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SUMMARY 

Aroma is one of the most important quality characters of yeast fermented beverages. The 

production of beers with various aroma profiles is observed as a current trend in the brewing 

industry to offer a variety of beers to a new developing market. Saccharomyces yeast is 

responsible for fermentative activity and strongly influences the quality and aroma characters 

of the final product. Several studies have been performed to investigate the influence of 

different fermentation parameters, including osmotic pressure, oxygen content in wort and 

the nitrogen source and its availability on final sensory active metabolites. Amino acid 

assimilation by yeast during wort fermentation is linked to the aroma profile. However, many 

aspects of the genetic and metabolic processes that occur during alcoholic fermentation and 

the accompanying aroma compound production remain poorly understood. 

Accordingly, in the first part of this thesis, the significance of wort amino acids in the 

production of important higher alcohols and esters during fermentation is discussed. The 

focus of the investigations was on amino acid variation in synthetic media, calculated by an 

experimental design that reduced primary insignificant parameter variation. Aroma-active 

higher alcohols and esters produced in each fermentation were quantified, and their 

correlation with the most significant amino acids for two different Saccharomyces yeast 

strains was determined. Multivariate data analyses were used to establish the relationship 

between amino acids and the resulting concentrations of aroma compounds by means of 

pattern recognition. Thus, a fingerprint of amino acid importance in the detected aroma 

compound spectrum was created. 

In the second part of the study, DNA microarray analyses were performed. The results provide 

a comprehensive overview of the transcriptomic changes during model beer fermentation, 

with focus on the transcription of genes associated with amino acid assimilation and its 

derived aroma-active compounds and will serve as a reference for further studies. In 

subsequent experiments, the effect of amino acid supply on the transcription level of genes 

involved in the biosynthesis of aroma-relevant higher alcohols and esters was investigated. 

Amino acids were chosen according to the previous multivariate data analysis. These results 

show that the supply of single amino acids can determine the final concentrations of some 

important aroma-contributing metabolites. This provides evidence that the differential 

expression of genes participating in the biosynthesis of aroma-active compounds is affected 

by the concentrations of some amino acids. This information may help to improve 

understanding of the importance of specific aroma biosynthesis genes in the production of 

defined concentrations of aroma-active higher alcohols and esters during brewery 

fermentation. 
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ZUSAMMENFASSUNG 

Aroma wird als eines der wichtigsten Merkmale für die Qualität hefefermentierter Getränke 

diskutiert. Ein derzeitiger Trend in der Brauindustrie besteht darin, möglichst viele Biere mit 

unterschiedlichen Aromaausprägungen zu produzieren, um den Verbrauchern eine 

variierende Auswahl an Bieren am sich stetig wandelnden Markt anbieten zu können. Hierbei 

haben die für die Fermentation verantwortlichen Saccharomyces Hefen entscheidenden 

Einfluss auf die Geruchs- und Geschmacksausprägung des finalen Produktes. Mehrere 

Studien haben sich bereits mit der Auswirkung der Fermentationsparameter, wie osmotischer 

Druck, Sauerstoffgehalt als auch der Stickstoffquelle und deren Verfügbarkeit in der Würze, 

auf die Synthese sensorisch aktiver Metaboliten beschäftigt. Gerade die 

Aminosäureassimilation der Hefe während der Fermentation scheint stark mit dem daraus 

resultierenden Aromaprofil verknüpft zu sein. Dennoch sind nicht alle genetischen und 

metabolischen Vorgänge während der Hefefermentation und der damit einhergehenden 

Synthese der Aromastoffe vollständig aufgeklärt. 

In dem ersten Teil der vorliegenden Arbeit wurde zunächst die Signifikanz der in der Würze 

vorliegenden Aminosäuren für die Synthese der bedeutenden höheren Alkohole und Ester 

ermittelt. Der Schwerpunkt der Untersuchungen lag auf Aminosäurevariationen in einem 

synthetischen Medium. Die synthetischen Würzen wurden jeweils mit zwei verschiedenen 

Saccharomyces Hefestämmen fermentiert, die charakteristischen aroma-aktiven höheren 

Alkohole und Ester quantifiziert und deren Korrelation zu den signifikanten Aminosäuren 

ermittelt. Mittels multivariater Datenanalyse wurde die Beziehung zwischen den Aminosäuren 

und den daraus resultierenden Konzentrationen der einzelnen Aromastoffe evaluiert. 

In einem zweiten Teil der Thesis wurden DNA-Microarrays angefertigt, deren Daten einen 

umfassenden Überblick über die Änderungen des Hefetranskriptoms während der 

Fermentation, mit Fokus auf die Expression von Genen des Aminosäuremetabolismus und 

der Aromastoffbiosynthese, bieten. In weiterführenden Experimenten wurde die Wirkung der 

zuvor als signifikant ermittelten Aminosäuren auf den Transkriptionslevel aroma-relevanter 

Gene untersucht. Hierbei konnte einigen Aminosäuren eine induzierende Wirkung hinsichtlich 

der Genexpression zugeschrieben werden. Auch die Endkonzentrationen der am Bieraroma 

maßgeblich beteiligten höheren Alkohole und Ester korrelieren mit den 

Aminosäuredotierungen. Diese Ergebnisse deuten darauf hin, dass eine gezielte 

Aminosäurezusammensetzung die Expression aroma-relevanter Gene beeinflusst und dazu 

beitragen kann, definierte Mengen an aroma-aktiven Metaboliten in fermentierten Getränken 

biosynthetisch zu generieren, um somit spezifische sensorische Eindrücke im Bier 

einzustellen.
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1. INTRODUCTION 

1.1 Consumer preferences for specific beer flavour characteristics 

Odour and taste are two of the most important quality attributes of yeast fermented 

beverages. The current trend in the brewing industry consists of producing beers with 

different aroma profiles to offer a variety of beers to a developing market to meet specific 

consumer preferences. Beer aroma is the result of a plurality of interactions between chemical 

compounds that can exert synergistic or antagonistic effects. The chemical profile of beer is 

derived from the raw materials: barley and hops, the fermenting yeast and the ageing and 

storage conditions. The composition of beer has been intensively studied, and compounds 

have been identified that are responsible for certain individual aroma profiles of various beer 

types (Meilgaard, 1975a, 1975b; Saerens, Delvaux, Verstrepen, & Thevelein, 2010; 

Verstrepen, Derdelinckx, Dufour, Winderickx, Thevelein, et al., 2003a). The various flavours of 

the many styles of beer generally fall into two classes: lager and ale. Together, these two 

classes of beer collectively account for thousands of varieties of beer, such as India Pale Ale, 

Stout, Pilsner, Export and Wheat beers. 

In general, the global beer market is around US$500 billion each year, and around 5% of this 

sum is captured by the fast-growing craft and specialty brewing sector. There is a global 

demand for new beers with novel flavours. It is predicted to grow further over the next few 

years as more breweries respond to this consumer demand. Several thousand unique 

varieties are created from different combinations of ingredients and added flavours. Fruit, 

vegetables and spices are added to both lagers and ales to create beverages with flavours 

such as cherry wheat and pumpkin spice. Spirit-flavoured brews such as rum, bourbon and 

tequila beers have become popular, particularly in the UK beer market. 

Nowadays, hops are of great interest and used mainly to produce special citric, mandarin- 

and litchi-like aromas (Lutz, Kneidl, Kammhuber, & Seigner, 2013). Thus, brewers focus on 

identifying new varieties of hops that can deliver these desired flavour and aroma 

characteristics. Hop flavours and aromas come mainly from essential oils that are easily 

dissolved into hot wort and tend to fall into several categories: floral, fruity, citrus, herbal, 

earthy, piney and spicy. More specific descriptors include geranium, berry, grapefruit, orange, 

minty, grassy, woody, resinous, liquorice and pepper. The high volatility of these hop oils has 

led to the dry hopping technique. The basic dry hop technique is to add hops post-

fermentation to capture the aroma oils in the beverage (De Keukeleire, 2000). However, when 

beers are divided into different categories, it turns out that lager is the most favoured beer in 

the world (see Table 1 - 1). Approximately 94% of the beer market is accounted for by lagers, 
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which are bottom-fermenting and have an alcohol content between 4.5% and 5.5% (v/v) with 

low hop bitterness (Eßlinger, 2009). 

 

Table 1 – 1: Global beer styles 2004 (Eßlinger, 2009). 

Style Volume 

(THL) 

Growth rate 

1999–2004 (%) 

Market share 

(%) 

Specialities 22,497 2.90 1.46 

Stout 14,181 2.10 0.92 

Ale 34,389 -3.20 2.23 

Premium lager 138,929 3.80 9.00 

Mainstream lager 1,303,042 2.80 84.46 

Non/low alcohol beer 29,791 3.20 1.93 

Total market 

All premium 

1,542,829 

191,735 

2.70 

3.30 

 

12.43 

 

It is quite evident that many consumers do not prefer the over-fruity, grassy characteristics of 

strongly hopped beers but still want to enjoy different-tasting products. Besides these aroma 

hops, several aroma and flavour expressions in beer are based on the yeast fermentation 

process. Fermentation has the largest influence on flavour development of beer, wine, sake 

and cider (Boulton & Quain, 2001; Cordente, Curtin, Valera, & Pretorius, 2012). Along with 

ethanol and carbon dioxide as well as aldehydes, organic acids, organic sulphides and 

carbonyl compounds, brewing yeast cultures produce a broad range of aroma-active higher 

alcohols and esters (Trelea, Titica, & Corrieu, 2004; Vanderhaegen et al., 2003) (see Fig. 1 - 

1). 

 

 

 

Figure 1 - 1: Different flavour compounds produced by brewing yeast (modified according to Cordente 

et al., 2012). 
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Aroma-active higher alcohols and esters are produced intracellularly by fermenting yeast cells 

and are of major industrial interest because of their contribution to the aroma in fermented 

beverages (Cristiani & Monnet, 2001; Dufour, Verstrepen, & Derdelinckx, 2002; Pisarnitskii, 

2001; Quain & Duffield, 1985; Swiegers & Pretorius, 2005a). Of all secondary metabolites, 

higher alcohols are generally produced by yeast in the highest absolute concentrations. 

Volatile esters are also very important for aroma formation in fermented beverages. They are 

present in only trace quantities but can affect beer or wine flavour well below their threshold 

value (Verstrepen, Derdelinckx, Dufour, Winderickx, Thevelein, et al., 2003a; Verstrepen, Van 

Laere, et al., 2003b). The organoleptic characteristics of fermented beverages, particularly 

beer, depend mainly on the concentrations of aroma-active substances (Table 1 - 2). 

 

Table 1 - 2: Concentration ranges of important higher alcohols and esters in different 

fermented beverages (Annemüller, 2009; Beech, 1993; Fukuda, Watanabe, Asano, Ouchi, & 

Takasawa, 1992; Furukawa, Yamada, Mizoguchi, & Hara, 2003; Hirooka, Yamamotoa, 

Tsutsuia, & Tanakab, 2004; Kobayashi, Ikeura, Odake, & Hayata, 2013; Krüger & Anger, 1990; 

Molina, Swiegers, Varela, Pretorius, & Agosin, 2007; Rankine, 1967; Rodríguez-Madrera, 

García-Hevia, Palacios-García, & Suárez-Valles, 2008; Sumby, Grbin, & Jiranek, 2010; 

Swiegers, Bartowsky, Henschke, & Pretotius, 2005b; Valles, Bedrinana, Tascón, Simon, & 

Madrera, 2007; Williams, Lewis, & Tucknott, 1980). 

Aroma compound Lager beer Ale beer Cider Wine Sake Odour quality 

Alcohols (mg/L) 
 

   
  

Propanol 5–10 15–30 13–15 16–23 5–114 Alcoholic, fusel-like 

Isobutanol 30–50 20–60 7–15 52–110 15–31 Ethereal winey 

Isoamyl alcohol 8–30 40–100 65–68 109–241 60–218 Fusel, alcoholic, 
pungent 

2-Methyl butanol 15–25 15–30 53–62 34–45 unknown Roasted onion, malty 

Phenyl ethanol 8–35 8–35 1.3–2.1 18–66 9–100 Flowery, honey-like 

       

Esters (mg/L) 
 

     

Ethyl acetate 15–25 10–50 15–35 5–64 3.7–15 Ethereal, Solvent-like 

Isobutyl acetate 0.01–0.2 0.01–0.2 tr tr–0.17 0–0.6 Sweet, fruity, ethereal, 
apple banana nuance 

Isoamyl acetate 0.5–1.5 0.5–8 0.64–0.868 0.03–5.5 0.76–9.8 Sweet, banana, fruity 

2-Methylbutyl acetate 0.04–0.053 0.1–0.4 0.02–0.2 0.8 unknown Estery, ripe, tropical 

Ethyl hexanoate 0.05–0.3 0.05–0.3 0.16 0.15–1.64 0.87 Pineapple, apple-like 

Ethyl octanoate 0.1–1.5 0.1–1,5 0.19 0.14–2.61 0.77 Waxy, sweet, musty, 
pineapple 

Ethyl decanoate 0.1–0.3 0.1–0.3 0.17 0.01–0.7 unknown Sweet, waxy, fruity, 
apple 

tr=trace 
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An important consideration in fermentation and flavour maturation is the fine tuning of the 

concentrations of all volatile compounds. In particular, the characterisation of different wine 

yeast species for byproduct formation has shown that the yeast species itself is a prominent 

factor determining flavour composition (Brandolini et al., 2002; Romano, 1997). 

The characterisation of Saccharomyces cerevisiae has revealed that this yeast generates 

many secondary metabolites that are key determinants of quality (Fleet, 1990; Lambrechts & 

Pretorius, 2000). The balance of the resulting beer flavour metabolites is a consequence of 

the combination of the yeast strain and wort composition. In addition, a major aim of 

fermentation management is to control conditions in such a way as to ensure that these 

aroma-active compounds are produced in desired quantities (Boulton & Quain, 2001). As part 

of assuring the quality of the product, breweries maintain panels to ensure that the flavour 

profiles of their beers remain typical. In fulfilling specific consumer preferences, there may be 

a balance between the attempt to keep a specific aroma alive and the creation of a new 

aroma. 

 

1.2 Transition from brewer’s wort to the final product: fermentation 

The biochemistry of brewery fermentation is complex, and many of its aspects remain to be 

fully clarified. In general, during fermentation, wort created from raw materials is converted to 

beer by Saccharomyces yeast. S. cerevisiae has been used for at least eight millennia in the 

production of alcoholic beverages (McGovern et al., 2004). All malt wort provides a medium 

with the potential to produce new yeast biomass, ethanol and flavour components in balanced 

and desired quantities. In a brewery fermentation, metabolism is fermentative, and respiration, 

in the sense of complete oxidation of sugars to carbon dioxide and water, does not occur. 

Thus, the major products of sugar catabolism are ethanol and carbon dioxide, which are 

produced in equimolar amounts (Boulton & Quain, 2001). The yield of carbon dioxide is 

reduced, with a small quantity used by the yeast cells for anabolic carboxylation reactions 

(Oura, Haarasilta, & Londesborough, 1980). Further, the quantity of oxygen that is supplied at 

the beginning of brewery fermentation acts to regulate the relation of carbohydrates used for 

yeast biomass and the transformation to ethanol. During batch fermentation there are 

changes in the rates of ethanol production. Thus, there is an initial lag phase, which 

corresponds with the yeast biomass from lag to exponential growth. During the latter period, 

the rate of ethanol formation reaches a maximum. Soon after yeast growth terminates, the 

rate of ethanol production declines (see Fig. 1 - 2) as a consequence of a combination of 

nutrient depletion and the toxic effects of ethanol. 
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Figure 1 - 2: Alcohol formation and yeast biomass production under standard conditions in EBC tall-

tube fermentations (Procopio, unpublished data). 

