRE1 

 
GLO1 

Glycerol-3-Phosphate Dehydrogenase 
stress responsive gene; Hydrophilin essential in desiccation-
rehydration process 
Monomeric glyoxalase I 

  

MOX Factors 

TIR1/2/4 
Cell wall mannoprotein, TIP1 (Major cell wall mannoprotein with 
possible lipase activity) related 

PAU-
Family 

 
DAN1 

Located in subtelomeric regions, serve adaptive purposes  
 
 
Cell wall mannoprotein; similar to Tir1p, Tir2p, Tir3p, and Tir4p 

 

The response to cold shock is regulated in different patterns, depending on the time 

and temperature (Sahara, Goda, & Ohgiya, 2002; Schade, Jansen, Whiteway, Entian, 

& Thomas, 2004). Through the industrial application, Saccharomyces yeast is exposed 

to temperature (10-20°C) far below the natural physiological temperature of 25–30°C. 

Furthermore, storage of industrial yeast proceeds at a very low temperature (0-4°C), 

whereby the growth is restricted and the vitality and viability is maintained over longer 

time periods (Hill, 2015).  

At the initial state of cold shock, (0-2 h) 323 genes that are involved in phospholipid 

syntheses (INO1, OLE1, OPI3), transcription (RPA49, NSR1, DBP2), and 94 genes 

encodes for ribosomal proteins are induced. However, the expression was drastically 

repressed at longer shock conditions (up to 24 h) at 10°C and 4°C (Sahara et al., 2002; 

Schade et al., 2004).  

With the continuous shock situation (4-24 h) genes of HSPs, reserve carbohydrate 

synthesis, oxidative stress response and ROS detoxification are induced (Homma et 

al., 2003; Kandror et al., 2004; Murata et al., 2006; Sahara et al., 2002; Schade et al., 

2004).  

At mid to low temperature, transcriptional machinery is induced for the purpose of 

growth. This growth stops as the ambient temperature decreases further on. At this 

stage, freeze protective machinery is activated through the transcription of genes 

involved in fatty acid desaturation and synthesis of osmoprotectants. These are 
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followed by the growth arrest at near freezing temperatures with activation of protective 

response, such as oxidative stress response and HSPs (see Figure 3).  

Genes of the HSP family are differentially regulated dependent on temperature and it 

is suggested that the cellular response at 10°C varies from the response at 4°C (Murata 

et al., 2006). (Murata et al., 2006). At 10°C, the following HSP genes are highly 

repressed but are induced at lower temperatures: HSP30, HSP60, HSP78, HSP82, 

SSA1, SSA2 and HSP 150.  

 

1.3 Homologues promoters of Saccharomyces yeast for metabolic 

engineering 

Yeast are highly adapted on different stressors in a natural environment and due to the 

domestication on multiple stressors during industrial fermentation processes. 

Notwithstanding, the ongoing industrialisation and process optimisations in the food 

and beverage industry request new demands of industrial yeasts. In order to overcome 

Figure 3: Schematic procedure of sequential induction of gene expression throughout cold

adaption until growth arrest of yeast cells (modified according to Aguilera et al., 2007).  
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the absence or unfavourable characteristics of yeast without disturbing the general 

performance, genetic technology has been used for years. Besides the classical 

breeding methods, genetic modification by gene technology is highly established 

primarily due to the enormous knowledge of the genetic constitution of S. cerevisiae.  

Gene deletion, the integration of heterologous genes, overexpressing of genes or 

optimised regulation of the gene expression are main focuses in the optimisation of 

industrial yeasts. For the regulation of the gene expression, constitutive and regulative 

promoters are well characterised (Table 6). Constitutive promoters transcribe 

independently of environmental conditions and growth phases and are mostly involved 

in the central catabolic pathway. In order to compare promoter strength, a comparable 

experimental setup should be given, e.g. copy number by integrative experiment 

versus plasmid-based investigations. PARTOW and colleagues published such a 

promoter screening experiment with an increased number of different constitutive 

promoters (Partow, Siewers, Bjorn, Nielsen, & Maury, 2010): 

 

PTEF1 ∼ PHXT7 > PPGK1 > PTPI1 ∼ PTDH3 > PPYK1 ∼ PADH1 

 

Even with the usage of constitutive promoters, a variation in the expression strength 

could occur by the metabolic mode (fermentative versus respiratory), which 

demonstrates the glucose-dependent expression patterns (Partow et al., 2010; Sun-

Hee, Hyoun-Kyoung, & Han-Seung, 2012). In particular, the Promoter PHXT7 shows 

strong differences in the regulation, according to the glucose concentration (Partow et 

al., 2010). 

