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Summary 
 

During storage, the composition of flavor-active volatiles of pale lager beer undergoes 

a dynamic change leading to sensory deterioration and decreased product quality. This 

so called flavor instability is mainly influenced by the rise of flavor-active aldehydes. 

They originate from various chemical reactions such as Strecker degradation, Maillard 

reaction, or lipid oxidation. Flavor instability is currently mainly evaluated by the 

increase of these aging aldehydes (aging indicators) after forced aging. However, the 

precursor potential of the important reactions is often neglected. Especially the Maillard 

reaction provides many precursors. Important and reactive substances are the 

dicarbonyl compounds. Within this class, 3-deoxyglucosone (3-DG) is the major 

compound occurring in beer in rather high concentrations up to 42 mg/L. The 

dicarbonyl can be degraded during beer aging and, e.g., form Strecker aldehydes 

which cause sensory deterioration. Therefore, the hypothesis in this thesis was stated 

as follows: The concentration of 3-DG in fresh pale lager beer is an analytical indicator 

for their flavor instability.  

High contents of the dicarbonyl 3-DG (0.8–19.4 mg/100 g d. m.) are mainly formed 

during kilning within the malting process. The formation already leads to calculable 

concentrations of 1–23 mg/L in beer. An increased proteolytic malt modification level 

elevates the formation of low molecular weight carbohydrates and amino acids 

(reactants) during germination which further react to 3-DG during kilning. Therefore, 

the malting process plays already an important role in the 3-DG and 3-DG precursor 

formation. Beside the malting step, wort boiling was found as an additional key process 

step for 3-DG formation. There, rather 50% of the 3-DG content in final wort is formed. 

It could be shown that an increased malt modification level enhances the concentration 

of amino acids. This result in a more intensive formation of 3-DG during wort boiling. 

Higher contents of Strecker aldehydes are formed simultaneously, finally leading to an 

increased aging potential for beer from final wort after boiling by a higher malt 

modification level. Spiking-experiments of 3-DG in fresh beer revealed that an 

increased 3-DG concentration enhances Strecker degradation after prolonged storage 

(> 6 months of natural aging) and thus, influences the flavor instability. This finding 

could be confirmed in technologically varied 3-DG contents in fresh beer due to the 

malt modification level. An increased malt modification level leads to elevated 3-DG 
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concentrations in fresh beer. Further, the varied 3-DG levels in fresh beer revealed an 

analytically increased formation of Strecker aldehydes and simultaneously increased 

sensory deterioration due to higher 3-DG initial contents. It could be quantitatively 

shown, that a de novo formation of Strecker aldehydes becomes relevant after 1–4 

months of natural aging depending on the malt modification level. Comparing the 

critical precursors of Strecker degradation, the amino acids concentration is strongly 

elevated compared to the dicarbonyl concentration. This finding indicates that the 3-

DG concentration in fresh beer is the critical precursor for Strecker degradation. In 

conclusion, the hypothesis could be confirmed that a technologically increased 3-DG 

content in fresh beer negatively influences the flavor stability, observable in an 

analytical (chromatographic Strecker aldehydes determination) and in a sensory 

(sensory quality determination) way. Therefore, the dicarbonyl compound is suitable 

as an early analytical precursor indicator for pale lager beer.  
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Zusammenfassung 
 

Während der Lagerung heller Vollbiere unterliegt deren Aroma dynamischen 

Veränderungen, die die Produktqualität aufgrund negativer sensorischer 

Veränderungen stark verringern. Die beschriebene Alterungsstabilität wird 

hauptsächlich durch die Bildung aromaaktiver Aldehyde beeinflusst. Diese entstehen 

aus vielfältigen chemischen Reaktionen wie dem Strecker-Abbau, der Maillard-

Reaktion oder der Lipidoxidation. Bewertet wird die Alterung aktuell mit dem Anstieg 

wichtiger Aldehyde (Alterungsindikatoren) nach forcierter Alterung. Bisher weitgehend 

unbeachtet blieb das Precursorpotential. Insbesondere die Maillard-Reaktion liefert ein 

breites Spektrum an Precursoren. Eine wichtige und reaktive Substanzklasse sind hier 

die Dicarbonylverbindungen, die zum Beispiel im Strecker-Abbau eine Schlüsselrolle 

einnehmen. Hierbei ist 3-Desoxyglucoson (3-DG) die dominierende Verbindung, die in 