 

Alcoholic fermentation is initiated by the dissimilation of glucose. The principal pathway 

predominantly used by all yeasts is the Embden–Meyerhoff glycolytic pathway (Fig. 1 - 3).The 

product of glycolysis, pyruvate, which is the simplest of the α-keto acids, occupies a major 

branch point in several metabolic pathways (Fig. 1 – 4). Pyruvic acid can be produced from 

glucose via glycolysis and converted back to carbohydrates via gluconeogenesis or to fatty 

acids via acetyl-CoA. It can also be used to construct the amino acid alanine and be converted 

into ethanol. With respect to sugar catabolism, carbon flow may be directed towards acetyl-

CoA and subsequent oxidation via the tricarboxylic acid cycle and oxidative phosphorylation 

when oxygen is present during aerobic respiration or alternatively into ethanol formation via 

acetaldehyde when oxygen is lacking under anaerobic fermentation. S. cerevisiae is usually 

described as being facultatively fermentative. It may be assumed that the sole metabolic 

trigger that switches metabolism between these two modes is the availability of oxygen. 

Modulation of the concentration of dissolved oxygen in the fermentation medium is a central 

part of the strategy by which yeast growth is regulated (Boulton & Quain, 2001). 
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Figure 1 – 3: Emden-Meyerhoff pathway for dissimilation of glucose to ethanol in yeast via glycolysis. 

 

Yeast growth normally requires added oxygen to synthesise sterols and unsaturated fatty 

acids (UFAs), which are essential components of membranes (Nes, Janssen, Crumley, 

Kalinoswki, & Akihisi, 1993). Lipid synthesis and optimal growth of S. cerevisiae cells during 

alcoholic fermentation require oxygen at approximately 5–7.5 mg/L (Rosenfeld, Beauvoit, 

Blondin, & Salmon, 2003). Under brewery and cider-making conditions, lower requirements 

of oxygen (between 1.5 and 2 mg/L) were found (David & Kirsop, 1973; O’Connor-Cox, 

Lodolo, & Axcell, 1993). However, if there is an exogenous source of UFAs and sterols, yeast 

is able to grow under strictly anaerobic conditions (Andreasen & Stier, 1953, 1954). The ability 
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to grow under strictly anaerobic conditions is sporadic in yeast. The quantity of oxygen 

required for fermentation is yeast strain dependent (Jacobsen & Thorne, 1980; Kirsop, 1974), 

possibly owing to differences in the necessity of mitochondrial functions. In particular, ale 

strains have been classified into several groups: half-air saturation, air saturation, oxygen 

saturation and more than oxygen saturation based, to achieve satisfactory fermentation 

performance (Kirsop, 1974). Similar strain-specific oxygen conditions have been observed for 

lager yeast strains (Jacobsen & Thorne, 1980). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – 4: Pyruvate as branch-point for several metabolic pathways. Pyruvate (A) is carboxylated to 

oxalacetate - initial point for gluconeogenesis, (B) can enter into the fatty acid biosynthesis through 

acetyl-CoA, (C) can enter into the alcoholic fermentation, and (D) can be transaminated (with L-glutamic 

acid as reactant) to L-alanine. 

 

Several parameters affect the process of brewery yeast fermentation. Some general areas of 

discussion that influence the biochemistry of fermentation are considered. These are wort 

nutrient composition and yeast regulatory mechanism as influenced by fermentation practice. 
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1.2.1 Catabolic route vs. anabolic route: the two routes of higher alcohol biosynthesis 

In 1907, Ehrlich proposed that higher alcohols are derived from amino acid catabolism 

(Ehrlich, 1907). The structural molecular similarities of 2-methylbutanol and isoleucine as well 

as of isoamyl alcohol and leucine led Ehrlich to the research question of whether or not these 

amino acids were involved in higher alcohol synthesis. Neubauer and Fromherz suggested 

that α-keto acids were the intermediates in this process, completing the metabolic scheme 

(Neubauer & Fromherz, 1911). The elementary enzymatic chain reaction for the Ehrlich 

pathway and the related mechanism of the formation of higher alcohols from amino acids 

were demonstrated by Sentheshanmuganathan and Elsden (Sentheshanmuganathan & 

Elsden, 1958; Sentheshanuganathan, 1960). Thus, the key reaction sequence for the Ehrlich 

pathway: transaminase, decarboxylase and alcohol dehydrogenase, was established 

(Sentheshanuganathan, 1960) (Fig. 1 – 5). 

 

 

 

Figure 1 – 5: The Ehrlich pathway and the main genes involved in the synthesis of enzymes catalysing 

each reaction. 

 

Amino acid uptake is performed by several amino acid transporters located in the cell 

membrane of yeast (Ahmad & Bussey, 1986; Amitrano, Saenz, & Ramos, 1997; Garrett, 2008; 

Jauniaux & Grenson, 1990; Poole et al., 2009). The amino acids that are assimilated by the 

Ehrlich pathway—valine, leucine, isoleucine, methionine, tyrosine, tryptophan and 

phenylalanine—are further transaminated to α-keto acids (Eden, Van Nedervelde, Drukker, 

Benvenisty, & Debourg, 2001; Hazelwood, Daran, Van Maris, Pronk, & Dickinson, 2008). This 

first reaction involves four enzymes encoded by the genes BAT1, BAT2, ARO8 and ARO9 

(Kispal, Steiner, Court, Rolinski, & Lill, 1996; Pires, Teixeira, Brányik, & Vicente, 2014). Before 

α-keto acids are excreted into the growth medium, yeast cells decarboxylate them into fusel 

aldehydes followed by a reduction to form fusel/higher alcohols or by oxidation to form fusel 

acids (Hazelwood et al., 2008). In S. cerevisiae, there are five genes encoding decarboxylases 

ARO10 and THI3 and three pyruvate decarboxylases (PDC1, PDC5 and PDC6) (Bolat, 
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Romagnoli, Zhu, Pronk, & Daran, 2013; Dickinson et al., 1997; Romagnoli, Luttik, Kötter, 

Pronk, & Daran, 2012). The last step of the Ehrlich pathway, in which the aldehydes are 

converted into their respective alcohols, involves the action of alcohol dehydrogenases. All 

six alcohol dehydrogenases of S. cerevisiae encoded by the genes ADH1-5 and the 

formaldehyde dehydrogenase Sfa1 are able to catalyse the conversion of fusel aldehydes into 

higher alcohols (Dickinson, Salgado, & Hewlins, 2003). 

This catabolic pathway of higher alcohol biosynthesis is the most studied and discussed one. 

However, higher alcohols are also formed during upstream biosynthesis (anabolic pathway) 

of amino acids (Chen, 1978; Dickinson & Norte, 1993; Oshita, Kubota, Uchida, & Ono, 1995). 

One important path is the de novo synthesis of branched-chain amino acids (BCAAs) via the 

isoleucine–leucine–valine pathway (Dickinson & Norte, 1993). Brewing wort normally has all 

proteinogenic amino acids feasible for yeast growth. However, during carbohydrate 

metabolism, α-keto acids are also generated via the biosynthesis of amino acids and may 

then be degraded to fusel alcohols, also followed by decarboxylation and reduction reactions 

(Chen, 1978). Already in 1957, Genevois and Lafon (Genevois & Lafon, 1957) pointed out the 

deficiencies of the Ehrlich–Neubauer–Fromherz scheme in not accounting for all higher 

alcohols formed, in particular with 2-butanol, 1-propanol and 1-butanol not corresponding to 

any naturally occurring amino acids. One year later, Thoukis showed, using radioactive carbon 

techniques, that isoamyl alcohol is formed in resting-cell fermentation from the carbon of 

glucose (Thoukis, 1958). Thus, many fermentation volatiles important to beer aroma may arise 

from yeast metabolism of carbohydrates, more precisely of hexoses, which provide the main 

carbon source for amino acid synthesis (Chen, 1978; Nisbet, Tobias, Brenna, Sacks, & 

Mansfield, 2014). Calculating the relative contribution of hexose sugars to individual aroma 

compounds is challenging, owing to high endogenous hexose substrate concentrations. In 

1978, a [3H]–[14C] dual label tracer technique was tried for the first time to differentiate the 

metabolites from the anabolic and catabolic pathways of fusel alcohol biosynthesis (Chen, 

1978). However, 97.7% of radioactive glucose was incorporated into ethanol and 0.8% into 

n-propanol, 0.4 into isobutanol, 0.3 into 2-methyl butanol and 0.7 into isoamyl alcohol, 

although the calculation of relative radiolabel distribution on a molar basis was not possible 

(Chen, 1978). Many years later, Nisbet et al. studied precursor–product relationships to 

measure high-precision 13C/12C isotope ratios of volatiles in wines produced from juices 

spiked with tracers of uniformly labelled [U13C]-glucose. They showed that fusel alcohols and 

their acetate esters were also hexose derived. Further, a high proportion of higher alcohols 

associated with amino acid metabolism (isobutanol, isoamyl alcohol, 2-methyl alcohol) were 

up to 75% hexose derived, indicating a strong influence of the anabolic pathway in which 
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carbon skeletons are synthesised de novo from hexoses (Nisbet et al., 2014; Ugliano & 

Henschke, 2009a). 

 

1.2.2 Esters: contributing to the fruity character of fermented beverages 

Volatile esters are among the most important groups of aromatic compounds in fermented 

beverages. Some 100 distinct esters have been identified in beer (Boulton & Quain, 2001; 

Meilgaard, 1975b). They are crucial for the overall flavour profile in fermented beverages. Even 

if they are present in only trace quantities, they may define final aroma, being responsible for 

the highly desired fruity, candy and perfume-like aroma character (Aritomi et al., 2004; 

Debourg, 2000; Hiralal, Olaniran, & Pillay, 2013; Peddie, 1990; Saison, De Schutter, 

Uyttenhove, Delvaux, & Delvaux, 2009; Verbelen et al., 2009; Verstrepen, Derdelinckx, Dufour, 

Winderickx, Thevelein, et al., 2003a). Concentrations in beer are typically less than 1 mg/L 

particularly for ethyl esters and 10–50 mg/L for ethyl acetate (see Table 1 - 2). Because the 

concentration of most esters is under or around their threshold levels, even small changes in 

the concentrations of these secondary metabolites can have large effects on the sensory 

quality of the end product. Synergistic effects of different esters may explain why esters can 

affect the flavour of fermented beverages well below their threshold levels (Meilgaard, 1975a). 

However, it is important to balance the ester profile in fermented beverages; otherwise, 

overproduction may result in an overly fruity taste (Pires et al., 2014). It is of major industrial 

interest to understand the mechanism of their formation to be able to better control their levels 

in the end product. 

Formation of esters by reactions between free organic acids and alcohols is unlikely; the rates 

of such esterification would be too slow (during storage up to 12 weeks) to account for the 

kinetics of their appearance during fermentation (Boulton & Quain, 2001). Instead, esters are 

formed during mainly primary fermentation intracellularly by yeast by an enzyme-catalysed 

condensation reaction of organic acids and alcohols (Nordström, 1963, 1964). 

There are two main categories of flavour-active esters in fermented beverages: acetate esters 

and medium-chain fatty acid (MCFA) ethyl esters (Fig. 1 - 6). Both are synthesised in the 

cytoplasm and rapidly diffuse through the plasma membrane, as they are lipid soluble. 

Lipophilic acetate esters readily leave the cells, whereas the proportion of MCFA ethyl esters 

transferred to the medium decreases with increasing chain length (Pires et al., 2014; 

Verstrepen, Derdelinckx, Dufour, Winderickx, Thevelein, et al., 2003a). During brewery 

fermentation, UFA synthesis stops when oxygen is exhausted. Consequently, the membrane 

fluidity is reduced. Accordingly, it has been suggested that certain fatty acid ethyl esters with 

longer chains might act as UFA analogues (Mason & Dufour, 2000; Saerens et al., 2010). 
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Figure 1 – 6: Simplified biosynthetic pathway and the main genes involved in ester production. Acetate 

esters are synthesised by higher alcohols or ethanol and acetyl-CoA, while ethyl esters are synthesised 

by ethanol and acyl-CoA. 

 

For ester synthesis, organic acids must be linked to a coenzyme A to form a highly energetic 

acyl-CoA molecule. This molecule can be β-oxidised into a smaller acetyl-CoA entity. The 

majority of acetyl-CoA is still formed by oxidative decarboxylation of pyruvate and is esterified 

with ethanol or a higher alcohol to form acetate esters with the participation of alcohol 

acetyltransferases (AATases) I and II (Nordström, 1963). The second class of esters, MCFA 

ethyl esters, is formed from longer chains of acyl-CoA with ethanol with the involvement of 

acyl-CoA:ethanol O-acyltransferases (AEATases), Eeb1 and Eht1 (Saerens et al., 2010). 

However, not only is the substrate concentration crucial for ester production but also the 

balance between synthesis and/or hydrolysis activity of the enzymes is an important factor, 

particularly in ethyl ester formation (Saerens et al., 2010; Sumby et al., 2010). Thus, all 

parameters that affect enzyme activity or substrate concentration will influence ester 

formation (Verstrepen, Derdelinckx, Dufour, Winderickx, Thevelein, et al., 2003a). 

 

1.3 Regulatory mechanism of the production of sensory metabolites 

Aroma-active metabolites derived by yeast can vary in their concentrations. One explanation 

for this variation is changes in expression levels of genes for enzymes involved in aroma 

synthesis during fermentation. Several stressors or fermentation parameters including oxygen 

influence the expression level of aroma-related genes, resulting in overexpression or 

downregulation. However, not only gene expression itself is important for controlling the 

aroma compound profile of fermented beverages; protein concentrations depend not only on 

mRNA level but also on its translation and degradation rates. Furthermore, considering the 
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complex nature of the expressed enzyme itself, it is reasonable to expect that many factors 

will affect the rate of its catalytic activity. 

 

1.3.1 Regulation of gene expression 

Of the 6,000 genes in the S. cerevisiae genome, only a fraction is expressed in a cell at any 

given time. Some gene products are present in very large amounts and others in much smaller 

amounts, depending on the changing requirements of gene products over the time. The need 

for enzymes in metabolic pathways switches as, for example, nutrient availability varies or 

cellular stresses appear. The cellular concentration of a protein is determined by seven 

transactions (Fig. 1 – 7), each of them containing several points to be regulated: transcription, 

posttranscriptional modification of mRNA, degradation of mRNA, translation, 

posttranslational modification of proteins, protein targeting and transport and protein 

degradation (Nelson & Cox, 2008). 

 

 

 

Figure 1 – 7: The seven transactions affecting the steady-state concentration of a protein. 
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Genes encoding proteins that are constantly required are expressed at a constant level—a 

process also known as constitutive gene expression. Such genes are referred to as 

housekeeping genes. All other genes vary in their products in response to gene expression 

regulation by molecular signals. 

The regulation of many of the individual genes discussed for the production of aroma-active 

higher alcohols has already been exposed (some of them are summarised in Chapter 2.2). 

However, most studies have not taken into account the context of the Ehrlich pathway 

(Hazelwood et al., 2008). Iraqui et al. were the first to identify ARO80 as the transcriptional 

activator involved in the induction of the ARO9 and ARO10 transaminase and decarboxylase 

genes in the presence of the aromatic amino acids tryptophan, phenylalanine and tyrosine 

(Iraqui, Vissers, Cartiaux, & Urrestarazu, 1998). Later studies have shown that the transcription 

of ARO9 and ARO10 also requires the GATA activators Gat1 and Gln3, which play a role in 

nitrogen catabolite repression (NCR) in S. cerevisiae (Hofman-Bang, 1999; Lee & Hahn, 

2013a). NCR acts as a global nitrogen quality control system, activating GATA genes in the 

presence of poor nitrogen sources and repressing them when nitrogen-rich materials are 

available (Cooper, 2002). Further, environmental conditions affect the transcription of ARO9 

and ARO10 activated by ARO80, particularly under heat shock conditions (Lee, Sung, Kim, & 

Hahn, 2013b). Deletion of ARO80 from the S. eubayanus subgenome in a lager yeast did not 

eliminate phenylalanine induction of LgSeubARO10, suggesting transregulation across the 

subgenomes (Bolat et al., 2013). 

Transcriptional control may not be the only level of regulation of the Ehrlich pathway. Using a 

strong promoter in overexpression studies of the ARO10 gene did not result in increased 3-

phenylpyruvate decarboxylase activity during growth on a medium with glucose and 

ammonium sulphate, whereas the replacement of either glucose by ethanol or ammonium 

sulphate by phenylalanine led to a clear increase of 3-phenylpyruvate decarboxylase activity 

(Vuralhan et al., 2005). This result suggests that the expression of ARO10 may be regulated 

at a posttranscriptional or posttranslational level in a carbon and nitrogen source-dependent 

manner (Hazelwood et al., 2008). 