Based on the metabolic burden or the accumulation of toxic substances, high 

constitutive expression of genes in a pathway could be counterproductive. Therefore, 

the regulation of gene expression holds main interest with the fine-tuned production of 

homologous or heterologous proteins. Furthermore, for cell growth without the burden 

caused by the product formation, decoupling of these two phases is indispensable to 

ensure a good balance between flux concerning final product and the metabolic 

requirements of the yeast cell (Hubmann, Thevelein, & Nevoigt, 2014). An ideal 

inducible promoter for the industrial fermentation of yeast must: (i) be tightly regulated, 

(ii) be inexpensive to induce, (iii) express at high levels after induction, and (iv) be easy 

to handle (Nevoigt et al., 2007). Ideally, regulative promoters function in an on-off 
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Table 6: Commonly-used constitutive promoters for metabolic engineering of Saccharomyces yeast 

(Hirosawa et al., 2004; IijimaIijima & Ogata, 2010; Mumberg, Muller, & Funk, 1995; Partow et al., 2010; 

Sun et al., 2012) 

Promoters Physiological function Metabolic mode 
ADH1 Alcoholdehydrogenase 1 Glycolysis 
CYC1 Cytochrom C Respiration 
ENO2 Endolase Glycolysis 
FBA1 Fructose 1,6-bisphosphate aldolase Glycolysis 
GPM1 Tetrameric phosphoglycerate mutase Glycolysis/ Gluconeogenesis 
HXT7 Glucose transporter Glycolysis 
PDC1 Pyruvat decarboxylase Glycolysis 
PGK1 3-phosphoglycerate kinase Glycolysis/ Gluconeogenesis 
PGI1 Phosphoglucose isomerase Gluconeogenesis 
PYK1 Pyruvate kinase Glycolysis 

TDH2/3 
Glyceraldehyde-3-phosphate 
dehydrogenase 

Glycolysis/ Gluconeogenesis 

TEF1/2 Translational elongation factor EF-1 alpha Translation 
TPI1 Triose phosphate isomerase Glycolysis 

 

switch mode for inducers or repressors by external stimuli or the accumulation of 

cellular metabolites (Hubmann et al., 2014). The best-known representatives of 

regulative promoters are members of the GAL family. The promoters PGAL1, PGAL7 

and PGAL10 are strongly induced by galactose when glucose is depleted. The 

interaction of the TFs Gal4p, Gal80p and Gal3p are responsible for the induction (Hahn 

& Young, 2011; Hawkins & Smolke, 2006; West, Yocum, & Ptashne, 1984). Besides 

galactose, other sugars such as maltose and sucrose could also induce regulative 

gene expression; however, glucose repression overacts induction by the respective 

sugar (Finley, Zhang, Zhong, & Stanyon, 2002; Park, Shiba, Lijima, Kobayashi, & 

Hishinuma, 1993). This is the limitation for usage of such promoters in mixed 

substrates such as wort.  

Another well-known inducible promoter is PCUP1 (CUP1 encodes for metallothionein), 

which induces the gene expression in the presence of Cu2+ ions in the medium (Farhi 

et al., 2006). The responsible TF is Cup2p (Labbe & Thiele, 1999). The depletion of 

nutrient such as inorganic phosphates, methionine or glucose results in the activation 

of the promoters PPHO5, PMET3 and PADH2, respectively (K. M. Lee & DaSilva, 2005; 

Mountain, Bystrom, Larsen, & Korch, 1991; Mumberg, Muller, & Funk, 1994).  

The mentioned promoters – regarding whether used for metabolic engineering –are 

not suitable for usage in food and beverage production, caused by the mixed 

substrates (e.g. wort and must) and the prohibition of additives. Investigations for 

usable promoters in a food and beverage fermentation context are occasional.  



Introduction 

 - 20 - 

The usage of bioprocess parameters such as the availability of oxygen or shifts in 

temperature is also considered as an inductor for gene expression. This results from 

the benefit of the controllability, whereby small changes in temperature and oxygen 

are easy to implement into fermentation processes. However, previous research has 

focused on promoters of the DAN/TIR family for induction under anaerobic conditions 

In the promoter sequence of all eight DAN/TIR members the anaerobic response 

elements AR1 (consensus sequence TCGTTYAG) and carrier DAN1, DAN2 and DAN3 

were found, as well as AR2 (consensus sequence AAAAATTGTTGA) (Cohen, Sertil, 

Abramova, Davies, & Lowry, 2001). The gene expression is regulated by the 

repression factors Mox1/2, Mot1p, Rox1p and activator Mox4 and possibly other TFs 

(Abramova et al., 2001; Cohen et al., 2001; Sertil, Kapoor, Cohen, Abramova, & Lowry, 

2003). However, metabolic or environmental changes associated with anaerobia such 

as ethanol production, reduction of pH, sterol depletion also lead to gene expression 

and are not excluded as an inductor (Cohen et al., 2001). Furthermore, the optimisation 

of regulation properties of the PDAN1 was investigated by simple sequence changes. 