Bier in vergleichsweise hohen Konzentrationen bis zu 42 mg/l vorkommt und in seinem 

Abbau während der Lagerung Strecker-Aldehyde bilden kann. Die Hypothese der 

Dissertation lautet somit: Der Gehalt an 3-DG in frischem Bier ist ein analytischer 

Indikator für die Alterungsstabilität heller Vollbiere.  

Bereits der Mälzungsprozess spielt eine entscheidende Rolle in der Bildung von 3-DG. 

Im Darrprozess werden hohe Mengen an 3-DG (0,8–19,4 mg/100 gTrs.) gebildet. Dies 

führt zu einer rechnerischen Konzentration in Bier von 1–23 mg/l 3-DG. Eine erhöhte 

proteolytische Malzlösung verstärkt die Bildung von niedermolekularen Zuckern 

(Glucose) und Aminosäuren, die während des Darrens dann verstärkt zu 3-DG 

reagieren. Neben der Mälzung wurde die Würzekochung als entscheidender 3-DG-

Bildungsschritt in der Bierherstellung identifiziert. Hier bilden sich ca. 50 % des gesamt 

vorliegenden Gehaltes an 3-DG. Auch hier konnte gezeigt werden, dass eine erhöhte 

proteolytische Malzlösung den Gehalt an Aminosäuren zu Beginn der Kochung erhöht 

und sich folgend auch verstärkt 3-DG während des Würzekochens bildet. Gleichzeitig 

werden höhere Gehalte an freien Streckeraldehyden gebildet, was bereits nach der 

Kochung zu einem erhöhten Alterungspotential in der Ausschlagwürze führt. In 

Spiking-Experimenten konnte bestätigend nachgewiesen werden, dass ein erhöhter 3-

DG-Gehalt in seinem Abbau nach 6 Monaten Lagerung verstärkt Streckeraldehyde 

bildet und somit die Alterungsstabilität stark beeinflusst. Dieses Verhalten konnte auch 

durch eine technologisch induzierte proteolytische Malzmodifikation, die zu 
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variierenden 3-DG-Gehalt führte, in frischen Bier bestätigt werden. Eine erhöhte 

Malzlösung führt zu erhöhten Gehalten an 3-DG in frischen Bier, die in der Alterung 

mit einer erhöhten Bildung an Streckeraldehyden und verstärkter sensorischer 

Alterung einhergehen. Quantitativ konnte belegt werden, dass eine Neubildung der 

Streckeraldehyde ab Monat 1–4 gegenüber einer Freisetzung selbiger Aldehyde 

bevorteilt ist. Hierbei sind die Aminosäuren im Precursorvergleich stark im Überschuss 

vorhanden, weshalb die Dicarbonylverbindungen (3-DG) im Strecker-Abbau heller 

Vollbiere die entscheidende Rolle spielen. Somit kann die Hypothese bestätigt werden, 

dass ein erhöhter Gehalt von 3-DG aufgrund von technologischer Variation, gemessen 

sowohl analytisch (chromatographische Bestimmung von Streckeraldehyden) als auch 

sensorisch (sensorische Qualitätstests), einen negativen Einfluss auf die 

Alterungstabilität von Bier hat. Die Verbindung kann somit als analytischer 

Precursorindikator für helle Vollbiere verwendet werden. 
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1. Introduction 
 

In 2017 a study revealed beer as the most favoured alcoholic beverage in the 

European Union (1). This fact is taken to be due to the brewers commitment to 

maintaining highest product quality. For consumer’s satisfaction, the key task is to 

provide a constant flavor during transport and storage of beer until consumers 

consumption (2). Unfortunately, especially during these two steps the volatilome of 

beer changes due to occurring vibrations, increased storage temperatures, or 

exposure to light (3). Recently, this problem raised because of increasing distribution 

distances in a globalized world. Therefore, the key challenge brewers are facing today 

is to minimize the changes in the volatilome of beer with time – the so called flavor 

instability. 