 

As already indicated, there are three regulatory factors important for the rate of ester 

formation: the individual concentrations of the two substrates and the total enzyme activity 

(Saerens et al., 2006; Verstrepen, Van Laere, et al., 2003b; Zhang et al., 2013). For the level 

of acetate esters during fermentation, the expressions of the AATases, Atf1 and Atf2, are most 

important (Lilly, Lambrechts, & Pretorius, 2000; Saerens, Verbelen, Vanbeneden, Thevelein, & 

Delvaux, 2008a; Verstrepen, Van Laere, et al., 2003b). The expression of these genes can be 

influenced by several parameters acting during the manufacturing of fermented beverages. 
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UFAs and oxygen in the fermentation medium directly repress the expression of ATF1 (Fujii, 

Kobayashi, Yoshimoto, Furukawa, & Tamai, 1997). The repression of ATF1 expression by 

UFAs is regulated through a so-called low-oxygen response element (Vasconcelles et al., 

2001), which is activated under hypoxic conditions and repressed by the availability of UFAs 

(Chellappa et al., 2001; Jiang et al., 2001), whereas the repression due to oxygen is mediated 

mainly by the Rox1-Tup1–Ssn6 hypoxic repressor complex (Fujiwara, Kobayashi, Yoshimoto, 

Harashima, & Tamai, 1999). Besides the transferases, esterases are a group of hydrolysing 

enzymes that catalyse the cleavage and/or prevent the formation of ester bonds. The IAH1 

gene encodes a cytosolic esterase that hydrolyses the crucial acetate ester isoamyl acetate 

(Fukuda et al., 2000). Thus, accumulation of isoamyl acetate is controlled by a balance of 

these two enzyme activities (Fukuda et al., 1998). In addition to isoamyl acetate breakdown, 

Lilly et al. reported decreased production of ethyl acetate, phenyl ethyl acetate and hexyl 

acetate by the overexpressing IAH1 mutant strain (Lilly et al., 2006). In a recent study, IAH1-

encrypted enzyme was found to be more specific for shorter-chain esters (Ma et al., 2011). 

For MCFA ethyl esters, it has been shown that the maximum expression level of EEB1 is 

correlated with the final concentration of ethyl hexanoate but not with ethyl octanoate or 

decanoate (Saerens, Verbelen, et al., 2008a), a finding that may be associated with the 

decreasing transfer to the medium of ethyl esters with increasing chain length. However, the 

latter two esters seem to be negatively correlated with the expression of EHT1 gene, as Eht1 

has synthesis and hydrolysis activity, indicating that the esterase activity is the main factor 

determining these two ethyl esters (Saerens et al., 2006). Moreover, Saerens et al. showed 

that the addition of precursor levels increased ethyl ester formation. Octanoic acid induced 

the expression of EEB1 and EHT1, whereas hexanoic, decanoic and dodecanoic acid did not 

affect gene expression (Saerens, Delvaux, et al., 2008b). They concluded that if the octanoic 

acid precursor does not specifically inhibit the esterase activity of the Eht1 enzyme, the 

cellular MCFA concentration must be rate limiting for ethyl ester synthesis (Saerens, Delvaux, 

et al., 2008b). 

 

1.3.2 Effects on enzyme activity 

Enzymes are central to every biochemical process. They act in organised sequences and 

catalyse the hundreds of stepwise reactions that degrade nutrient molecules, convert 

chemical energy and form biological macromolecules from simple precursors. Because 

organisms use enzymes ubiquitously and specifically, reliable and fast-acting mechanisms 

must be used to control the enzyme activity. There are essentially two possibilities available 

for the regulation of enzyme activity. First is the control of enzyme availability: here, the 

amount of enzyme (and thus, indirectly, the activity), depends on the balance between 
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synthesis and degradation. This process is regulated and controlled by various genetic 

measures including induction, repression and enzyme cascades. Second is the direct control 

of enzyme activity: here, conformation changes within the enzyme are responsible for the 

inactivation by regulating the substrate binding affinity. A common regulatory mechanism is 

the conformational change by allosteric effectors (normally small molecules) that bind to the 

allosteric centres of an enzyme. Activities can also be influenced by phosphorylation or 

dephosphorylation of specific amino acid side chains (Ser, Thr or Tyr residues). The covalent 

modifications elicit an activity change in the enzyme. Also, several factors affect the rate at 

which enzymatic reactions proceed: pH, enzyme concentration and substrate concentrations. 

With respect to the direct control of enzyme activity, little research has been performed, in 

comparison with that on the control of enzyme availability regulated by induction and 

repression in the production of aroma-active metabolites. 

 

The best description of the activity of yeast enzymes involved in fermentation process has 

recently been demonstrated by Knight et al. (Knight, Bull, & Curnow, 2014), who developed 

methods to isolate and characterise recombinant AEATases after plasmid-based expression 

in a yeast host to investigate the biochemical synthesis of MCFA ethyl esters. They included 

a novel method of protein purification and a coupled enzyme assay to study protein function. 

They showed that recombinant Eht1 was functional as an acyltransferase with octanoyl-CoA 

as the preferred substrate. Eht1 was also active as a thioesterase, suggesting that the S. 

cerevisiae gene EHT1 should be redefined as encoding an octanoyl-CoA:ethanol 

acyltransferase that can also function as a thioesterase (Knight et al., 2014). This shows that 

for Eht1 activity and thus for ethyl ester production, the substrate component is a very 

important factor, even if ethyl octanoate is not the most abundant ethyl ester in beer, because 

with increasing chain length, the transfer of MCFA ethyl esters to the medium decreases (Pires 

et al., 2014). Earlier studies dealing with the activity of enzymes involved in aroma metabolism 

focused on yeast alcohol dehydrogenase, containing a zinc atom in its catalytic site, which is 

essential for conversion of aldehydes to the corresponding alcohols. The metal ion, which 

may be limiting in malt worts, is a functional component of the enzymatic activity of the 

molecule (Boulton & Quain, 2001; Vallee & Hoch, 1995). The addition of zinc (0.1–0.15 mg/L) 

stimulated fermentation rate but not yeast growth (Bromberg et al., 1997). Also yeast alcohol 

dehydrogenase is inactivated by several biologically relevant oxidants (Abelidis, Moore, & 

Chakravarty, 1987; Fliss & Ménard, 1991), suggesting that zinc release from alcohol 

dehydrogenase as well as from other thiolate-ligated zinc proteins is particularly susceptible 

to oxidant attack (Fliss & Ménard, 1991, 1992). 
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Several fermentation parameters influence the expression of enzymes involved in aroma 

compound production, providing different opportunities for the brewing industry to offer 

several aroma profiles in beer. Wort oxygen and lipid content, fermentation temperature, 

fermenter design and top pressure, sugar and nitrogen content in wort and the yeast strain 

itself exert strong influence, particularly on the control of enzyme availability, which depends 

mainly on gene expression (Boulton & Quain, 2001; Verstrepen, Derdelinckx, Dufour, 

Winderickx, Thevelein, et al., 2003a). Still, it is important to remember that the enzyme 

availability depends not only on gene expression, because protein concentrations depend not 

only on mRNA level but also on the translation and degradation rate as well as on 

posttranslational modifications. 

Fermentation temperature influences the expression of numerous genes and associated 

enzymes in the metabolic pathway of higher alcohol and ester formation. Rising fermentation 

temperatures increased the expression of the BAP2 gene encoding BCAA permease, which 

promotes the transport of the BCAAs, valine, leucine and isoleucine in yeast (Didion, 

Grauslund, Kielland-Brandt, & Anderson, 1996; Yukiko, Fumihiko, Keiji, & Toshihiko, 2001). 

The higher availability of amino acids within the cell favours the Ehrlich pathway, increasing 

the production of fusel alcohols (Yukiko et al., 2001). High temperature also increases the 

expression of the BCAA aminotransferases encoded by the BAT1 and BAT2 genes (Saerens, 

Verbelen, et al., 2008a). It has been observed that high fermentation temperature increases 

the concentrations of propanol, isobutanol, isoamyl alcohol and phenyl ethanol, but that only 

the expression level of BAT1 was strongly correlated with the final concentrations of these 

alcohols, particularly propanol (Saerens, Verbelen, et al., 2008a). As higher alcohols are a 

substrate for acetate ester formation, changes in higher alcohol concentrations promoted by 

temperature may also change ester levels, in particular those of acetate esters. Higher 

expression levels of ATF1 and ATF2 under high fermentation temperatures could be 

correlated with the end concentrations of ethyl acetate, isoamyl acetate and phenyl ethyl 

acetate (Mason & Dufour, 2000; Saerens, Verbelen, et al., 2008a). Even a slight increase of 

temperature raises ester production by up to 75% (Engan & Aubert, 1977). Further, the 

expression levels of EEB1 and EHT1, encoding the AEATases, are temperature dependent. 

These changes were correlated only with the end concentration of ethyl hexanoate, indicating 

that the expression level is not the primary factor in ethyl ester production (Saerens, Delvaux, 

et al., 2008b; Saerens, Verbelen, et al., 2008a; Saerens et al., 2006). 

Another influential fermentation parameter is the wort nutrient content. Besides the specific 

sugar profile, particularly the glucose maltose balance (Herrmann, 2005) and the glucose 

concentration itself, acting as positive inducer of several genes involved in aroma compound 

formation (Verstrepen, Moonjai, et al., 2003c), the wort nitrogen content is of major interest. 
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Several studies have revealed the effects of ammonium addition on the formation of aroma-

active metabolites (Carrau et al., 2008; Hernández-Orte, Ibarz, Cacho, & Ferreira, 2005; 

Szlavko, 1974). Higher alcohols, acetate and ethyl esters are affected by the type as well as 

the concentration of nitrogen (Bell & Henschke, 2005). In particular, the amino acids have a 

large influence on aroma compound profiling in fermented beverages, given that several 

sensory-active higher alcohols depend directly on their metabolism (Chen, 1978; Hazelwood 

et al., 2008). Changes in availability of amino acids in the environment induce the BAP2 gene 

(Wang, Jiang, & Jazwinski, 2010), and leucine even in micromolar concentrations acts as the 

main regulatory signal for the uptake of BCAAs in S. cerevisiae in various synthetic media 

(Didion et al., 1996). The BCAA permease Bap2 is also posttranslationally regulated by 

ubiquitination at its N terminus (Omura & Kodama, 2001, 2004). Thus, refined mechanisms 

regulate the cellular Bap2 level to control BCAA uptake, allowing response to varying external 

nitrogen sources (Usami et al., 2014). In a recent study, higher nitrogen levels in wort also 

induced the transcription of mitochondrial BCAATase encoded by the BAT1 gene (Lei, Zhao, 

Yu, & Zhao, 2012). However, Vidal et al. reported a downregulation of the decarboxylase and 

alcohol dehydrogenase genes in S. cerevisiae under high ammonium sulphate 

supplementation of sugar cane juice (Vidal et al., 2013), causing a measurable decrease in 

higher alcohol content. This finding is similar to those in wine production (Bell & Henschke, 

2005; Carrau et al., 2008) and in contrast to those in brewery fermentation, where either very 

high or low amino nitrogen content increases higher alcohol production (Boulton & Quain, 

2001). The ARO10 gene encoding a phenylpyruvate decarboxylase was recently reported as 

the key gene in higher alcohol formation in S. cerevisiae (Romagnoli et al., 2012). However, 

further investigations of preferred nitrogen source, higher alcohol formation and the relevant 

gene expression are needed. Moreover, the influence of nitrogen compounds on ester 

formation is very complex. Several theories have been advanced to explain gene and/or 

enzyme regulation under different nitrogen contents and its respective ester production 

(Malcorps, Cheval, Jamil, & Dufour, 1991; Peddie, 1990). High nitrogen levels in fermentation 

media caused higher expression levels of AATase-encoding genes, in particular ATF1 (Lei et 

al., 2012; Verstrepen, Derdelinckx, Dufour, Winderickx, Pretorius, et al., 2003d). The 

transcription of the ATF1 gene induced by nitrogen content corresponds to the protein kinase 

Sch9-mediated ATF1 expression, which is involved in nitrogen sensing (Fujiwara et al., 1999; 

Verstrepen, Moonjai, et al., 2003c). Further, high nitrogen supply results in an upregulation of 

the EEB1 gene in S. cerevisiae during cachaça fermentation, which correlates with ethyl 

octanoate (Vidal et al., 2013), possibly in contrast to that observed in brewery fermentation 

(Saerens, Delvaux, et al., 2008b). Owing to the contradictory literature on nitrogen content in 
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fermentation media and its influence on aroma compound production as well as the related 

gene expression, a systematic analysis of this metabolic network is suggested. 
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1.4 Motivation 

The previous chapters provided an introduction to the major yeast-derived aroma-active 

higher alcohols and esters in fermented beverages, given that aroma is one of the most 

important quality attributes of beer. The survey showed that the biochemical pathways form 

a highly interlinked network and that changes in one component may have dramatic 

consequences. In particular, the nitrogen composition of the fermentation medium has a 

crucial influence on the metabolome and thus on the concentrations of sensory-active 

metabolic intermediates or their transformation rates in Saccharomyces yeast (Arias-Gil, 

Garde-Cerdán, & Ancín-Azpilicueta, 2007; Cruz, Cilli, & Ernandes, 2002; Saerens, Verbelen, 

et al., 2008a). The main sources are represented by amino acids (O´Connor-Cox & Ingledew, 

1989). A decade-old categorisation introduced by Jones and Pierce in 1964 divides the amino 

acid uptake rates of a conventional fermentation medium into four groups (Jones & Pierce, 

1964; Lekkas, Stewart, Hill, Taidi, & Hodgson, 2005; Ramos-Jeunhomme, De Keyser, & 

Masschelein, 1979). This original model was valid for only two defined yeast strains (S. 

cerevisiae Guinness No. 522 und No. 4220) and has not been transferred to other yeasts. This 

classification has begun increasingly to totter, given that this greatly simplified model of amino 

acid groupings no longer corresponds to the actual uptake mechanisms (Lekkas, Stewart, 

Hill, Taidi, & Hodgson, 2007; Wang & Brandriss, 1987). In this context, there is also the 70%–

79% uptake of proline by a lager yeast strain (Gibson et al., 2009). These results provide 

evidence that strain-specific mechanisms or kinetics of amino acid absorption and 

metabolism exist, resulting in different aroma profiles caused by yeast-specific sequential 

amino acid uptake (Batistote, Cruz, & Ernandes, 2006; Cruz et al., 2002), which is performed 

by amino acid transporters located in the cell membrane (Garrett, 2008; Gibson et al., 2009; 

Poole et al., 2009). Further, the total concentration of all amino acids appears to influence 

fermentation kinetics (Arias-Gil et al., 2007). From amino acid metabolism, a large number of 

the aroma-active compounds, particularly higher alcohols, arise via the Ehrlich pathway 

(Etschmann, Bluemke, Sell, & Schrader, 2002; Hazelwood et al., 2008), and have a direct 

connection to the acetate esters (Mason & Dufour, 2000; Verstrepen, Derdelinckx, Dufour, 

Winderickx, Thevelein, et al., 2003a). Numerous studies have investigated the effect of 

nitrogen source and its availability on the final content of sensory-active metabolites (Torrea, 

Fraile, Grade, & Ancín, 2003; M. Ugliano et al., 2009b). However, little is known about how 

single amino acid concentrations affect the expression of the genes involved in the 

biosynthesis of aroma-active metabolites in industrial beer production. It is thus clear that this 

metabolic network is complex, and although it is reasonably well mapped, little information 

about the role of specific genes and their regulation within this network is available (Rossouw, 
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Naes, & Bauer, 2008). Also, the production of most aroma-active compounds is yeast strain 

dependent, and the genome of each strain is unique and finally defines the aroma profile of 

beer (Ramos-Jeunehomme, Laub, & Masschelein, 1991; Rossouw et al., 2008). Accordingly, 

one objective of this study was to identify key amino acids that influence the aroma compound 

profile of the most important yeast strains used in Bavarian beer production, S. cerevisiae 

strain S81 and S. pastorianus strain S23. Also, the study of the mechanism of amino acid 

absorption of these two yeast strains should provide more evidence explaining the different 

aroma profiles of lager beers and ales. Another objective was to elucidate the influence of the 

identified key amino acids on genes that affect the aroma profile of yeast and the formation 

of higher alcohols and their corresponding esters. 