This demonstrates the possibility of user-specific engineering of existing promoters or 

the creation of new ones (Nevoigt et al., 2007).  

The usage of temperature-regulated gene expression based on several studies with 

temperature-sensitive SIR3 mutation in haploid Saccharomyces yeast (Cheng & Yang, 

1996; Kobayashi, Nakazawa, Harashima, & Oshima, 1990; Sledziewski, Bell, Kelsay, 

& MacKay, 1988). SIR genes (silent information regulator) are the silent copies of the 

additional mating-type information and encoded by the genes HMR (for a-mating) and 

HML (for α-Mating). Concerning to a mutation of SIR3, several mating-type regulatory 

proteins were synthesised and realised a temperature depending on expression by 

repression of Mata-specific operator regions (31 bp), which functions as a promoter for 

the genes of interest (Rine & Herskowitz, 1987). These studies shown the transcription 

at 25°C and repression at 30-35°C (Kobayashi et al., 1990; Sledziewski et al., 1988) 

and vice versa (Cheng & Yang, 1996).  
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1.4 Motivation 

 

The previous chapters provided an overview of the stress responses of yeast during 

industrial fermentation processes such as brewing, given that the genetic response 

varies with type and intensity of stress. The industrial procedure is far away from the 

natural circumstances of yeast - notwithstanding adaption throughout industrialisation 

- and leads to a gene expression induced by bioprocess parameters. Temperature is 

a stressor that occurs during fermentation in different phases: transition from 

propagation to fermentation and at the end of the main fermentation through the 

transition to maturation (B. R. Gibson et al., 2007). In comparison to ethanol, substrate 

composition and nutrition availability, temperature is an influenceable stressor, without 

direct interferences of the product composition (B. R. Gibson et al., 2007; Lagunas, 

1993; Piper, 1995). At present, little is known about stress-induced promoters for 

metabolic engineering, which is characterised by targeted modification of the 

intermediary metabolism using recombinant techniques (Nielsen, 1998). Concerning 

the manifold occurrence of stressors during industrial fermentation and the mentioned 

overlap of stress responses, usable promoters for metabolic engineering are not 

characterised. Additionally, to find the optimal expression strength for a gene in a 

metabolic engineering approach, it is best to test different promoters. Furthermore, the 

usage of the described regulative promoters for gene expression is not allowed in food 

and beverage production caused by the induction through additives such as copper or 

galactose (Hahn & Young, 2011; Hawkins & Smolke, 2006; Labbe & Thiele, 1999; 

West et al., 1984). A tight regulation of promoters for the industrial application is 

indispensable to avoid interruption of fermentation processes or metabolic burden. 

This further ensures, that relevant precursors for the synthesis of the metabolic product 

are available. 

Besides the problematic of a tight-regulated induced gene expression by bioprocess 

parameters, an additional factor is the usage of genetic modified organism in food and 

beverage production. The declaration of GM food – namely food that is produced by 

genetically-modified organisms, plants or animals – depends on each individual 

country´s law. In Europe, for instance, the production of such food is not allowed, 

whereas in the US there is no differentiation between GMO and non-GMO (Sheldon, 

2001). In China, such GM food has to be labelled (MOH, 2002). Furthermore, the 

consumer acceptance of such products is quite low in Europe ("Eurobarometer 238 
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"Risk issue"," 2006; Eurobarometer, 2010; "Special Eurobarometer 244b "Europeans 

in Biotechnology in 2005: Patterns and Trends"," 2006), but relish greater acceptance 

in USA and developing countries (Ceccoli & Hixon, 2012; Curtis, McCluskey, & Wahl, 

2004; Lusk & Rozan, 2005). This low acceptance could be explained by the usage of 

heterologous genetic material to produce such organisms (Figure 4). In order to 

overcome this declaration the absolute renouncement of heterologous nucleic acids is 

indispensable. The term self-cloning implies the enzymatic or mechanic modification, 

re-arrangement and re-insertion of homologue nucleic acids, and it is – for instance – 

defined by the European directive 2009/41/EG, and implemented to the German 

Genetic Engineering Act ("Gesetz zur Regelung der Gentechnik - GenTG"). 

Furthermore, such self-cloning techniques are equated with classical breeding 

methods such as cell fusion and mutagenesis. Therefore, the fundamental question of 

the stress-regulated gene expression of industrial yeast during fermentative food and 

beverage production has not yet been answered. Such stress-regulated promoters 

could be a possibility for growth-uncoupled gene induction in industrial application.  

Figure 4: Schematic overview of the differences in the manipulation of industrial yeast.  

 

The main objective of this thesis is the biotechnological generation and evaluation of 

process optimised Saccharomyces yeasts for temperature-induced gene expression. 