This thesis investigates the problem of flavor instability of pale lager beer, which is the 

most favoured beer type worldwide. Facing the problem, the thesis focusses on the 

precursor potential of the beer aging relevant Maillard reaction (4). Minimizing the 

precursor potential for chemical reactions is likely to be a good tool to decrease flavor 

instability. Within the Maillard reaction, dicarbonyl compounds such as 3-DG are 

promising aging-relevant compounds due to their precursor potential to form sensory 

active beer aging indicators such as Strecker aldehydes (5). The next paragraphs 

introduce in more detail the flavor instability, its evaluation in the brewing industry, the 

potential of 3-DG towards flavor instability of beer, the chemistry of the dicarbonyl 

compounds, and the potential from the malt and beer production for Maillard precursor 

compounds.  

1.1 Flavor instability of beer 
  

The flavor of beer is a complex mixture of various flavor-active compounds – the beer 

volatilome (4). This complex mixture undergoes a dynamic change starting from fresh 

beer directly after bottling. This change leads to flavor instability and causes beer aging 

(6). The term “flavour instability” was established in the previous literature and can be 

used concurrently to the term “flavour stability” (7-10). People mainly favoured fresh 

beer regarding consumers acceptancy studies (2). This phenomenon is evident, 

because the flavor changes during beer aging decrease the sensory beer quality, the 

so called sensory deterioration (10). Zufall et al. (2005) qualitatively investigated the 
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sensory changes of a pale lager beer during forced aging (11). They found that sensory 

changes comprise of decreasing and increasing aroma impressions. The decreasing 

sensory attributes are the bitterness and sulfury impressions. The most important 

increasing effects are bready, sweet, caramel and cardboard attributes. At an 

advanced aging stage, the impression sherry rises and finally dominates the aged beer 

(11).  

The period of aging stages and the intensity of sensory impressions depend on raw 

materials (12), technological variations in beer production (12), oxygen uptake (13), 

exposure to light (14), and storage conditions. These influences cause variations in 

forming aging-relevant volatiles in beer, the so-called “aging indicators”. Table 1 

summarizes important sensory-active aging indicators, their aroma impressions and 

the formation reaction (10, 15) according to the main sensory impression occurring 

during beer aging (11).  

Table 1 Aging indicators for the main sensory categories occurring during beer aging (10, 15) 

Sensory category Substance Flavor description Origin 

Bready/malty 2-Methylpropanal 

(2MP) 

grainy, varnish, fruity  Strecker degradation 

 2-Methylbutanal (2MB) almond, apple-like, 

malty 

Strecker degradation 

 3-Methylbutanal (3MB) malty, chocolate, cherry, 

almond 

Strecker degradation 

Sweet/fruity Acetaldehyde green apple, fruity Oxidation of ethanol 

 Phenyl acetaldehyde 

(PA) 

hyacinth, flowery, roses Strecker degradation 

 2-Acetylpyrazine sweet, caramel Pyrazine formation 

Caramel Furfural (Fur) caramel, bready Maillard reaction,  

caramelization 

 5-Hydroxy-

methylfurfural (HMF) 

bready, caramel Maillard reaction, 

caramelization 

 Acetylfuran nutty, almond, burnt Maillard reaction, 

caramelization 

Cardboard (E)-2-Nonenal (t2N) cardboard, papery, 

cucumber 

Lipid oxidation 

 (Z,Z)-2,4-Decadienal deep-fried, papery Lipid oxidation 

 



3 
 

The aging indicators are formed by several aging-relevant reactions. According to 

Table 1, the important reactions are Strecker degradation, the Maillard reaction, 

caramelization, and the lipid oxidation. All reaction types take place simultaneously 

during aging and depend on level of reactants, pH-value, storage conditions and 

oxygen level in beer (6).  