 

The thesis is accordingly organised into four parts: 

 

1. Review of the fundamentals of the production and regulation of flavour-active esters 

and higher alcohols in S. cerevisiae. 

 

2. New views of the importance of nitrogen content to aroma compound profile by 

variation of the amino acid pool. 

 
3. Evaluation of key genes and the interrelation between amino acid uptake and the 

corresponding higher alcohol and ester products in brewing yeast strains. 

 
4. Elucidation of the influence of key amino acids on the induction and/or repression of 

flavour-associated yeast genes. 

 

A novel approach to extracting the specific amino acids in wort and their effects on the 

regulation of flavour-associated genes would enable innovative perspectives on aroma 

profiling, including a new possibility of producing beers with different aroma nuances with the 

aim of offering a variety of beers to a developing market. 
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2. RESULTS (THESIS PUBLICATIONS) 

2.1 Summary of results 

The thesis publications are summarised in this chapter, followed by full copies of the papers. 

 
 

PART 1 Function and regulation of yeast genes involved in higher alcohol and ester 

metabolism during beverage fermentation. 

PAGE 33 

Aroma-active higher alcohols and esters are intracellularly produced by fermenting yeast 

cells. They are of major industrial interest because of their contribution to the aroma in 

fermented beverages. Higher alcohols are secondary metabolites produced by yeast in 

highest absolute concentrations and thus are of great interest. Esters, particularly acetate 

esters, whose synthesis is linked to the concentrations of their corresponding alcohol and of 

acetyl-CoA, are very important owing to their responsibility for the highly desired fruity, honey 

and perfume-like aroma in yeast fermented beverages. Even if volatile esters are present in 

only trace quantities, they can affect beer or wine flavour well below their threshold value. 

However, the absolute amount of aroma-active compounds is not substantial for the flavour 

of fermented alcoholic beverages. The relationships between the fine tuning of these different 

volatiles are more important. In the yeast fermentation process, numerous environmental 

factors affect the production of these volatile aroma compounds. Low or high temperature, 

carbon dioxide pressure and carbohydrate or nitrogen density are some of the most important 

(stress) factors in the beverage industry. These factors can act on the transcription level of 

flavour-associated yeast genes, resulting in concentration differences of these important 

flavour-active metabolites. Understanding of the function of genes involved in biosynthetic 

pathways of aroma-active substances as well as their regulatory mechanisms is needed to 

control the production of ester and higher alcohol synthesis to create specific aroma 

compound profiles in fermented beverages. This review discusses the regulation and function 

of several individual genes (ATF1, ATF2, EEB1, EHT1, BAT1, BAT2 and BAP2) in fusel alcohol 

and ester synthesis in Saccharomyces yeast. 
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PART 2 Significant amino acids in aroma compound profiling during yeast fermentation 

analyzed by PLS regression 

PAGE 42 

Organoleptic characteristics of beer depend mainly on the flavour-active substances 

produced by yeast during fermentation. In particular, the volatile higher alcohols and esters 

are determined by the nitrogen and carbohydrate composition of wort. In particular, amino 

acid assimilation by yeast influences the synthesis of higher alcohols via the Ehrlich pathway. 

The concentration of higher alcohols and their corresponding esters can be influenced by the 

uptake efficiency of the corresponding amino acid and the sugar utilisation rate. For improved 

understanding of the relationship between amino acid composition in wort and its influence 

on synthesis of flavour-active metabolites, amino acid variations in a synthetic medium were 

established in an experimental design created with Design Expert to reduce primary, 

insignificant parameter variations. These variations were fermented by S. cerevisiae strain S81 

and S. pastorianus strain S23, respectively. After fermentation, volatile compounds of each 

amino acid variation were quantified, and their correspondence with the most significant 

amino acids for S. cerevisiae and S. pastorianus was investigated. Some of the varied 

concentrations of aroma-active compounds could be related to the different amino acid 

compositions in synthetic media. The task of pattern recognition was analysed by partial least 

square (PLS) regression and variable importance in projection (VIP), a powerful tool of 

chemometrics for analysing multivariate data sets together with multiple targets. The most 

important explanatory variables affecting the synthesis of sensory compounds of S23 were 

leucine, isoleucine, valine, glutamine, cysteine and, surprisingly, proline, whereas those for 

S81 were leucine, isoleucine, valine, histidine, glutamine and again proline. Thus, a fingerprint 

of amino acid importance to the detected aroma compound profile was created. The BCAAs 

for both yeast strains seem to be the amino acids most important for the measured 

concentrations of aroma compounds. Proline identification as a key amino acid for S23 and 

S81, with respect to the aroma compound profile under anaerobic fermentation conditions, 

leads to a novel classification of sequential amino acid uptake during brewery fermentation, 

given that it has long been thought that proline is not taken up by yeast under brewing 

conditions. 
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PART 3 Differential transcribed yeast genes involved in flavour formation and its 

associated amino acid metabolism during brewery fermentation 

PAGE 52 

Amino acid concentration in wort and its use by yeast during fermentation can influence the 

synthesis of flavour-active higher alcohols and their corresponding esters in fermented 

beverages. For better understanding of the relationship between the biosynthesis of aroma-

relevant metabolites and the importance of amino acids, an improved understanding of amino 

acid uptake and assimilation is essential for generating defined amounts of sensory 

metabolites to regulate specific sensory effects in fermented beverages. Besides, the 

knowledge of transcriptional responses of yeast genes involved in the biosynthesis of flavour 

compounds is limited. Accordingly, DNA microarray experiments were performed to analyse 

the global transcription profiles of the most important yeast strains, S. cerevisiae strain S81 

and the S. pastorianus strain S23, used in Bavarian beer production. Changes in the 

transcription of genes associated with amino acid assimilation and its derived aroma-active 

compounds during fermentation were measured. The experiments revealed similarities as well 

as disparities in gene expression pattern when the two yeast strains were compared. In 

particular, the differences in sequential amino acid uptake suggest strain dependent amino 

acid assimilation. These differences could be due to the different transcription rates of genes 

encoding amino acid transporters, which could be associated with the various concentrations 

of higher alcohols. During lager yeast fermentation an increased proline uptake was found. 

This finding could be due to the lower fermentation temperature used for lager beer 

production, given that yeast with freezing tolerance tends to accumulate higher levels of 

proline. The expression levels of specific genes involved in the biosynthesis of aroma 

compounds revealed that BAT1 and particularly ARO8, genes important for transamination 

reactions in the Ehrlich pathway, were highly expressed immediately after pitching. Several 

differences in the expression pattern of the two yeast strains were found to contribute to the 

different flavour compound profiles, which are influenced by, for instance, the genetic 

background of the yeast strain. These findings, in particular the differences in amino acid 

uptake, may help to generate defined amounts of sensory metabolites by manipulating 

substrate composition in wort to produce specific sensory effects in beer. 
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PART 4 Effect of amino acid supply on the transcription of flavour-related genes and 

aroma compound production during lager yeast fermentation 

PAGE 71 

To investigate the effect of amino acids on the formation of higher alcohols and esters, 

supplementation of synthetic wort with proline, leucine, cysteine, valine, glutamine and 

isoleucine was performed. The consequence of amino acid addition with respect to the 

expression levels of the main genes involved in the biosynthetic pathway of aroma-active 

compounds was investigated. The results showed that changes in selected amino acid levels 

had no strong effect on the general course of fermentation. The higher alcohols isobutanol, 

isoamyl alcohol and 2-methyl butanol were generated throughout the process of 

fermentation, whereas propanol was generated exclusively as a consequence of nitrogen 

metabolism. Leucine addition increased the production of isoamyl alcohol and isoamyl 

acetate and 2-methylbutyl acetate. Addition of valine and isoleucine increased the production 

of isobutanol and 2-methyl butanol, respectively. Within the range of supplementary amino 

acid concentrations used, S. pastorianus produced greater total amounts of higher alcohols. 

This difference could be associated with the upregulation of pyruvate decarboxylases (PDC1, 

PDC5 and PDC6) and phenylpyruvate decarboxylase (ARO10). In contrast, most amino acid 

supplementations resulted in lower expression levels of BAT1, BAT2 and also ADH1, 

suggesting a strong effect on the decarboxylation step in Ehrlich pathway. Amino acid 

addition resulted in a reduction in the final total concentration of esters. In particular, ethyl 

acetate was reduced in response to the supplementation with amino acids, indicating a strong 

possibility of reducing this acetate ester with a solvent-like odour. This reduction may have 

been caused by the downregulation of ATF1 and ATF2, which participate in acetate ester 

biosynthesis. In general, these results show that during lager yeast fermentation, the 

production of aroma-active compounds can be markedly affected by a change in the supply 

of even one amino acid in the fermentation medium. Thus, amino acid supplementation and 

thereby amino acid composition in wort can affect the flavour of lager beer. 
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2.2 Function and regulation of yeast genes involved in higher alcohol and 

      ester metabolism during beverage fermentation 
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2.3 Significant amino acids in aroma compound profiling during yeast     

      fermentation analyzed by PLS regression 
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2.4 Differential transcribed yeast genes involved in flavor formation and  

      its associated amino acid metabolism during brewery fermentation 
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2.5 Effect of amino acid supply on the transcription of flavour-related 

      genes and aroma compound production during lager yeast      

      fermentation 
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3. Discussion 

Brewing science, as an applied science covering a complex operation, has concentrated in 

the past on evaluating correlations between specific practical measures and their resulting 

outputs. Several studies have established the effect of individual parameters on final beer 

quality. Many of these studies have mostly failed to reconstitute the actual interrelationships, 

because of the complexity of the topic. With advances in science in recent decades, the 

knowledge of beer and brewing too has taken a large step forward. This is, in particular, true 

of studies of the influence of yeast. Now that the genome DNA sequence of S. cerevisiae has 

been reported by Mewes et al. (1997), the brewing industry can gain huge benefits from the 

next level of biological research. Studies combining metabolomic and transcriptomic data 

with classical brewing chemistry are presenting interesting and new opportunities for research 

in beverage and beer quality (Rossouw et al., 2008). 

 

In particular, the perception of aroma is a dominant factor influencing beer quality (Pinho, 

Ferreira, & Santos, 2006). Fermentation characteristics of yeast, such as amino acid 

assimilation and metabolism of secondary sensory-active higher alcohols and esters, are 

based on physiological interactions, which encompass the transcription and regulation of 

aroma-associated genes and the accompanying enzyme availability/activity (Hernández-Orte, 

Ibarz, Cacho, & Ferreira, 2006; Vidal et al., 2013). In the present study, significant amino acids 

and their influence on the regulation of key genes in the biosynthetic pathway of higher 

alcohols and esters of an ale and lager yeast strain were identified, with the aim of generating 

a defined aroma compound profile. 

In an initial experimental design (see Chapter 2.3), the total amino nitrogen content was 

modified by variation of amino acids added to synthetic wort, given that the amino acid pool 

has a major role in aroma profiling owing to its direct influence on higher alcohol production 

(Hazelwood et al., 2008; Sablayrolles & Ball, 1995). After fermentation of different amino acid 

combinations with S. cerevisiae strain S81 and S. pastorianus strain S23, several important 

higher alcohols and esters were analysed by HS-GC to determine specific aroma compound 

spectra. By multivariate data analysis, a fingerprint of amino acid importance in the detected 

aroma compound spectrum was created. On the one hand, the results confirmed for both 

strains the influence of BCAA content on their corresponding higher alcohols via catabolic 

pathways. In contrast, the importance of the amino acids to the aroma profile must be strain 

dependent, as shown in Figure 3 – 1. PLS regression was used as a tool to develop a 

fingerprint of amino acid importance with respect to aroma compound profile. Extracting 

informative variables in multivariate regression using PLS can be performed by analysis of 
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regression coefficients combined with VIP (Chong & Jun, 2005; Eriksson, Johansson, 

Kettaneh-Wold, & Wold, 2006). Each regression parameter and VIP value are represented on 

a grey scale according to its magnitude. Thus, amino acids corresponding to a value 

representing a black dot in both colour maps shown are seen to be those that are essential 

to the detected aroma compound profile. 

 

 

 

Figure 3 - 1: Statistical importance of each amino acid on the concentrations of aroma compounds of 

(A) ale yeast strain S81 and (B) lager yeast strain S23; x axis labels are 1 - propanol, 2 - isobutanol, 3 - 

isoamyl alcohol, 4 - 2-methyl butanol, 5 - ethyl acetate, 6 - isobutyl acetate, 7 - isoamyl acetate, 8 - 2-

methyl butylacetate and 9 - ethyl hexanoate; (A,B - left) - variable importance in the projection (VIP) 

map; (A,B - right) - standardized regression coefficient map - amino acids were sorted by their absolute 

VIP and Bs values; (A,B – single column) - summed and normalized importance measure of both 

methods; black indicates high statistical importance on the resulting concentrations of aroma 

compounds.  

 

These amino acids are leucine, isoleucine, valine, histidine, glutamine and, surprisingly, 

proline for S81 and leucine, isoleucine, valine, glutamine, cysteine and again proline for S23 

(Fig. 3 – 1). The amino acids leucine, isoleucine and valine are the BCAAs taken up by yeast, 

being transaminated, decarboxylated and then reduced to the higher alcohols isobutanol, 

isoamyl acetate and 2-methyl butanol via the Ehrlich pathway (Hazelwood et al., 2008). The 

esters isoamyl acetate, isobutyl acetate and 2-methylbutyl acetate are synthesised via 

corresponding higher alcohol and acetyl-CoA (Malcorps & Dufour, 1992), so that increased 

concentrations of these six aroma-active metabolites appear in response to high levels of the 

corresponding amino acid in the medium, as well as vice versa. Cysteine may be involved in 

aroma compound production, given that cysteine can be catabolised to pyruvate (Hong, 

Balkrishnan, & Christie, 2007). This α-keto acid can appear in the transamination process 
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and/or can be further degraded to n-propanol, isobutanol, isoamyl alcohol and 2-methyl 

butanol following several biochemical pathways (Chen, 1978). There is also no direct pathway 

between histidine and a higher alcohol, suggesting that histidine may be transformed to α-

ketoglutarate or glutamate via histidine metabolism (Walker, 1998). Both can be intermediates 

in transamination reactions in the Ehrlich pathway, whereby the participation and significance 

of histidine in fusel alcohol production can be explained (Pires et al., 2014). However, more 

research is necessary before a reliable conclusion can be drawn. The amino acid glutamine 

may be involved in aroma compound production by virtue of being an intermediate in the 

biosynthesis of the key amino acid glutamate (Pires et al., 2014; Walker, 1998), which occurs 

in most of the transamination reactions described above (Fig. 1 - 4). An interesting and 

unexpected finding was that proline contributed to the detected aroma compound profile of 

both yeast strains. The conventional view in brewing science described by Jones and Pierce 

is that proline uptake is very limited and should not occur under anaerobic fermentation 

(Jones & Pierce, 1964). So, how could proline take part in the metabolic pathways of fusel 

alcohol and ester production? 