It should be clarified how temperature shifts influence the induction of stress-relevant 

genes of the industrial yeast Saccharomyces pastorianus TUM 34/70 and 

Saccharomyces cerevisiae TUM 68.  
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Based on this research knowledge, the following hypotheses were formulated: 

 The induction if the stress-related promoters are uncoupled from growth phases 

and unaffected at higher concentrations of ethanol.  

 The evaluated promoters of homologous cold and heat shock genes show 

various induction patterns under equal stress situations and thus a various 

metabolite profile. 

 The process-induced induction of the evaluating promoters leads to an 

overexpression of the target gene. 

 Throughout “fine tuning” of shock situations (temperature shift and duration), 

the biosynthesis of the target gene is controllable. 

 The evaluated shock situations are unaffected by the viability and vitality of the 

yeast population.  

In order to overcome the unfavourable characteristics of industrial yeast or adaption 

on the accelerating processes, a subset of regulative homologues promoters of 

industrial yeasts could offer new possibilities for induced gene expression in food and 

beverage production. Furthermore, based on a self-cloning procedure, targeting 

genetic modification of the yeast is possible without the GMO labelling in most 

countries (aside from the EU). 
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2. Summary of results (Thesis publications) 

The results are summarized in this chapter, followed by copies of the individual 

publications. 

 

Part I 

Page 28 
Self-cloning brewing yeast: a new dimension in beverage production 

 

Since the mid-1990s, biotechnology has advanced, and there has been an increased 

focus on using genetically modified yeast in the production of fermented beverages 

and the manufacturing of bioethanol. Yeast is the primary microorganism for fermented 

beverages such as beer, wine and sake. However, existing individual strains will not 

completely fulfill future demands for an efficient and high-quality fermentation. In this 

case, several research groups have been working on genetic modifications of yeast to 

create an up-to-date application. Genetically modified organisms (GMO) such as 

yeast, crops and plants in the food and beverage production are not desired by the 

consumer. A possible solution to overcome the consumer distaste of products labeled 

as containing GMO could be the application of self-cloning yeasts. Thus, connotated, 

the modification of the genome occurs without heterologous DNA. This review is an 

overview of current research regarding the use of self-cloning yeast in brewing, wine 

making, baked goods and sake production. The main focus of this paper concerns the 

possibilities of promoter usage, the construction of self-cloning yeast, and the 

monitoring of self-cloning yeast. 
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Part II 

Page 41 

EGFP-based evaluation of temperature inducible native promoters of 

industrial ale yeast by using a high throughput system 

 

Targeted induced gene expression for industrial fermentation processes in food and 

beverage production could fulfill future requirements. Up to now, there is limited data 

of inducible expression patterns for targeted gene expression under such specific 

conditions. For the evaluation of temperature induced native promoters, the widely 

used reporter gene “enhanced green fluorescence protein” (EGFP) by utilizing high 

throughput systems was applied. Five different promoters of the industrial yeast strain 

Saccharomyces cerevisiae TUM 68 were evaluated (PHSP12, PHSP26, PHSP30, 

PHSP104, and PSSA3). They are induced during temperature shifts, which may occur 

in transition of fermentation to maturation. Furthermore, the induction of gene 

expression affected by different contents of ethanol were investigated, by using 

synthetic wort that mimics a 12 °P wort. Promoters PHSP30 and PSSA3 showed the 

highest fluorescence value during temperature shift from 20°C to 10°C. A temperature 

shift from 20°C to 4°C resulted in highest fluorescence values of PSSA3 and PHSP26. 

Further, these promoters showed the lowest induction value by ethanol concentrations 

between 4 and 6%-vol. With this method, it is possible to evaluate native temperature 

induced promoters for the usage in self-cloning brewing yeast under strict industrial 

conditions. 
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Part III 

Page 48 

Induced gene expression in industrial Saccharomyces pastorianus var. 

carlsbergensis TUM 34/70: Evaluation of temperature and ethanol 

inducible native promoters 

 

Induced gene expression is an important trait in yeast metabolic engineering, but 

current regulations prevent the use of conventional expression systems, such as 

galactose and copper, in food and beverage fermentations. This article examines the 

suitability of temperature-inducible native promoters for use in the industrial yeast 

strain Saccharomyces pastorianus var. carlsbergensis TUM 34/70 under brewing 

conditions. Ten different promoters were cloned and characterized under varying 

temperature shifts and ethanol concentrations using a green fluorescent protein 

reporter. The activities of these promoters varied depending upon the stress conditions 

applied. A temperature shift to 4°C led to the highest fold changes of PSSA3, PUBI4 

and PHSP104 by 5.4, 4.5 and 5.0, respectively. Ethanol shock at 24°C showed marked, 

concentration-dependent induction of the promoters. Here, PHSP104 showed its 

highest induction at ethanol concentrations between 4% (v/v) and 6% (v/v). The 

highest fold changes of PSSA3 and PUBI4 were found at 10% (v/v) ethanol. In 

comparison, the ethanol shock at a typical fermentation temperature (12°C) leads to 

lower induction patterns of these promoters. Taken together, the data show that three 

promoters (PHSP104, PUBI4 and PSSA3) have high potential for targeted gene 

expression in self-cloning brewing yeast using temperature shifts. 
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Part IV 