1.2 The evaluation of flavor instability 
 

The occurring aging indicators through the different aging-relevant reactions are used 

to determine beer aging. Currently, the flavor instability is evaluated by using forcing 

methods and comparing of the fresh and the forced aged sample. According to the 

forced method of Eichhorn and Lustig, the beer should be agitated for 24 h and 

incubated for 4 d at 40 °C. This treatment should simulate natural beer aging from 3–

5 months. The fresh and the forced aged samples are analyzed by sensory tests as 

well as gas chromatographic (GC) methods analysing the aging indicators (16). 

Regarding the sensory tests, mainly the DLG 5-point-Scheme and the Eichhorn-Test 

are used. The DLG-Scheme evaluates general beer quality issues where aging as 

criterion is included. Here, the purity of smell, the purity of taste, palate fullness, 

freshness, and bitterness are evaluated ranging from 0 (inadequate) to 5 (quality 

expectations totally reached). The Eichhorn-Test focusses on beer aging. Here, smell, 

taste and bitterness are rated at a scale from 1 (none-aged) to 4 (critical aged). 

Furthermore, the hedonic acceptancy is evaluated on a scale from 0% (no acceptancy) 

to 100% (full acceptancy). Regarding the quantification of aging indicators, various GC 

methods were applied with various sample preparation techniques such as steam 

distillation (SD), solid phase extraction (SPE), or derivatization reactions (17). 

Generally, it can be summarized that currently the flavor instability is evaluated by an 

increase of sensory attributes and aging indicators by using forcing methods (4).  

The forced aging methods are considered as critical. They are time-consuming, 

expensive, and the incubation at 40 °C may cause differences in the reactivity of 

precursors. These facts represent the lack of knowledge. However, there is no aging 

prediction method available based on fresh beer so far, which simplifies the critical 

problem of flavor instability evaluation. The precursor compounds of the aging-relevant 

reaction can be seen as promising indicators, because they are already present in 
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fresh beer and result up-stream from the beer and malt production. In case of being 

representative, they can replace the forcing methods. 

1.3 3-DG as a key aging precursor compound from the Maillard 

reaction 
 

The Maillard reaction provides a high number of precursor compounds (10, 18). In its 

advanced stage reactive dicarbonyl compounds are formed (19). These compounds 

are particularly promising as early precursor-based flavor instability evaluation, 

because they are able to further react in the aging-relevant reactions Strecker 

degradation and Maillard reaction to aging indicators (5). Within this substance class, 

3-DG is the predominant compound in beer and its intermediate stages (20-22). 

Furthermore, 3-DG was found in fresh pale lager beers in concentrations up to 42 mg/L 

(22, 23). This concentration range can be regarded as high and provides a broad 

reaction potential, if 3-DG is significantly degraded during beer aging. Considering 

these aspects, the question arises whether 3-DG is usable to influence or predict the 

beer flavor instability.  

3-DG has a qualitative and quantitative precursor potential during beer aging. 

Qualitatively, the compound can react to Strecker aldehydes (5) or HMF (24), which 

are common aging indicators (4). Regarding its quantitative potential, Bravo et al. 

(2008) monitored several dicarbonyls during beer production and beer aging at 28 °C 

(20). The authors observed a degradation of 3-DG of about 8.1 mg/L during an aging 

period of 105 d (~ 3.5 months). There, a degradation of dicarbonyl compounds was 

firstly observed during beer aging (20, 25). Based on the absolute degradation rate 

(20), Table 2 shows the quantitative potential of 3-DG during beer aging at Strecker 

degradation.  
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Table 2 Calculated max. concentration increase of Strecker aldehydes and their relative conversion rates to reach their 
aroma thresholds by 3-DG degradation based on study of Bravo et al. (2008) (20) 

Strecker aldehyde Calculated max. 

increase (20)  

Aroma thresholds 

(15)/(26) 