 

For further investigation, differentially expressed genes participating in amino acid and 

particularly proline metabolism were investigated during the course of fermentation. The 

global transcription profile of the ale and lager yeast strains was analysed by means of 

microarray technology. The Affymetrix system is the most valid representation of the changes 

undergone by the yeast transcriptome during the course of fermentation. Amino acid uptake 

was monitored, and volatile compounds were quantified under specific industrial brewing 

conditions using synthetic wort (see Chapter 2.4). Although proline is thought to be the least-

preferred nitrogen source for many strains of S. cerevisiae, it is the most abundant source of 

nitrogen in wort (Jones & Pierce, 1964; Krüger & Anger, 1990). The unavailability of high-

quality sources of nitrogen such as ammonia, asparagine or glutamine forces S. cerevisiae to 

degrade proline into glutamate via the proline utilisation pathway in the mitochondria 

(Brandriss & Magasanik, 1997). Proline catabolism is mediated by proline oxidase and delta 

1-pyrroline-5-carboxylate dehydrogenase, which are encoded by PUT1 and PUT2, 

respectively (Brandriss, 1983; S. S. Wang & Brandriss, 1987) (Fig. 3 – 2). The transcriptional 

upregulation of these genes occurs only in the presence of proline, but the presence of a 

good nitrogen source (Huang & Brandriss, 2000), which was available in synthetic wort, led 

to a downregulation of PUT1 for the lager yeast strain and PUT1 and PUT2 for the ale yeast 

strain (Fig. 3 – 3). 
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Figure 3 – 2: Simplified metabolic pathway of proline in S. cerevisiae and the genes involved. Proline 

is converted to glutamate within mitochondria in two steps by the enzymes proline oxidase and delta 

1-pyrroline-5-carboxylate dehydrogenase. Yeast cells can also synthesise proline from glutamate in 

the cytoplasm. The proline transport mechanism between the cytoplasm and the mitochondria remains 

unclear. 

 

In an investigation of amino acid uptake (Chapter 2.4), four amino acid permeases with more 

specific substrate specificity (TAT2, ALP1, PUT4 and AGP2) were evaluated regarding the 

lager yeast strain S23. These genes became more active as amino acid concentrations in 

synthetic wort became limited, except for TAT2, encoding a tryptophan amino acid 

transporter. This could also be confirmed for most amino acid permeases of S81. Genes 

encoding permeases with more specific substrate affinity (ALP1, AGP2, AGP3, MMP1, PUT4 

and MUP3) were downregulated at the beginning of fermentation and more highly expressed 

at the end of fermentation (Fig. 3 – 3). This finding indicates that the general amino acid 

permeases are more active at the beginning of fermentation. The most important gene for 

proline uptake is PUT4, encoding a specific proline permease, which is repressed under high-

ammonia conditions or by better nitrogen compounds such as glutamine and asparagine 

(Andréasson, Neve, & Ljungdahl, 2004; Ter Schure, Van Riel, & Verrips, 2000). PUT4 was 

downregulated during the first stage of fermentation and became more active at the end of 

fermentation (Fig. 3 – 3). 
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Figure 3 - 3: Hierarchical cluster of DNA microarray data from time courses of S. pastorianus strain 

S23 and S. cerevisiae strain S81 during brewery fermentation. Samples were taken at 0, 8, 12, 24, 48, 

72, 96, 120 h after pitching. Genes involved in amino acid metabolism and its associated flavour 

formation were selected for this analysis if their expression level deviated from time 0 by at least a 

factor of 1.5 in at least two time points (p < 0.05). The dendrogram and coloured image were produced 
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by R packages. The colour scale ranges from saturated green for log ratios -2.0 and below to saturated 

red for log ratios 2.0 and above. Each gene is represented by a single row of coloured boxes; each 

time point by a single column. A and B: Clustering of 46 lager yeast genes and 57 ale yeast genes 

which are differentially expressed during fermentation.  

 

GAP1, encoding the general amino acid permease, also responsible for proline uptake, 

showed no change in transcriptional activity. Nevertheless, the quantity of Put4 protein 

perhaps did not decrease to such an extent that no proline transport was possible. The 

remaining carriers, mainly in the lager strain, where a higher uptake of proline was observed, 

may have been sufficient to allow proline uptake. Figure 3 – 4 shows that proline uptake 

occurred during cell growth when oxygen was still available and was excreted at the end of 

fermentation. Oxygen can support proline catabolism even at very low concentrations (Gibson 

et al., 2009). Besides proline, a reduction in the concentration of all amino acids was observed 

during fermentation. Sequential uptake could not be accurately determined because several 

amino acids were reduced to negligible levels relatively early during fermentation (see Chapter 

2.4). Further, amino acid uptake by S81 and S23 did not follow a defined course and the 

sequence differed, possibly owing to the different genetic backgrounds of lager and ale yeast. 

As already mentioned, proline was assimilated by the two strains. Certainly, the amount of 

proline uptake and the chronological sequence differ between the strains. S23 showed 

52.86% but S81 only 24.70% uptake (Fig. 3 – 4 and Chapter 2.4). 

 

 

Figure 3 - 4: Proline uptake during brewery fermentation of lager yeast strain S23 (black square) and 

ale yeast strain S81 (red circle) in EBC tall-tubes. Error bars indicate ± SD. Lager yeast: 12°P 12°C, ale 
yeast: 12°P 20°C.  
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Given that proline is not converted to a higher alcohol by the Ehrlich pathway, its significance 

in aroma formation could be explained by its degradation to glutamate (Fig. 3 – 2), which may 

be converted to glutamine or transaminated to α-ketoglutarate; this product can be subjected 

to further transamination reactions, finally followed by decarboxylation and reduction 

(Prusiner & Stadtman, 1973; Walker, 1998). The accumulation of proline has also been 

discussed as a stress protectant in yeast cells during alcoholic fermentation (Kaino & Takagi, 

2008; Takagi, Takaoka, Kawaguchi, & Kubo, 2005a). Proline contributed to improvement in 

the freezing tolerance of S. cerevisiae (Takagi, Takaoka, Kawaguchi, & Kubo, 2005b). Yeast 

cells accumulate proline in the vacuole, suggesting that there is a system for the transport of 

proline to the vacuole, and that this vacuolar accumulation may be important in freezing 

resistance (Morita, Nakamori, & Takagi, 2002). 

The disruption of the PRO1 gene, encoding gamma-glutamyl kinase, which catalyses the first 

step in proline biosynthesis, caused hypersensitivity to freeze–thaw damage (Ando, 

Nakamura, Murata, Takagi, & Shima, 2007). Saccharomyces yeasts with high freezing 

tolerance tended to accumulate higher levels of intracellular proline (Morita, Nakamori, & 

Takagi, 2003). This tendency could also explain the higher proline uptake in the lager yeast 

cells, given that the fermentation of lager beers requires a lower temperature than that of ales. 

These temperatures lead to the clean taste and the lack of fruity esters. Fermentation of 

brewery wort at such a low temperature is possible only owing to the cryotolerant nature of 

S. pastorianus (Gibson, Storgårds, Krogerus, & Vidgren, 2013). The Patagonian species 

characterised as S. eubayanus in 2011 gives lager yeast its interesting cold tolerance and is 

responsible for the characteristic flavour of lager beer (Libkind et al., 2011). However, a 

Tibetan population of S. eubayanus more closely related to S. pastorianus than the strain from 

Patagonia has been found. The genome sequence identity of this Tibetan strain with the non-

ale moiety of S. pastorianus Weihenstephan 34/70 was 99.82% (Bing, Han, Liu, Wang, & Bai, 

2014). 

 

Given that amino acids have high impact on final beer quality, the effect of single-amino acid 

supplementation on the transcription levels of genes involved in the biosynthesis of aroma-

active higher alcohols and esters in yeast, which have partly been confirmed in Chapter 2.4, 

needed to be further characterised. The difference in growth conditions, with EBC-tall tubes 

of just 2 L of medium for the screening compared with high-volume pilot plants, may explain 

why certain genes were not identified in our Affymetrix screening. We accordingly decided to 

take into account further genes such as the pyruvate dexarboxylase genes PDC1, PDC5 and 

PDC6, postulated to participate in this reaction (Ter Schure, Flikweert, Van Dijken, Pronk, & 

Verrips, 1998; Yoshimoto et al., 2001). 
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According to PLS regression analysis in Chapter 2.3, leucine, isoleucine, valine, proline, 

glutamine and cysteine are the amino acids that have the main influence on the aroma 

compound profile in the fermentation process of S. pastorianus strain S23. An addition of a 

doubled amount of the key amino acids, corresponding to the maximum concentrations in 

wort according to Krüger and Anger, causes minor or major differences in the aroma 

compound profile according to the amino acid added. Isoamyl alcohol showed the highest 

end concentrations in all fermentations. In particular, leucine addition was significant, due to 

the mechanisms involved in the Ehrlich pathway (Hazelwood et al., 2008). Amino acid addition 

significantly increased the production of the respective higher alcohols (Fig. 3 – 5A). 

Furthermore, a global increase in propanol formation occurred after the addition of several 

amino acids (excluding isoleucine). Besides the BCAAs, proline and glutamine 

supplementations enhance the formation of higher alcohols, particularly propanol. Propanol 

is generated exclusively as a consequence of nitrogen metabolism (Mouret et al., 2014). In 

general, there is a clear relationship between amino acid addition and the formation of higher 

alcohols (Fig. 3 – 5A). The effect of amino acid supplementation is explained by the increasing 

ability of the yeast to decarboxylate the transaminated α-keto acids followed by their 

reduction to higher alcohols (Hazelwood et al., 2008; Hernández-Orte et al., 2005). Thus, 

changes in the formation of fusel alcohols caused by amino acid supplementation are 

associated with changes in the intracellular pools of precursors and intermediates involved in 

their synthesis. 

 

 

 

Figure 3 - 5: Final higher alcohol concentrations in EBC tall-tube fermentations under different amino 

acid supply. Results are the averages of three independent fermentations. Error bars indicate ± SD (A). 

Relative transcription profile by the lager strain S23 of genes involved in higher alcohol production. 

Results are the averages of three independent fermentations relative to the condition without 

supplementation of amino acids (* p < 0.05). Error bars indicate ± SD (B). (Grey bars) standard 

fermentation; (Black bars) proline addition; (white bars) cysteine addition; (light grey bars) valine 
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addition; (double striped bars) leucine addition; (dark grey bars) isoleucine addition; (striped bars) 

glutamine addition. 

 

Surprisingly, the BCAA transaminases BAT1 and BAT2 catalysing the first step in the Ehrlich 

pathway were downregulated with the amino acid supplementations, with the exception of 

BAT1 expression under leucine-supplemented conditions (Fig. 3 – 5B). To determine whether 

the end concentration of the higher alcohols was correlated with the expression levels of the 

main genes involved in the biosynthetic pathway, a Pearson correlation was calculated (Table 

3 – 1). The positive correlation between BAT1 and isoamyl alcohol as well as the significant 

increase of isoamyl alcohol after leucine addition (Fig. 3 – 5A) should confirm the inducibility 

of BAT1 by leucine. 

The addition of the other amino acids, except for cysteine, also significantly increased the 

concentration of some of the remaining higher alcohols. However, no further correlation 

between a higher alcohol, except for isobutanol, and the expression of the analysed genes 

could be identified. Thus, other transaminases like ARO8 and ARO9 must also be involved in 

the first step of fusel alcohol formation. Aro8p and Aro9p were initially characterised as the 

aromatic amino acid aminotransferases I and II, respectively (Iraqui et al., 1998). These 

aminotransferases may act as broad substrate-specificity amino acid transaminases in the 

Ehrlich pathway (Hazelwood et al., 2008). Furthermore, under the different amino acid-

supplementation conditions, the pyruvate decarboxylases PDC1, PDC5, PDC6 and the 

alcohol dehydrogenases ADH1 were mostly upregulated. In particular under leucine-

supplementation conditions, the synthesis of higher alcohols is significantly dependent on 

these decarboxylases as well as on ADH1, a finding in accordance with the highest total fusel 

alcohol concentrations, particularly in view of the high isoamyl alcohol concentrations 

following leucine addition (Fig. 3 – 5). These results could be further confirmed by the positive 

correlations found between isoamyl alcohol and most genes involved in the biosynthetic 

pathway of fusel alcohol production (Table 3 – 1). 

Fermentations with particularly high levels of valine yielded a 15-fold increase of the 

expression of the ARO10 gene, encoding the phenylpruvate decarboxylase, confirming the 

strong impact of ARO10 on the aroma-associated decarboxylation of yeast fermentations, 

already reported by Romagnoli et al. (Romagnoli et al., 2012). The expression level of ARO10 

was also be correlated with the end concentration of isobutanol. This positive correlation as 

well as the significant increase of isobutanol with valine addition (Fig. 3 – 5A and Chapter 2.5) 

indicates that ARO10 is inducible by valine, ensuring high isobutanol concentrations. 
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Table 3 – 1: Correlation between gene expression and flavour compound production. 

Para-

meter 

Propanol Iso-

butanol 

Isoamyl 

alcohol 

2-Methyl 

butanol 

Ethyl 

acetate 

Isobutyl 

acetate 

Isoamyl 

acetate 

2-Methylbutyl 

acetate 

Ethyl 

hexanoate 

Group A          

BAT1 -0,19 -0,46 0,77 -0,19      

BAT2 -0,19 -0,04 -0,06 -0,37      

PDC1 -0,18 -0,39 0,82 -0,26      

PDC5 0,04 -0,39 0,92 -0,39      

PDC6 0,15 -0,40 0,91 -0,42      

ARO10 0,58 0,76 -0,29 -0,27      

ADH1 -0,03 -0,47 0,94 -0,35      

LEU4 0,10 -0,06 0,51 -0,61      

Group B          

ATF1     
0,74 0,02 0,37 -0,37 

 

ATF2     
-0,01 -0,37 0,75 -0,0003 

 

IAH1     
0,46 -0,22 0,25 -0,60 

 

Group C          

FAS1         -0,17 

FAS2         -0,16 

EEB1         0,53 

EHT1         0,22 

Calculation of the Pearson product moment correlation coefficient to define the extent of a linear relationship between gene 
expression and the final concentration of a flavour compound in all six conditions tested 

 

The production of the calculated esters was also variable in the response to amino acid supply 

(Fig. 3 – 6A). It is obvious that isoleucine supplementation led to the highest 2-methylbutyl 

acetate concentrations in the final product, a result directly related to the highest 2-methyl 

butanol formation (Hazelwood et al., 2008). The same observation was found for leucine 

supplementation and the formation of isoamyl acetate but not for isobutyl acetate production 

under valine supply. 

 

 

 

Figure 3 - 6: Final ester concentrations in EBC tall-tube fermentations under different amino acid 

supply. Results are the averages of three independent fermentations. Error bars indicate ± SD (A). 



IMPACT OF AMINO ACIDS ON BEER AROMA Discussion 

90 

 

Relative transcription profile by the lager strain S23 of genes involved in ester production. Results are 

the averages of three independent fermentations relative to the condition without supplementation of 

amino acids (* p < 0.05). Error bars indicate ± SD (B). (Grey bars) standard fermentation; (Black bars) 

proline addition; (white bars) cysteine addition; (light grey bars) valine addition; (double striped bars) 

leucine addition; (dark grey bars) isoleucine addition; (striped bars) glutamine addition. 

 

Surprisingly, all amino acid supplementation conditions provoked a decrease in expression 

of ATF1 and ATF2, except for leucine supply, for which a significant upregulation of ATF2 was 

observed (Fig. 3 – 6B). According to other authors, the ATF1 gene is more deeply involved in 

acetate ester formation than ATF2 (Saerens, Verbelen, et al., 2008a; Verstrepen, Derdelinckx, 

Dufour, Winderickx, Thevelein, et al., 2003a). This difference could not be confirmed in either 

Chapter 2.4 or 2.5. It should be remembered that the fermentations in this study were batch 

processes, and that the aim was to focus on genes that would exert strong effects in such 

conditions. It is also interesting to note that differences in the growth conditions of the yeast 

cell could favour certain gene products over others playing a part in aroma compound 

metabolism (Styger, 2011). Besides the activity of the enzymes involved in acetate ester 

formation, the concentrations of the two substrates, acetyl-CoA and the corresponding fusel 

alcohol, are also of interest. However, according to several authors (Lilly et al., 2000; Malcorps 

et al., 1991; Verstrepen, Van Laere, et al., 2003b), the availability of substrates is not the major 

limiting factor but rather the expression level of ATF1 and ATF2. Still, the quantity of those 

enzymes perhaps did not decrease to such an extent that no acetate ester synthesis would 

be possible. Furthermore, the significant downregulation of the FAS1 and FAS2 genes and 

the decrease in the expression level of EHT1 and EEB1 could account for the decrease in 

ethyl hexanoate levels. Notably, proline supplementation induced a downregulation of the 

ethanol acyltransferases, which is expected to be associated with the significantly reduced 

ethyl hexanoate concentration, but the expression level of the AEATase genes proved no 

correlation with the end concentration of ethyl hexanoate (Table 3 – 1). 