Page 58 

Induced expression of the alcohol acetyltransferase gene ATF1 in 

industrial yeast Saccharomyces pastorianus TUM 34/70 

 

Targeted induced gene expression for industrial fermentation processes in food and 

beverage production could fulfill future demands. To avoid metabolic burden and 

disturbances due to the fermentation procedure, induced gene expression is 

necessary for combating stress, such as that caused by temperature shifts that occur 

during the transition from fermentation to maturation in the brewing process. The aim 

of this study was to target gene expression in industrial yeast using stress-responsive 

promoters and homologs of the selection marker SMR1. Self-cloning strains of the 

industrial brewing yeast Saccharomyces pastorianus TUM 34/70 were constructed to 

overexpress the alcohol acetyltransferase (ATF1) gene under the control of inducible 

promoters PSSA3, PHSP104, and PUBI4.  

Transcription analysis shows the highest induction after 72 h of shock situation for 

PHSP104 with 1.3-fold and PUBI4 with 2.2-fold. Further, at the end of shock situation 

the concentrations of ethyl acetate were 1.2-fold and 1.3-fold higher than the wild type, 

for PHSP104 and PUBI4, respectively. In addition, the influence of the final temperature 

and temporal sequence of temperature shock to 4°C had a major impact on expression 

patterns. Therefore, these data show that temperature-induced gene expression of 

self-cloning industrial yeast could be an option for optimization of the beverage 

fermentation.  
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2.1 Self-cloning brewing yeast: a new dimension in beverage production 
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2.2 EGFP-based evaluation of temperature inducible native promoters of 
industrial ale yeast by using a high throughput system 
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2.3 Induced gene expression in industrial Saccharomyces pastorianus var. 

carlsbergensis TUM 34/70: Evaluation of temperature and ethanol 

inducible native promoters 
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2.4 Induced expression of the alcohol acetyltransferase gene ATF1 in 

industrial yeast Saccharomyces pastorianus TUM 34/70 
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3. Discussion  

 

Through the knowledge of yeast genome since 1996, gene regulation and modification 

have also influenced the industrial yeast application. Industrial fermentations correlate 

with several stressors as mentioned in detail in the introduction for the beer 

fermentation. Existing research has mostly focused on the understanding of gene 

regulation during fermentation e.g. for the synthesis of volatile compounds or off-

flavour, stress responses and the influence of the fermentation process itself (Aguilera 

et al., 2007; Gibson et al., 2008; Hohmann, 2002; Homma et al., 2003; S. M. G. 

Saerens, Delvaux, Verstrepen, & Thevelein, 2010; Verstrepen, Derdelinckx, et al., 

2003; Verstrepen, Van Laere, et al., 2003). Furthermore, genome-based breeding for 

classical genetic modification on industrial yeast strains is problematic based on the 

global change of genotype and phenotype and the reduced property of sporulation 

(Bilinski, Russell, & Stewart, 1986), caused by the higher ploidy levels in industrial 

strains. Nevertheless, establishing targeted gene expression is not possible with these 

methods. This also applies for genetic modification of industrial organisms (for food 

and beverage production), caused by the harmfulness and prohibition of additives to 

the process.  

The ability to adapt to different environmental changes is the reason for the success 

story of Saccharomyces yeast for decades. Besides the fermentation stressors 

(malnutrition, osmotic pressure and ethanol), Saccharomyces yeast are highly adapted 

to temperature shifts. The corresponding genes are well known and their regulation 

was studied under laboratory conditions (Aguilera et al., 2007; Hohmann & Mager, 

2003; Homma et al., 2003; Kandror et al., 2004; Murata et al., 2006; Piper, 1995; Piper 

et al., 1997; Sahara et al., 2002; Schade et al., 2004). The present work provides a 

fundamental contribution to understand the stress-related gene regulations and the 

interaction of different kinds of stressors, that occurs during industrial fermentation 

teamed with the allotetraploid hybrid S. pastorianus var. carlsbergensis. The induction 

characteristics of stress related promoters were evaluated with the aim of induced 

gene expression of ATF1 provoked by the bioprocess-parameter temperature. 

In an initial experimental set up (Chapter 2.2), a method for the evaluation of promoter 

strength of the non-hybrid industrial Saccharomyces cerevisiae TUM 68 yeast by 

mimic industrial brewing conditions in high throughput was established. Therefore, five 

different promoters of the heat shock family were cloned up-stream of the reporter 
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gene EGFP. This procedure allowed a non-invasive detection of the promoter 

induction. Furthermore, the usage of synthetic wort complements the industrial 

mimicry.  

For high throughput measurements of fluorescence, it is important to correct the 

fluorescence of other sources, such as the auto-fluorescence of each yeast cell and 

media. Especially for longer time measurements, auto-fluorescence depends not only 

on the size or stage of population growth, but also media composition at every time 

point through the depletion of nutrients and excreted products by the yeast cells. This 

correction was conducted via spectral unmixing of auto-fluorescence and GFP-based 

florescence by using two wavelengths (525nm and 585nm) (Lichten, White, Clark, & 

Swain, 2014).  

The influence of a temperature shift from 20 to 4 and 10°C to the induction conditions 

is shown in Table 4 - Chapter 2.2. as a fold change to time point 0h. Both temperature 

shifts led to an induction of the EGFP expression. The shift to 10°C results in the 

highest expression at 72h by PSSA3 and PHSP30, with 6.8 and 5.8, respectively. 

Further, PHSP12, PHSP26, and PHSP104 grouped to late cold shock response 

(Schade et al., 2004) show slight fluorescence patterns and rise with the time after  

12 hours. The expression patterns of PHSP12, PHSP30 and PHSP104 by temperature 

shift to 4°C are consistent with existing literature (Murata et al., 2006).  

Furthermore, the induction patterns influenced by different contents of ethanol also 

leads to already-described induction patterns. A minimum content of ethanol is needed 

for the induction of HSP genes (Piper et al., 1994) and leads to increased fluorescence 

patterns of the evaluated promoters, except PHSP26. There are higher fold changes 

measured by 4%(v/v) in comparison to 6%(v/v) ethanol. Further, a decline of induction 

is detected by PHSP12 and PHSP30, which was also described by PIPER and 

colleagues.  

Summarising, the method is sufficiently sensible, reproducible and useful for time 

series detection in high throughput measurements of EGFP expression under 

industrial conditions. Furthermore, investigations into promoter strength and induction 

conditions in a stress full environment based on RNA hides the translational 

modifications.  

In order to evaluate most suitable homologous promoters of the industrial yeast 

S. pastorianus var. carlsbergensis TUM 34/70, the method was investigated during 

fermentation, ethanol stress and cold shock (Chapter 2.3). 



Discussion 

 - 71 - 

Besides the high induction efficiency by temperature shocks, other stressors should 

not or only minimally initiate the induction. Especially when different stressors occur 

simultaneously – for instance, at the end of fermentation with higher concentrations of 

ethanol and shifts in temperature by transition to maturation – an overlap of stress 

responses emerges and a prediction of the stress response is complicated (Y. Wang 

et al., 2015). The low temperature leads to an enhanced membrane fluidity, while by 

contrast higher concentrations of ethanol lead to enhanced rigidity of the membrane 

(Aguilera et al., 2007; Alexandre, Ansanay-Galeote, Dequin, & Blondin, 2001; Y. F. 

Wang et al., 2015) and trehalose accumulation (Odumeru, D'Amore, Russell, & 

Stewart, 1993). Therefore, the influence of varied concentrations of ethanol were 

investigated under optimal and fermentation temperature (Table 3 – Chapter 2.3 and 

Table 4 – Chapter 2.3, respectively). The promoters of the TIP-related family show the 

highest induction at an ethanol concertation of 4% (v/v), whereby promoters of the HSP 

family show higher induction by higher ethanol concentrations. PHSP12, PSSA3 and 

PUBI4 show the highest induction patterns at 10% (v/v), whereas PHSP26 and PHSP30 

show the highest induction at 6% (v/v) which is consistent with PIPER et al (Piper et al., 

1994). In direct comparison, the induction patterns by ethanol shock at 12°C are 

generally lower.  

In principle, the influence of growth phases on the induction pattern effected by cold 

shock was investigated. All promoters show the highest induction after 24h after 

exposure to 4°C at the beginning of the stationary phase (Figure 5a and Figure 2a – 

Chapter 2.3). PTIP1 shows the highest induction in the TIP-related family. 

Nevertheless, members of the HSP family show the highest induction patterns of all 

evaluated promoters, with PHSP104 (fold change of 5.2) and PHSP26 (fold change 

5.0). In order to explore the dependency of growth phases where a residual extract of 

approximately 5 °P exists, temperature shifts were applied in the same conditions 

(Figure 5b and Figure 2b – Chapter 2.3.). Up to that moment, the yeast underlie further 

stressors, such as higher concentrations of ethanol (≈ 4%(v/v)), proceeded depletion 

of nutrients, and through sequential uptake of carbohydrates, only polysaccharides are 

available. In contrast to the fluorescence patterns at the beginning of the stationary 

phase, the fluorescence increases over time. Further, a categorization into three 

induction groups could be applied. The Promoters of the TIP-related family shows 

again the lowest induction patterns. The promoters PHSP12, PHSP26 and PHSP30, all 

members of the small HSP´s, show equivalent induction patters to the temperature  
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shift at beginning of stationary phase. The highest induction patterns were observed 

from PHSP104, PSSA3 and PUBI4 with 5.0 und 5.4 and 4.4, respectively. However, the 

results are controversial in relation to existing literature, where HSP104 shows the 

lowest expression and SSA3 an enhanced expression under similar conditions 

(Homma et al., 2003; Murata et al., 2006). Due to these results, the hypothesis that the 