From the above results, it could be confirmed that of those genes that were further 

investigated, BAT1, PDC1, PDC5, PDC6, ARO10 and ADH1 play a direct role in the Ehrlich 

pathway, especially with focus on isoamyl alcohol. However, not all of the analysed genes 

showed clear associations with the various aroma-active metabolites. Some of the genes may 

act as promiscuous enzymes under these special fermentation conditions. It has long been 

scientifically recognised that the lock–key theory of enzymes and the reactions that they 

catalyse are not as explicit as first believed. It is possible that enzymes show different catalytic 

activity in environmental conditions different from their natural state. Further, some enzymes 
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have a broad range of substrates that they can catalyse, and some enzymes are able to 

catalyse distinctly different chemical reactions (Hult & Berglund, 2007). 

 

Alternatively, amino acids have not such a large influence on the tested genes as previously 

thought. Even if several expression data displayed significant differences compared with 

standard amino acid conditions, the up- and downregulations of most of the tested genes 

were much lower than expected. It appears that amino acids contribute to aroma-active 

metabolites more by substrate availability than by regulatory effects on gene expression, 

except for leucine. In particular for the AATases, it is clearly shown that amino acids have not 

the same inducibility of ATF1 and ATF2 as has high-gravity brewing. ATF1 is highly induced 

by glucose as a target of the Ras/cAMP/PKA signalling pathway (Verstrepen, Derdelinckx, 

Dufour, Winderickx, Pretorius, et al., 2003d) explaining increases in ATF1 expression at higher 

wort density and further increasing the concentration of acetate esters (Saerens, Verbelen, et 

al., 2008a). 

 

Furthermore, an increase in acetate esters according to high sugar levels in wort can originate 

in the anabolism of higher alcohol production. Figures 3 -7 clearly show that also sugars are 

contributing to the aroma-active metabolites of S. pastorianus strain S23 and S. cerevisiae 

strain S81. Again, PLS regression was used as a tool to develop a fingerprint of sugar 

importance with respect to aroma compound profile. These sugars were maltotriose and 

glucose for S81 and fructose and glucose for S23 (Fig. 3 – 7). During carbohydrate 

metabolism, pyruvate and α-keto acids are generated via the biosynthesis of amino acids and 

are degraded to higher alcohols, also followed by decarboxylation and reduction reactions 

(Chen, 1978). Thus, many fermentation volatiles important to beer aroma arise from yeast 

metabolism of sugars (Chen, 1978; Nisbet et al., 2014). It has recently been shown (Nisbet et 

al., 2014) that during wine fermentation, most volatiles are derived mainly from hexoses such 

as glucose and fructose. These volatiles include more than 75% of the higher alcohols 

associated with amino acid metabolism and their corresponding esters. It thus appears that 

the anabolic pathway is the major contributor of higher alcohol production, at least in wine 

fermentation. 
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Figure 3 – 7: Statistical importance of each sugar on the concentrations of aroma compounds of (A) 

ale yeast strain S81 and (B) lager yeast strain S23; x axis labels are 1 - propanol, 2 - isobutanol, 3 - 

isoamyl alcohol, 4 - 2-methyl butanol, 5 - ethyl acetate, 6 - isobutyl acetate, 7 - isoamyl acetate, 8 - 2-

methyl butylacetate and 9 - ethyl hexanoate; (A,B - left) - variable importance in the projection (VIP) 

map; (A,B - right) - standardized regression coefficient map - sugars were sorted by their absolute VIP 

and Bs values; (A,B – single column) - summed and normalized importance measure of both methods; 

black indicates high statistical importance on the resulting concentrations of aroma compounds. 

 

The prediction of specific aroma compound profiles by analysis of gene expression levels is 

clearly not simple, and several explanations for this complexity have been offered above. 

Further, under our special fermentation conditions, aroma compound production may be 

partly regulated at the posttranscriptional level. Similar findings and/or hypotheses have been 

reported (Molina et al., 2007). In particular, carbonylations are consequences of oxidative 

stress and target a modified protein for degradation (Grimsrud, Xie, Griffin, & Bernlohr, 2008). 

Protein concentrations depend not only on the mRNA level but also on translation and 

degradation rate. Huang et al. (Huang et al., 2011) tried to predict mRNA translation rate using 

a computational model with prediction accuracies of about 70%. However, it is a great 

challenge to construct such a translation rate prediction model, taking into account some of 

the following features: codon usage frequency, number of RNA binding proteins known to 

bind its mRNA product, coding sequence length, protein abundance and 5′ UTR free energy. 

These features might provide useful information for understanding the mechanisms of 

translation and dynamic proteome (Huang et al., 2011). 

 

In summary, amino acids clearly influence the aroma spectrum of beer. Leucine, isoleucine, 

valine, glutamine, cysteine and proline for S. pastorianus strain S23 and leucine, isoleucine, 

valine, histidine, glutamine and proline for S. cerevisiae strain S81 have been identified as the 

amino acids most important for individual measured aroma compound profiles. Differences 
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in sequential amino acid uptake have been shown to be probably strain dependent, owing to 

their different genetic makeups. There is also strong evidence that this strain dependent 

amino acid uptake explains the different concentrations of aroma-active substances in beer 

among various yeast strains. Overall, this work provides fundamental and novel information 

about the effects of single amino acid supply on the final concentrations of important aroma-

contributing metabolites. This is partly triggered by the expression levels of genes 

participating in the biosynthesis of aroma-active compounds, which are affected by the 

addition of the significant amino acids. This information may help to improve understanding 

of the importance of specific aroma biosynthesis genes to the production of defined 

concentrations of some higher alcohols and esters during brewery fermentation. However, 

depending on the influence of sugars on higher alcohol production, it is desirable to find a 

balance between the anabolic and catabolic pathway to predict specific aroma profiles in 

yeast fermented beverages. 



IMPACT OF AMINO ACIDS ON BEER AROMA References 

94 

 

4. References 

 
Abelidis, S., Moore, J. F., & Chakravarty, A. (1987). Zinc release from irradiated yeast 

alcohol dehydrogenase. International Journal of Radiation Biology, 52, 413-418.  
Ahmad, M., & Bussey, H. (1986). Yeast arginine permease: nucleotide sequence of the 

CAN1 gene. Current Genetics, 10, 587-592.  
Amitrano, A. A., Saenz, D. A., & Ramos, E. H. (1997). GAP1 activity is dependent on cAMP 

in Saccharomyces cerevisiae. FEMS Microbiology Letters, 151, 131-133.  
Ando, A., Nakamura, T., Murata, Y., Takagi, H., & Shima, J. (2007). Identification and 

classification of genes required for tolerance to freeze–thaw stress revealed by 
genome-wide screening of Saccharomyces cerevisiae deletion strains. FEMS Yeast 

Research, 7, 244–253.  
Andreasen, A. A., & Stier, T. J. B. (1953). Anaerobic nutrition of Saccharomyces cerevisiae 1. 

Ergosterol requirement for growth in a defined medium. Journal of Cellular and 

Comparative Physiology, 41, 23-26.  
Andreasen, A. A., & Stier, T. J. B. (1954). Anaerobic nutrition of Saccharomyces cerevisiae 2. 

Unsaturated fatty acid requirements for growth in a defined medium. Journal of 

Cellular and Comparative Physiology, 43, 271-278.  
Andréasson, C., Neve, E. P., & Ljungdahl, P. O. (2004). Four permeases import proline and 

the toxic proline analouge azetidine-2-carboxylate into yeast. Yeast, 21, 193-199.  
Annemüller, G. (2009). Gärung und Reifung des Bieres: Grundlagen - Technologie - 

Anlagentechnik. VLB, Berlin.  
Arias-Gil, M., Garde-Cerdán, T., & Ancín-Azpilicueta, C. (2007). Influence of addition of 

ammonium and different amino acid concentrations on nitrogen metabolism in 
spontaneous must fermentation. Food Chemistry, 103, 1312-1318.  

Aritomi, K., Hirosawa, I., Hoshida, H., Shiigi, M., Nishizawa, Y., Kashiwagi, S., & Akada, R. 
(2004). Self-cloning yeast strains containing novel FAS2 mutations produce a higher 
amount of ethyl caproate in Japanese sake. Bioscience, Biotechnology, and 

Biochemistry, 68, 206-214.  
Batistote, M., Cruz, S. H., & Ernandes, J. R. (2006). Altered patterns of maltose and glucose 

fermentation by brewing and wine yeast influenced by the complexity of nitrogen 
source. Journal of the American Society of Brewing Chemists, 1122, 84-91.  

Beech, R. W. (1993). Yeasts in cider-making. In: A.H. Rose and J.H. Harrison (Eds.) The 

yeasts, 2nd edn. Vol. 5. Yeast technology. Academic Press, London, 259-293.  
Bell, S. J., & Henschke, P. A. (2005). Implications of nitrogen nutrition for grapes 

fermentation and wine. Australien Journal of Grape and Wine Research, 11, 242-295.  
Bing, J., Han, P.-J., Liu, W.-Q., Wang, Q.-M., & Bai, F.-Y. (2014). Evidence for a far East 

Asian origin of lager beer yeast. Current Biology, 24, 380-381.  
Bolat, I., Romagnoli, G., Zhu, F., Pronk, J. T., & Daran, J. M. (2013). Functional analysis and 

transcriptional regulation of two orthologs of ARO10, encoding broad-substrate-
specificity 2-oxo-acid decarboxylases, in the brewing yeast Saccharomyces 

pastorianus CBS1483. FEMS Yeast Research, 13, 505-517.  
Boulton, C., & Quain, D. (2001). Brewing Yeast and Fermentation. Blackwell Science, Ltd.: 

Cornwall.  
Brandolini, V., Romano, P., Maietti, A., Caruso, M., Tedeschi, P., & Mazzotta, D. (2002). 

Automated multiple development method for determination of glycerol produced by 
wine yeasts. World Journal of Microbiology and Biotechnology, 18, 481-485.  

Brandriss, M. C. (1983). Proline utilization in Saccharomyces cerevisiae: analysis of the 
cloned PUT2 gene. Molecular and Cellular Biology, 3, 1846-1856.  

Brandriss, M. C., & Magasanik, B. (1997). Genetics and physiology of proline utilization in 
Saccharomyces cerevisiae: Enzyme induction by proline. Journal of Bacteriology, 

140, 498-503.  



IMPACT OF AMINO ACIDS ON BEER AROMA References 

95 

 

Bromberg, S. K., Bower, P. A., Duncombe, G. R., Fehring, J., Gerber, L., Lau, V. K., & Tata, 
M. (1997). Requirements for zinc, manganese, calcium, and magnesium in wort. 
Journal of the American Society of Brewing Chemists, 55, 123-128.  

Carrau, F. M., Medina, K., Farina, L., Boido, E., Henschke, P. A., & Dellacassa, F. (2008). 
Production of fermentation aroma compounds by Saccharomyces cerevisiae wine 
yeasts: Effects of yeast assimilable nitrogen on two model strains. FEMS Yeast 

Research, 8, 1196-1207.  
Chellappa, R., Kandasamy, P., Oh, C. S., Jiang, Y., Vemula, M., & Martin, C. E. (2001). The 

membrane proteins, Spt23p and Mga2p, play distinct roles in the activation of 
Saccharomyces cerevisiae OLE1 gene expression – fatty acid-mediated regulation of 
Mga2p activity is independent of its proteolytic processing into a soluble 
transcription activator. Journal of Biological Chemistry, 276, 43548-43556.  

Chen, E. C. H. (1978). The relative contribution of Ehrlich and biosynthetic pathways to the 
formation of fusel alcohols. Journal of the American Society of Brewing Chemists, 

36, 39-43.  
Chong, I. G., & Jun, C. H. (2005). Performance of some variable selection methods when 

multicollinearity is present. Chemometrics and Intelligent Laboratory Systems, 78, 
103-112.  

Cooper, T. G. (2002). Transmitting the signal of excess nitrogen in Saccharomyces 

cerevisiae from the Tor proteins to the GATA factors: connecting the dots. FEMS 

Microbiology Reviews, 26, 223-238.  
Cordente, A. G., Curtin, C. D., Valera, C., & Pretorius, I. S. (2012). Flavour-active wine 

yeasts. Applied Microbiology and Biotechnology, 69, 601-618.  
Cristiani, G., & Monnet, V. (2001). Food microorganisms and aromatic ester synthesis. 

Sciences des Aliments, 21, 211-230.  
Cruz, S. H., Cilli, E. M., & Ernandes, J. R. (2002). Structural complexity of the nitrogen 

source and influence on yeast growth and fermentation. Journal of the Institute of 

Brewing, 108, 54-61.  
David, M. H., & Kirsop, B. H. (1973). Yeast growth in relation to the dissolved oxygen and 

sterol content of wort. Journal of the Institute of Brewing, 79, 20-25.  
De Keukeleire, D. (2000). Fundamentals of beer and hop chemistry. Quimica Nova, 23, 108-

112.  
Debourg, A. (2000). Yeast flavour metabolites. European Brewery Convention Monograph, 

28, 60-73.  
Dickinson, J. R., & Norte, V. (1993). A study of branched-chain amino acid aminotransferase 

and isolation of mutations affecting the catabolism of branched-chain amino acids in 
Saccharomyces cerevisiae. FEBS Letters, 326, 29-32. 

Dickinson, J. R., Lanterman, M. M., Danner, D. J., Pearson, B. M., Sanz, P., Harrison, S. J., 
& Hewlins, M. J. E. (1997). A 13C nuclear magnetic resonance investigation of the 
metabolism of leucine to isoamyl alcohol in Saccharomyces cerevisiae. Journal of 

Biological Chemistry, 272, 26871-26878.   
Dickinson, J. R., Salgado, L. E., & Hewlins, M. J. (2003). The catabolism of amino acids to 

long chain and complex alcohols in Saccharomyces cerevisiae. Journal of Biological 

Chemistry, 278, 8028-8034.  
Didion, T., Grauslund, M., Kielland-Brandt, M., & Anderson, H. (1996). Amino Acids Induce 

Expression of BAP2, a Branched-Chain Amino Acid Permease Gene in 
Saccharomyces cerevisiae. Journal of Bacteriology, 178, 2025-2029.  

Dufour, J. P., Verstrepen, K. J., & Derdelinckx, G. (2002). Brewing yeasts. In Yeasts in food, 

Boeckhout T, Robert V. (eds). Behr’s Verlag Gmbh & Co., Hamburg, Germany, 347-
388.  

Eden, A., Van Nedervelde, L., Drukker, M., Benvenisty, N., & Debourg, A. (2001). 
Involvement of branched-chain amino acid aminotransferases in the production of 



IMPACT OF AMINO ACIDS ON BEER AROMA References 

96 

 

fusel alcohols during fermentation in yeast. Applied Microbiology and Biotechnology, 

55, 296-300.  
Ehrlich, F. (1907). Über die Bedingungen der Fuselölbildung und über ihren Zusammenhang 

mit dem Eiweissaufbau der Hefe. Berichte der Deutschen Chemischen Gesellschaft, 

40, 1027-1047.  
Engan, S., & Aubert, O. (1977). Relations between fermentation temperature and the 

formation of some flavour components. In Proceedings of the 16th European 

Brewery Convention Congress: Amsterdam, 591-607.  
Eriksson, L., Johansson, E., Kettaneh-Wold, N., & Wold, S. (2006). Multi- and Megavariate 

Data Analysis - Principles and Applications: Umetrics Academy.  
Eßlinger, H. M. (2009). Handbook of Brewing: Processes, Technology, Markets: Wiley-VCH.  
Etschmann, M. M. W., Bluemke, W., Sell, D., & Schrader, J. (2002). Biotechnological 

production of 2-phenylethanol. Applied Microbioloy and Biotechnology, 59, 1-8.  
Fleet, G. H. (1990). Growth of yeasts during wine fermentations. Journal of Wine Research, 

1, 211-223.  
Fliss, H., & Ménard, M. (1991). Hypochlorous acid-induced mobilization of zinc from 

metalloproteins. Archives of Biochemistry and Biophysics, 287, 175-179.  
Fliss, H., & Ménard, M. (1992). Oxidant-induced mobilization of zinc from metallothionein. 