Figure 5: Heat map of fluorescence changes of EGFP under control of the different yeast promoters at 

each time point after temperature shift from 12°C to 4°C. a: Fluorescence detection at initiation of 

fermentation. b: Fluorescence detection at end of fermentation. Results are shown as ratio to time point

0 h of four replicates; values are indicated by color bar. Standard derivations were typically about 10% 

and never exceeded 20%. All promoters presented show a statically significant change in activity to 

each other, as determined by one-way ANOVA (P < 0.05). 

Figure 6: Schematic diagram of the construction of self-cloning brewing yeast TUM 34/70 GA1 by 

assembling the gene cassette, with the promoter PSSA3, the target gene ATF1, terminator CYC1TT and 

the resistant marker SMR1 and integration into the URA3 locus via homologues recombination. 
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induction is uncoupled on growth phases could be refuted. Furthermore, the 

hypothesis that under equal stress conditions the induction patterns of different stress-

related promoters varied could verified.  

In summary, PHSP104, PSSA3 and PUBI4 show the most suitability for induction 

throughout cold shock teamed with low induction at typical ethanol concentrations  

(4-6%v/v). The transition phase during fermentation also affect the gene regulation of 

these stress related genes (Riou, Nicaud, Barre, & Gaillardin, 1997). Therefore, the 

induction patterns affected by fermentation were investigated, where PHSP104 and 

PSSA3 show the highest fold change by transition from the lag to log phase at optimal 

growth temperature (24°C). By contrast, at fermentation temperature, a decrease of 

the fluorescence value could be detected over the time.  

These three promoters were evaluated with the most induction efficiency and were 

used for the construction of the self-cloning gene cassette. In order to ensure that only 

homologous nucleic acid is present, the different gene cassettes were assembled 

followed by integration into the genome of the lager yeast strain TUM 34/70 (Figure 5 

and Chapter 2.4). The assembling based on an isothermal in-vitro recombination of 

multiple overlapping DNA molecules (Figure 6 and Figure 1 – Chapter 2.4) processed 

by 5´ exonuclease, a DNA polymerase and a DNA ligase in a single reaction (D. G. 

Gibson et al., 2009).  

For efficient selection of the self-cloning yeast strain, a homologous selection marker 

is necessary or a heterologous selection marker has to be removed by e.g. counter 

selection (Figure 1 – Chapter 2.1) (Akada, Hirosawa, Kawahata, Hoshida, & 

Nishizawa, 2002; Kawahata, Amari, Nishizawa, & Akada, 1999). The main benefit is 

the reusability of the selection marker. Relating to the lower efficiency of the method 

and the planned unique integration of the gene cassette, a homologous selection 

marker was chosen. There are two homologous genes of Saccharomyces yeast that 

are suitable as a selection marker: CUP1 and SMR1-410. The semi-dominant CUP1 

encodes for a copper-binding metallothionein resulting in copper resistance by the 

overexpression of this gene (D. L. Wang, Wang, Liu, He, & Zhang, 2008; Z. Y. Wang, 

He, & Zhang, 2007; Z. Y. Wang, Wang, Liu, He, & Zhang, 2009; Zhang et al., 2011). 

The expression of SMR1-410 results in increased resistance to the sulfonylurea 

herbicide sulfometuron methly (SM). This selection marker is distinct to the ILV2 gene 

of the yeast, which encodes for the acetolactate synthetase with a single point mutation 

on nucleotide 574 (cytosine to thymine) resulting in a proline to serine change at 
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position 192 (Casey, Xiao, & Rank, 1988; Xie & Jimenez, 1996). The dominant marker 

SMR1-410 was chosen for the construction of the self-cloning gene cassette as a result 

of the semi-dominance of CUP1 and the existing resistance against minor 

concentrations of cupper of the industrial yeast TUM 34/70 and TUM 68 (data not 

shown), which results in a small slot of ideal concentration for selection.  

The gene ATF1 – which encodes for alcohol acetyltransferase (AATase) (Fujii et al., 

1994; Mason & Dufour, 2000; Verstrepen, Van Laere, et al., 2003) – was chosen give 

that volatile metabolites such as higher alcohols and esters contribute fundamentally 

to the quality of fermented beverages such as beer and wine (Belda et al., 2017; Pires, 

Teixeira, Branyik, & Vicente, 2014). Especially esters are more relevant, due to the low 

odour threshold value. They are mainly formed via the intracellular enzymatic 

condensation reaction of AATaseI and AATaseII between ethanol (or e.g. isoamyl 

alcohol, 1-propanol, isobutanol, hexanol) and acetylCoA (Figure 7). Besides the 

knowledge of the gene function and ethyl acetate formation, ATF1 has been used 

several times in overexpressing experiments, including for industrial strains (Fujii et al., 

1994; Mason & Dufour, 2000; Verstrepen, Van Laere, et al., 2003).  

Figure 7: Simplified metabolic pathway of the volatile acetate and ethyl esters in Saccharomyces yeast

and the genes involved. ATF1 and ATF2 are responsible for the acetyl transfer to ethanol or isoamyl

alcohol, where ATF1 is more important. EEB1 and the paralog EHT1 are responsible for the acyl transfer

to ethanol for the medium-chain fatty acid ethyl ester biosynthesis during fermentation. 
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Fermentations with the three different self-cloning yeasts (GA1 – PSSA3; GA4 – 

PHSP104; GA5 – PUBI4) were carried out in a 2 L EBC standard tall tube  

(Ø 5 cm × h 150 cm) with synthetic wort to mimic industrial conditions (Chapter 2.4). 

Transcription analysis shows the highest induction after 72 h of shock situation for 

PHSP104 1.3-fold and PUBI4 with 2.2-fold. Furthermore, for GA4 and GA5 a significant 

different ethyl acetate production was measured at the end of fermentation with  

1.2 and 1.3-fold, respectively. At the temperature shock (0 h), no significant difference 

was observed (P < 0.05), which indicates that the higher content on ethyl acetate 

results from the induction of the stress related promoters PHSP104 and PUBI4 through 

cold shock. For GA5, the content of ethyl acetate (2.9-fold) increased with a twice-as-

fast temperature shift from 12°C to 4°C. Significant amounts of isoamyl acetate were 

detected, but even in low concentrations. Further, a shock to 6°C resulted in a lower 

induction efficiency with 1.4-fold in comparison to wild type. Similar results were 

observed by a stronger shift of temperature (20°C to 6°C). 

These results indicate the higher relevance of a fast temperature change to the final 

temperature. As well as the impact of temperature near the freezing point (4°C). 

Besides the expression of ATF1, which is significantly teamed with the production of 

ethyl and isoamyl acetate (Verstrepen, Derdelinckx, et al., 2003), the enzyme activity 

also holds prime importance and is significantly influenced by temperature (S. M. 

Saerens, Verbelen, Vanbeneden, Thevelein, & Delvaux, 2008). The highest enzyme 

activity of ATF1 was determined at 30°C and reduced to 20% at 4°C (Yoshioka & 

Hashimoto, 1981). Additionally, enzyme activity is reported to be inversely proportional 

to the temperature, e.g. enzyme activity at 6°C cannot be expected to be higher than 

at 4°C (Yoshioka & Hashimoto, 1981). This could be the reason for the weak effect of 

ethyl acetate and isoamyl acetate production under the shock condition. 

The hypothesis that the evaluated promoters leads to an overexpression of the target 

gene could be verified. A fine-tuning of gene expression is principally possible by 

fastness of cooling or the final temperature and thus this hypothesis could also be 

verified through this study. However, these results are not adaptable to all enzymes 

and the coding genes. Especially for enzymes that are not inhibited by low 

temperatures, they could have a significantly higher activity and substrate reaction due 

to overexpression. The extent to which fine-tuning has an impact on very strong activity 

must first be overhauled.  
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However, what should be emphasised is the suitability of stress-induced recovery for 

industrial use, as the yeasts have no negative influence on vitality due to their strong 

adaption to the different stress situations. Furthermore, the integration of such 

expression cassettes in genes with unwanted function e.g. Proteinase A, which results 

in a reduced foam stability, combines two or more features. 

Brewer's yeast in particular has been increasingly researched for several years. This 

is due, the low diversity of the bottom fermented yeast and the conversion of 

consumers to individual products. The research on the suitability of wild yeasts for wort 

fermentation is also used in research and pilot breweries. The extent to which consortia 

fermentations meet the expectations of brewers and consumers will probably be 

reported in the near future. 

In summary, temperature is an effective inducer for homologous gene expression in 

industrial yeast. Furthermore, temperature is the only stressor that is treatable without 

directly influencing the process. PHSP104 and PUBI4 have been identified as the most 

competent homologous temperature inducible promoters for the industrial brewing 

yeast S. pastorianus TUM 34/70. Further, the study shows the importance of the rapid 

temperature change and the final temperature for the efficient induction and fine-tuning 

of gene expression. Although self-cloning yeasts can be used to tailor industrial 

fermentations to fulfil new product requirements, and no danger to consumers and the 

environment is expected, current use under European law is not allowed. It is also 

important to evaluate the consumer acceptance of such products in food and beverage 

production. 
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