Archives of Biochemistry and Biophysics, 293, 195-199.  
Fujii, T., Kobayashi, O., Yoshimoto, H., Furukawa, S., & Tamai, Y. (1997). Effect of aeration 

and unsaturated fatty acids on expression of the Saccharomyces cerevisiae alcohol 
acetyltransferase gene. Applied and Environmental Microbiology, 63, 910-915  

Fujiwara, D., Kobayashi, O., Yoshimoto, H., Harashima, S., & Tamai, Y. (1999). Molecular 
mechanism of the multiple regulation of the Saccharomyces cerevisiae ATF1 gene 
encoding alcohol acetyltransferase. Yeast, 15, 1183-1197.  

Fukuda, K., Watanabe, M., Asano, K., Ouchi, K., & Takasawa, S. (1992). Molecular breeding 
of a sake yeast with a mutated ARO4 gene which causes both resistance to o-fluoro-
DL-phenylalanine and increased production of β-phenethyl alcohol. Journal of 

Fermentation and Bioengineering, 73, 366-369.  
Fukuda, K., Yamamoto, N., Kiyokawa, Y., Yanagiuchi, T., Wakai, Y., Kitamoto, K., Inoue, Y., 

Kimura, A. (1998). Balance of activities of alcohol acetyltransferase and esterase in 
Saccharomyces cerevisiae is important for production of isoamyl acetate. Applied 

and Environmental Microbiology, 64, 4076-4078.  
Fukuda, K., Kiyokawa, Y., Yanagiuchi, T., Wakai, Y., Kitamoto, K., Inoue, Y., & Kimura, A. 

(2000). Purification and characterization of isoamyl acetate-hydrolyzing esterase 
encoded by the IAH1 gene of Saccharomyces cerevisiae from a recombinant 
Escherichia coli. Applied and Environmental Microbiology, 53, 596-600.  

Furukawa, K., Yamada, T., Mizoguchi, H., & Hara, S. (2003). Increased alcohol 
acetyltransferase activity by inositol limitation in Saccharomyces cerevisiae in sake 
mash. Journal of Bioscience and Bioengineering, 96, 380-386.  

Garrett, J. M. (2008). Amino acid transport through the Saccharomyces cerevisiae Gap1 
permease is controlled by the Ras/cAMP pathway. The International Journal of 

Biochemistry & Cell Biology, 40, 496-502.  
Genevois, L., & Lafon, M. (1957). Origine des huiles de fusel dans la fermentation alcoolique. 

Chimie et Industrie, 78, 323-326.  
Gibson, B. R., Boulton, C. A., Box, W. G., Graham, N. S., Lawrence, S. J., Linforth, R. S. T., 

& Smart, K. A. (2009). Amino acid uptake and yeast gene transcription during 
industrial brewery fermentation. Journal of the American Society of Brewing 

Chemists, 67, 157-165.  
Gibson, B. R., Storgårds, E., Krogerus, K., & Vidgren, V. (2013). Comparative physiology and 

fermentation performance of Saaz and Frohberg lager yeast strains and the parental 
species Saccharomyces eubayanus. Yeast, 30, 255-266.  



IMPACT OF AMINO ACIDS ON BEER AROMA References 

97 

 

Grimsrud, P. A., Xie, H., Griffin, T. J., & Bernlohr, D. A. (2008). Oxidative stress and covalent 
modification of protein with bioactive aldehydes. Journal of Biological Chemistry, 

283, 21837-21841.  
Hazelwood, A. L., Daran, J. M., Van Maris, A. J. A., Pronk, J. T., & Dickinson, J. R. (2008). 

The Ehrlich Pathway for fusel alcohol production: A century of research on 
Saccharomyces cerevisiae metabolism. Applied and Environmental Microbiology, 74, 
2259-2266.  

Hernández-Orte, P., Ibarz, M. J., Cacho, J., & Ferreira, V. (2005). Effect of the addition of 
ammonium and amino acids to musts of Airen variety on aromatic composition and 
sensory properties of the obtained wine. Food Chemistry, 89, 163-174.  

Hernández-Orte, P., Ibarz, M. J., Cacho, J., & Ferreira, V. (2006). Addition of amino acids to 
grape juice of Merlot variety: Effect on amino acid uptake and aroma generation 
during alcoholic fermentation. Food Chemistry, 98, 300-310.  

Herrmann, M. (2005). Entstehung und Beeinflussung qualitätsbestimmender Aromastoffe bei 
der Herstellung von Weißbier. Dissertation. 

Hiralal, L., Olaniran, A. O., & Pillay, B. (2013). Aroma-active ester profile of ale beer 
produced under different fermentation and nutritional conditions. Journal of 

Bioscience and Bioengineering, 117, 57-64.  
Hirooka, K., Yamamotoa, Y., Tsutsuia, N., & Tanakab, T. (2004). Improved production of 

isoamyl acetate by a sake yeast mutant resistant to an isoprenoid analog and its 
dependence on alcohol acetyltransferase activity, but not on isoamyl alcohol 
production. Journal of Bioscience and Bioengineering, 99, 125-129.  

Hofman-Bang, J. (1999). Nitrogen catabolite repression in Saccharomyces cerevisiae. 
Molecular Biotechnology, 12, 35-73.  

Hong, E. L., Balkrishnan, R., & Christie, K. R. (2007). Saccharomyces Genome Datadase. 
http://www.yeastgenome.org.  

Huang, H. L., & Brandriss, M. C. (2000). The regulator of the yeast proline utilization pathway 
is differentially phosphorylated in response to the quality of the nitrogen source. 
Molecular and Cellular Biology, 20, 892-899.  

Huang, T., Wan, S., Xu, Z., Zheng, Y., Feng, K. Y., Li, H. P., Kong, X., Cai, Y. D. (2011). 
Analysis and prediction of translation rate based on sequence and functional 
features of the mRNA. Plos One, 6, e16036.  

Hult, K., & Berglund, P. (2007). Enzyme promiscuity: mechanism and applications. Trends in 

Biotechnology, 25, 231-238.  
Iraqui, I., Vissers, S., Cartiaux, M., & Urrestarazu, A. (1998). Characterisationof 

Saccharomyces cerevisiae ARO8 and ARO9 genes encoding aromatic 
aminotransferases I and II reveals a new aminotransferase subfamily. Molecular 

Genetics and Genomics, 257, 238-248.  
Jacobsen, M., & Thorne, R. S. W. (1980). Oxygen requirements of brewing strains of 

Saccharomyces uvarum (carlsbergensis) - bottom fermentation yeast. Journal of the 

Institute of Brewing, 86, 284-279.  
Jauniaux, J. C., & Grenson, M. (1990). GAP1, the general amino acid permease gene of 

Saccharomyces cerevisiae. Nucleotide sequence, protein similarity with the other 
baker´s yeast amino acid permeases, and nitrogen catabolite repression. European 

Journal of Biochemistry, 190, 39-44.  
Jiang, Y. D., Vasconcelles, M. J., Wretzel, S., Light, A., Martin, C. E., & Goldberg, M. A. 

(2001). MGA2 is involved in the low-oxygen response element-dependent hypoxic 
induction of genes in Saccharomyces cerevisiae. Molecular and Cellular Biology, 21, 
6161-6169.  

Jones, M., & Pierce, J. S. (1964). Absorption of amino acids from wort by yeasts. Journal of 

the Institute of Brewing, 70, 397-315.  



IMPACT OF AMINO ACIDS ON BEER AROMA References 

98 

 

Kaino, T., & Takagi, H. (2008). Gene expression profiles and intracellular contents of stress 
protectants in Saccharomyces cerevisiae under ethanol and sorbitol stresses. 
Applied and Environmental Microbiology, 79, 273-283.  

Kirsop, B. H. (1974). Oxygen in brewery fermentations. Journal of the Institute of Brewing, 

80, 252-259.  
Kispal, G., Steiner, H., Court, D. A., Rolinski, B., & Lill, R. (1996). Mitochondrial and cytosolic 

branched-chain amino acid transaminases from yeast, homologs of the myc 
oncogene-regulated Eca39 protein. The Journal of Biological Chemistry, 271, 24458-
24464.  

Knight, M. J., Bull, I. D., & Curnow, P. (2014). The yeast enzyme Eht1 is an octanoyl-
CoA:ethanol acyltransferase that also functions as a thioesterase. Yeast, 31, 463-
474.  

Kobayashi, F., Ikeura, H., Odake, S., & Hayata, Y. (2013). Inactivation of enzymes and 
Lactobacillus fructivorans in unpasteurized sake by a two-stage method with low-
pressure CO2 microbubbles and quality of the treated sake. Innovative Food Science 

and Emerging Technologies, 18, 108-114.  
Krüger, E., & Anger, H.-M. (1990). Kennzahlen zur Betriebskontrolle und 

Qualitätsbeschreibung in der Brauwirtschaft. Behr´s Verlag GmbH & Co., Hamburg, 

Germany.  
Lambrechts, M. G., & Pretorius, I. S. (2000). Yeast and its importance to wine aroma-a 

review. South African Journal of Enology and Viticulture, 21, 97-129.  
Lee, K., & Hahn, J. S. (2013a). Interplay of Aro80 and GATA activators in regulation of genes 

for catabolism of aromatic amino acids in Saccharomyces cerevisiae. Molecular 

Microbiology, 88, 1120-1134.  
Lee, K., Sung, C., Kim, B. G., & Hahn, J. S. (2013b). Activation of Aro80 transcription factor 

by heat-induced aromatic amino acid influx in Saccharomyces cerevisiae. 
Biochemical and Biophysical Research Communications, 438, 43-47.  

Lei, H., Zhao, H., Yu, Z., & Zhao, M. (2012). Effects of wort gravity and nitrogen level on 
fermentation performance of brewer´s yeast and the formation of flavour volatiles. 
Applied Biochemistry and Biotechnology, 166, 1562-1574.  

Lekkas, C., Stewart, G. G., Hill, A. E., Taidi, B., & Hodgson, J. (2005). The importance of free 
amino nitrogen in wort and beer. Technical Quarterly - Master Brewers Association of 

the Americas, 42, 113-116.  
Lekkas, C., Stewart, G. G., Hill, A. E., Taidi, B., & Hodgson, J. (2007). Elucidation of the Role 

of Nitrogenous Wort Components in Yeast Fermentation. Journal of the Institute of 

Brewing, 113, 3-8.  
Libkind, D., Hittinger, C. T., Valério, E., Goncalves, C., Dover, J., Johnston, M., Gonçalves, 

P., Sampaio, J. P. (2011). Microbe domestication and the identification of the wild 
genetic stock of lager-brewing yeast. Proceedings of the National Academy of 

Sciences of the United States of America, 108, 14539-14544.  
Lilly, M., Lambrechts, M. G., & Pretorius, I. S. (2000). Effect of increased yeast alcohol 

acetyltransferase activity on flavor profiles of wine and distillates. Applied and 

Environmental Microbiology, 66, 744-753  
Lilly, M., Bauer, F. F., Lambrechts, M. G., Swiegers, J. H., Cozzolino, D., & Pretorius, I. S. 

(2006). The effect of increased yeast alcohol acetyltransferase and esterase activity 
on the flavour profiles of wine and distillates. Yeast, 23, 641-659.  

Lutz, A., Kneidl, J., Kammhuber, K., & Seigner, E. (2013). Breeding of special flavor hops to 
pave the way to the craft brewers. International Hop Growers` Convention. Kiev, 
Ukraine, 21-24.  

Ma, J., Lu, Q., Yuan, Y., Ge, H., Li, K., Zhao, W., Gao, Y., Niu, L., Teng, M. (2011). Crystal 
structure of isoamyl acetate-hydrolyzing esterase from Saccharomyces cerevisiae 

reveals a novel active site architecture and the basis of substrate specificity. 
Proteins, 79, 662-668.  



IMPACT OF AMINO ACIDS ON BEER AROMA References 

99 

 

Malcorps, P., Cheval, J. M., Jamil, S., & Dufour, J. P. (1991). A new model for the regulation 
of ester synthesis by alcohol acetyltransferase in Saccharomyces cerevisiae during 
fermentation. Journal of the American Society of Brewing Chemists, 49, 47-53.  

Malcorps, P., & Dufour, J. P. (1992). Short-chain and medium chain aliphatic ester synthesis 
in Saccharomyces cerevisiae. European Journal of Biochemistry, 210, 1015-1022.  

Mason, A. B., & Dufour, J.-P. (2000). Alcohol acetyltransferases and the significance of ester 
synthesis in yeast. Yeast, 16, 1287-1298.  

McGovern, P. E., Zhang, J., Tang, J., Zhang, Z., Hall, G. R., Moreau, R. A., Nuñez, A., 
Butrym, E. D., Richards, M. P., Wang, C. S., Cheng, G., Zhao, Z., Wang, C. (2004). 
Fermented beverages of pre- and proto-historic China. Proceedings of the National 

Academy of Sciences, 101, 17593-17598.  
Meilgaard, M. C. (1975a). Flavor chemistry of beer Part I: Flavor interaction between 

principal volatiles. Master Brewers Association of the Americas Technical Quarterly, 

12, 107-117.  
Meilgaard, M. C. (1975b). Flavor chemistry of beer: Part II: Flavor and threshold of 239 

aroma volatiles. Master Brewers Association of the Americas Technical Quarterly, 12, 
151-168.  

Mewes, H. W., Albermann, K., Bahr, M., Frishmann, D., Gleissner, A., Hani, J., Heumann, K., 
Kleine, K., Maierl, A., Oliver, S. G., Pfeiffer, F., Zollner, A. (1997). Overview of the 
yeast genome. Nature, 387, 7-65. 

Molina, A., Swiegers, J., Varela, C., Pretorius, I., & Agosin. (2007). Influence of wine 
fermentation temperature on the synthesis of yeast-derived volatile aroma 
compounds. Applied Microbiology and Biotechnology, 77, 675-687.  

Morita, Y., Nakamori, S., & Takagi, H. (2002). Effect of proline and arginine metabolism on 
freezing stress of Saccharomyces cerevisiae. Journal of Bioscience and 

Bioengineering, 94, 390-394.  
Morita, Y., Nakamori, S., & Takagi, H. (2003). L-proline accumulation and freeze tolerance of 

Saccharomyces cerevisiae are caused by a mutation in the PRO1 gene encoding 
gamma-glutamyl kinase. Applied and Environmental Microbiology, 69, 212-219. 

Mouret, J. R., Camarasa, C., Angenieux, M., Aguera, E., Perez, M., Farines, V., Sablayrolles, 
 J. M.  (2014). Kinetic analysis and gaseliquid balances of the production of 
 fermentative aromas  during winemaking fermentations: effect of assimilable nitrogen 
 and temperature. Food  Research International, 62, 1-10. 
Nelson, D. L., & Cox, M. M. (2008). Lehninger principles of biochemistry. Springer-Verlag, 

Berlin, Germany.  
Nes, W. D., Janssen, G. G., Crumley, F. G., Kalinoswki, M., & Akihisi, T. (1993). The 

structural requirements of sterols for membrane function in Saccharomyces 

cerevisiae. Archivesfor Biochemistry and Biophysics, 300, 724-735.  
Neubauer, O., & Fromherz, K. (1911). Über den Abbau der Aminosäuren bei der Hefegärung. 

Hoppe-Seyler's Zeitschrift fur physiologische Chemie, 70, 326-350.  
Nisbet, M. A., Tobias, H. J., Brenna, T., Sacks, G. L., & Mansfield, A. K. (2014). Quantifying 

the contribution of grape hexoses to wine volatiles by high-precision [U13C]-glucose 
tracer studies. Journal of Agricultural and Food Chemistry, 62, 6820-6827.  

Nordström, K. (1963). Formation of ethyl acetate in fermentation with brewer´s yeast IV: 
metabolism of acetyl coenzyme A. Journal of the Institute of Brewing, 69, 142-153.  

Nordström, K. (1964). Formation of esters from alcohols by brewer´s yeast. Journal of the 

Institute of Brewing, 70, 328-336.  
O´Connor-Cox, E. S. C., & Ingledew, W. M. (1989). Wort nitrogenous sources-Their use by 

brewing yeasts:A review. Journal of the American Society of Brewing Chemists, 47, 
102-108.  

O’Connor-Cox, E. S. C., Lodolo, E. J., & Axcell, B. C. (1993). Role of oxygen in high gravity 
fementations in the absence of unsaturated lipid biosynthesis. Journal of the 

American Society of Brewing Chemists, 51, 97-107.  



IMPACT OF AMINO ACIDS ON BEER AROMA References 

100 

 

Omura, F., & Kodama, Y. (2001). The N-terminal domain of the yeast permease Bap2p plays 
a role in its degradation. Biochemical and Biophysical Research Communications, 

287, 1045-1050.  
Omura, F., & Kodama, Y. (2004). The N-terminal domain of yeast Bap2 permease is 

phosphorylated dependently on the Npr1 kinase in response to starvation. FEMS 

Microbiology Letters, 230, 227-234.  
Oshita, K., Kubota, M., Uchida, M., & Ono, M. (1995). Clarification of the relationship 

between fusel alcohol formation and amino acid assimilation by brewing yeast using 
13C-labeled amino acid. In: 25th European brewery convention congress, Brussels, 
387-402.  

Oura, E., Haarasilta, S., & Londesborough, J. (1980). Carbon dioxide fixation by baker’s 
yeast under a variety of growth conditions. Journal of General Microbiology, 118, 51-
58.  

Peddie, H. A. B. (1990). Ester formation in brewery fermentations. Journal of the Institute of 

Brewing, 96, 327-331.  
Pinho, O., Ferreira, I., & Santos, L. (2006). Method optimization by solid-phase 

microextraction in combination with gas chromatography with mass spectrometry 
for analysis of beer volatile fraction. Journal of Chromatography A, 1121, 145-153.  

Pires, E. D., Teixeira, J. A., Brányik, T., & Vicente, A. A. (2014). Yeast: the soul of beer’s 
aroma—a review of flavour-active esters and higher alcohols produced by the 
brewing yeast. Applied Microbiology and Biotechnology, 98, 1937-1949.  

Pisarnitskii, A. F. (2001). Formation of wine aroma: tones and imperfections caused by minor 
components (review). Applied Biochemistry and Microbiology, 37, 552-560.  

Poole, K., Walker, M. E., Warren, T., Gardner, J., McBryde, C., De Barros Lopes, M., & 
Jiranek, V. (2009). Proline transport and stress tolerance of ammonia-insensitive 
mutants of the PUT4-encoded proline-spcific permease in yeast. The Journal of 

General and Applied Microbiology, 55, 427-439.  
Prusiner, S., & Stadtman, E. R. (1973). The enzymes of glutamine metabolism. Academic 

Press, New York and London.  
Quain, D. E., & Duffield, M. L. (1985). A metabolic function for higher alcohol production by 

yeast. Journal of the Institute of Brewing, 91, 123-123.  
Ramos-Jeunhomme, C., De Keyser, L., & Masschelein, C. A. (1979). Formation of aromatic 

and kinetic absorption substances from amino acid of wort. Proceedings of 

European Brewing Convention Congresses, 12, 505-510.  
Ramos-Jeunehomme, C., Laub, R., & Masschelein, C. A. (1991). Why is ester formation in 

brewery fermentations yeast strain dependent? In Proceedings of the 23rd European 

Brewery Convention Congress, Lisbon. Oxford University Press, Oxford, UK, 257-
264. 

Rankine, B. C. (1967). Formation of higher alcohols by wine yeasts, and relationship to taste 
thresholds. Journal of the Science of Food and Agriculture, 18, 583–589.  

Rodríguez-Madrera, R., García-Hevia, A., Palacios-García, N., & Suárez-Valles, B. (2008). 
Evolution of aroma compounds in sparkling ciders. LWT - Food Science and 

Technology, 41, 2064–2069.  
Romagnoli, G., Luttik, M. A. H., Kötter, P., Pronk, J. T., & Daran, J. M. (2012). Substrate 

specificity of thiamine-pyrophosphate-dependent 2-oxo-acid decarboxylases in 
Saccharomyces cerevisiae. Applied and Environmental Microbiology, 78, 7538-7548  

Romano, P. (1997). Metabolic characteristics of wine strains during spontaneous and 
inoculated fermentation. Food Technology and Biotechnology, 35, 255-260.  

Rosenfeld, E., Beauvoit, B., Blondin, B., & Salmon, J. (2003). Oxygen consumption by 
anaerobic Saccharomyces cerevisiae under enological conditions: effect on 
fermentation kinetics. Applied and Environmental Microbiology, 69, 113-121.  



IMPACT OF AMINO ACIDS ON BEER AROMA References 

101 

 

Rossouw, D., Naes, T., & Bauer, F. F. (2008). Linking gene regulation and the exo-
metabolome: a comparative transcriptomics approach to identify genes that impact 
on the production of volatile aroma compounds in yeast. BMC Genomics, 9, 530.  

Sablayrolles, J. M., & Ball, C. B. (1995). Fermentation kinetics and the production of volatiles 
during alcoholic fermentation. Journal of the American Society of Brewing Chemists, 

53, 71-78.  
Saerens, S. M. G., Verstrepen, K. J., Van Laere, S. D. M., Voet, A. R. D., Van Dijck, P., 

Delvaux, F. R., & Thevelein, J. M. (2006). The Saccharomyces cerevisiae EHT1 and 
EEB1 genes encode novel enzymes with mediumchain fatty acid ethyl ester 
synthesis and hydrolysis capacity. The Journal of Biological Chemistry, 281, 4446-
4456.  

Saerens, S. M. G., Verbelen, P. J., Vanbeneden, N., Thevelein, J. M., & Delvaux, F. R. 
(2008a). Monitoring the influence of high-gravity brewing and fermentation 
temperature on flavour formation by analysis of gene expression levels in brewing 
yeast. Applied Microbiology and Biotechnology, 80, 1039-1051. 

Saerens, S. M. G., Delvaux, F., Verstrepen, K. J., Van Dijck, P., Thevelein, J. M., & Delvaux, 
F. R. (2008b). Parameters affecting ethyl ester production by Saccharomyces 

cerevisiae during fermentation. Applied and Environmental Microbiology, 74, 454-
461.  

Saerens, S. M. G., Delvaux, F. R., Verstrepen, K. J., & Thevelein, J. M. (2010). Production 
and biological function of volatile esters in Saccharomyces cerevisiae. Microbial 

Biotechnology, 3, 165–177. 
Saison, D., De Schutter, D. P., Uyttenhove, B., Delvaux, F., & Delvaux, F. R. (2009). 

Contribution of staling compounds to the aged flavour of lager beer by studying their 
flavour thresholds. Food Chemistry, 114, 1206-1215.  

Sentheshanmuganathan, S., & Elsden, S. R. (1958). The mechanism of the formation of 
tyrosol by Saccharomyces cerevisiae. Biochemical Journal, 69, 210-218.  

Sentheshanuganathan, S. (1960). The mechanism of the formation of higher alcohols from 
amino acids by Saccharomyces cerevisiae. Biochemical Journal, 74, 568-576.  

Styger, G. (2011). Elucidating the metabolic pathways responsible for higher alcohol 
production in Saccharomyces cerevisiae. Dissertation. 

Sumby, K. M., Grbin, P. R., & Jiranek, V. (2010). Microbial modulation of aromatic esters in 
wine: Current knowledge and future prospects. Food Chemistry, 121, 1-16.  

Swiegers, J. H., & Pretorius, I. S. (2005a). Yeast Modulation of Wine Flavor. Advances in 

Applied Microbiology, 57, 131-175. 
Swiegers, J. H., Bartowsky, E. J., Henschke, P. S., & Pretotius, I. S. (2005b). Yeast and 

bacterial modulation of wine aroma and flavour. Australian Journal of Grape and 

Wine Research, 11, 139-173.  
Szlavko, C. M. (1974). Influence of wort glucose level on formation of aromatic higher 

alcohols. Journal of the Institute of Brewing, 80, 534-539.   
Takagi, H., Takaoka, M., Kawaguchi, A., & Kubo, Y. (2005a). Effect of L-proline on sake 

brewing and ethanol stress in Saccharomyces cerevisiae. Applied and Environmental 

Microbiology, 71, 8656-8662.  
Takagi, H., Takaoka, M., Kawaguchi, A., & Kubo, Y. (2005b). Effect of L-proline 

accumulation and freeze tolerance in Saccharomyces cerevisiae. Applied and 

Environmental Microbiology, 71, 8656-8662. 
Ter Schure, E. G., Flikweert, M. T., Van Dijken, J. P., Pronk, J. T., & Verrips, C. T. (1998). 

Pyruvate decarboxylase catalyzes decarboxylation of branched-chain 2-oxo acids 
but is not essential for fusel alcohol production by Saccharomyces cerevisiae. 
Environmental Microbiology, 64, 1303-1307.  

Ter Schure, E. G., Van Riel, N., & Verrips, C. (2000). The role of ammonia metabolism in 
nitrogen catabolite repression in Saccharomyces cerevisiae. FEMS Microbiology 

Reviews, 24, 67-83.  



IMPACT OF AMINO ACIDS ON BEER AROMA References 

102 

 

Thoukis, G. (1958). The mechanism of isoamyl alcohol formation using tracer technique. 
American Journal of Enology and Viticulture, 9, 161-167.  

Torrea, D., Fraile, P., Grade, T., & Ancín, C. (2003). Production of volatile compounds in the 
fermentation of chardonnay musts inoculated with two strains of Saccharomyces 

cerevisiae with different nitrogen demands. Food Control, 14, 565-571.  
Trelea, I. C., Titica, M., & Corrieu, G. (2004). Dynamic optimisation of the aroma production 

in brewing fermentation. Journal of Process Control, 14, 1-14.  
Ugliano, M., & Henschke, P. (2009). Yeasts and wine flavor. In Wine Chemistry and 

Biochemistry; Moreno-Arribas, M. V., Polo, M. C., Eds.; Springer Science + Business 
Media: Berlin, Germany, 314.  

Ugliano, M., Fedrizzi, B., Siebert, T., Travis, B., Mango, F., Versini, G., & Henschke, P. A. 
(2009). Effect of nitrogen supplementation and Saccharomyces species on hydrogen 
sulfide and other volatile sulfur compounds in shiraz fermentation and wine. Journal 

of Agricultural and Food Chemistry, 57, 4948-4955.  
Usami, Y., Uemura, S., Mochizuki, T., Morita, A., Shishido, F., Inokuchi, J.-I., & Abe, F. 

(2014). Functional mapping and implications of substrate specificity of the yeast 
high-affinity leucine permease Bap2. Biochimica et Biophysica Acta - 

Biomembranes, 1838, 1719-1729.  
Vallee, B. L., & Hoch, F. L. (1995). Zinc, a component of yeast alcohol dehydrogenase. 

Proceedings of the National Academy of Sciences of the United States of America, 

15, 327-338.  
Valles, B. S., Bedrinana, R. P., Tascón, N. F., Simon, A. Q., & Madrera, R. R. (2007). Yeast 

species associated with the spontaneous fermentation of cider. Food Microbiology, 

24, 25-31.  
Vanderhaegen, B. M. P., Neven, H., Coghe, S., Verstrepen, K. J., Verachtert, H., & 

Derdelinckx, G. (2003). Evolution of chemical and sensory properties during ageing 
of top-fermented beer. Journal of Agricultural and Food Chemistry, 51, 6782-6790.  

Vasconcelles, M. J., Jiang, Y., McDaid, K., Gilooly, L., Wretzel, S., Porter, D. L., Martin, C. 
E., Goldberg, M. A. (2001). Identification and characterization of a low oxygen 
response element involved in the hypoxic induction of a family of Saccharomyces 

cerevisiae genes. Implications for the conservation of oxygen sensing in eukaryotes. 
Journal of Biological Chemistry, 276, 14374-14384.  

Verbelen, P. J., Dekoninck, T. M., Saerens, S. M., Van Mulders, S. E., Thevelein, J. M., & 
Delvaux, F. R. (2009). Impact of pitching rate on yeast fermentation performance and 
beer flavour. Applied Microbiology and Biotechnology, 82, 155-167.  

Verstrepen, K. J., Derdelinckx, G., Dufour, J. P., Winderickx, J., Thevelein, J. M., Pretorius, I. 
S., & Delvaux, F. R. (2003a). Flavor-active esters: Adding fruitiness to beer. Journal 

of Bioscience and Bioengineering, 96, 110-118. 
Verstrepen, K. J., Van Laere, S. D. M., Vanderhaegen, B. M., Derdelinckx , G., Dufour, J. P., 

Pretorius, I. S., Winderickx, J., Thevelein, J. M., Delvaux, F. R. (2003b). Expression 
levels of the yeast alcohol acetyltransferase genes ATF1, Lg-ATF1, and ATF2 control 
the formation of a broad range of volatile esters. Applied and Environmental 

Microbiology, 69, 5228-5237. 
Verstrepen, K. J., Moonjai, N., Bauer, F. F., Derdelinckx, G., Dufour, J. P., Winderickx, J., 

Thevelein, J. M., Pretorius, I. S., Delvaux, F. R. (2003c). Genetic regulation of ester 
synthesis in brewer’s yeast: new facts, insights and implications for the brewer. In 

Brewing yeast fermentation performance, 2nd ed, Smart K. (eds). Blackwell Science: 

Oxford;, 234-248. 
Verstrepen, K. J., Derdelinckx, G., Dufour, J. P., Winderickx, J., Pretorius, I. S., Thevelein, J. 

M., & Delvaux, F. R. (2003d). The Saccharomyces cerevisiae alcohol acetyl 
transferase gene ATF1 is a target of the cAMP/PKA and FGM nutrient-signalling 
pathways. FEMS Yeast Research, 4, 285-296. 



IMPACT OF AMINO ACIDS ON BEER AROMA References 

103 

 

Vidal, E. E., de Billerbeck, G. M., Simoes, D. A., Schuler, A., Francois, J. M., & de Morais Jr., 
M. A. (2013). Influence of nitrogen supply on the production of higher alcohols/esters 
and expression of flavour-related genes in cachaca fermentations. Food Chemistry, 

138, 701-708.  
Vuralhan, Z., Luttik, M. A., Tai, S. L., Boer, V. M., Morais, M. A., Schipper, D., Almering, M. 

J., Kötter, P., Dickinson, J. R., Daran, J. M., Pronk, J. T. (2005). Physiological 
characterization of the ARO10-dependent, broad-substrate-specificity 2-oxo acid 
decarboxylase activity of Saccharomyces cerevisiae. Applied and Environmental 

Microbiology, 71, 3276-3284.  
Walker, G. M. (1998). Yeast physiology and biotechnology. Chichester: J. Wiley & Sons.  
Wang, J., Jiang, J. C., & Jazwinski, S. M. (2010). Gene regulatory changes in yeast during 

life extension by nutrient limitation. Experimental Gerontology, 45, 621-631.  
Wang, S. S., & Brandriss, M. C. (1987). Proline utilization in Saccharomyces cerevisiae: 

Sequence, regulation, and mitochondrial localization of the PUT1 gene-product. 
Molecular and Cellular Biology, 7, 4431-4440.  

Williams, A. A., Lewis, M. J., & Tucknott, O. G. (1980). The neutral volatile components of 
cider apple juices. Food Chemistry, 6, 139-151.  

Yoshimoto, H., Fukushige, T., Yonezawa, T., Sakai, Y., Okawa, K., Iwamatsu, A., Sone, H., 
Tamai, Y. (2001). Pyruvate decarboxylase encoded by the PDC1 gene contributes, at 
least partially, to the decarboxylation of alpha-ketoisocaproate for isoamyl alcohol 
formation in Saccharomyces cerevisiae. Journal of Bioscience and Bioengineering, 

92, 83-85.  
Yukiko, K., Fumihiko, O., Keiji, M., & Toshihiko, A. (2001). Control of higher alcohol 

production by manipulation of the BAP2 gene in brewing yeast. Journal of the 

American Society of Brewing Chemists, 59, 157-162.  
Zhang, C., Liu, Y., Qi, Y., Zhang, J., Dai, L., Lin, X., & Xiao, D. (2013). Increased esters and 

decreased higher alcohols production by engineered brewer’s yeast strains. 
European Food Research and Technology, 236, 1009-1014.  

 