3-DG conversion 

rate to reach 

thresholds 

 mg/L mg/L % 

2-Methylpropanal 3.6 0.086/ 0.065 1.8–2.4 

2-Methylbutanal 4.3 0.045/ 0.035 0.8–1.0 

3-Methylbutanal 4.3 0.056/ 0.046 1.1–1.7 

Phenyl acetaldehyde 6.0 0.105/ 0.100 1.7–1.8 

 

The maximum concentration increase of each listed Strecker aldehydes was 

calculated by a 100% conversion rate of 3-DG within Strecker degradation and the 

corresponding amino acid according to the absolute degradation of 3-DG of 8.1 mg/L 

at the study of Bravo et al. (2008) (20). Therefore, e. g. 2-MP could be formed up to 

3.6 mg/L by 3-DG degradation. Comparing the calculated maximum increase of the 

Strecker aldehydes and their aroma thresholds in beer (15, 26), it could be stated that 

only minor percentage conversion rates are mandatory for the aldehyde to surpass 

their thresholds. Surpassing the thresholds means a decreased sensory beer quality 

by beer aging. This calculation indicates the high importance of 3-DG as a precursor 

from the Maillard reaction on flavor instability of beer.  

 1.4 Chemical survey of 3-DG: formation and degradation 
 

In the previous section, 3-DG was described as an important precursor for the influence 

of the Strecker degradation on the beer flavor instability. Further, the chemistry of 3-

DG needs to be considered. Figure 1 summarizes formation and degradation pathways 

of 3-DG in beer.  
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Figure 1 Overview about beer-related formation and degradation pathways of 3-DG; dashed ellipse marks formation of the 
aging indicators Strecker aldehydes 

Regarding the formation of 3-DG, the caramelization and the Maillard reaction are the 

most important reactions (27-30). Considering caramelization, low molecular weight 

carbohydrates react in dehydration and enolization reactions and form dicarbonyls 

such as 3-DG (18). Reactants can be glucose (Glc) or fructose as well as 

oligosaccharides (31, 32). Exemplarily, Hollnagel et al. (2000) postulated a “peeling-

off”- mechanism of oligosaccharides resulting in dicarbonyl compounds, where low 

molecular carbohydrates showed a higher reactivity onto 3-DG formation (31).  

The Maillard reaction is another formation pathway for 3-DG. In the early stage the 

carbonyl group of carbohydrates reacts with the amino group of amino acids and forms 

the Amadori product by the Amadori rearrangement reaction (18). Exemplarily, glucose 

forms with the ε-amino group of lysine the Amadori product ε-fructosyllysine (FL) (33). 

The Amadori products are stable intermediates and their formation characterizes the 

early stage of the Maillard reaction (19). Nevertheless, the Amadori products can be 

further degraded by release of the amino acid and form α-dicarbonyl compounds such 

as 3-DG (34). This reduction of the Amadori products is characterized as the advanced 

stage of the Maillard reaction (18, 19, 35). Several studies confirmed the formation of 

3-DG from Amadori products in watery and dry model systems in single substance 
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incubations (36-38). The 3-DG formation is catalyzed by thermal treatment and acidic 

pH-values (32).  

3-DG is degraded in various pathways. Thus, the dicarbonyl can undergo dehydration 

or condensation reactions as well as further react with amino acids. An important 

reaction for flavor formation in food is the Strecker degradation (39). Here, the 

dicarbonyls react with amino acids forming an α-imino carbonyl which undergoes 

decarboxylation and results in the Strecker aldehyde and an 2-amino ketone (40). As 

already introduced, Strecker aldehydes are sensory active compounds, which arise 

during beer storage and cause flavor instability (10, 41). Beer aging-relevant amino 

acids and their corresponding Strecker aldehydes are valine and 2MP, isoleucine and 

2MB, leucine and 3MB, phenylalanine and PA as well as methionine and Meth (4, 42). 

Besides the Strecker aldehydes, the dicarbonyl backbone results in a 2-amino ketone. 

These substances can further condense forming a pyrazine sub-structure (6). 

Pyrazines also contribute to the aroma of beer. For example, Giis et al (2002) 

considered 2-methoxypyrazine (roasted) and 2-acetylpyrazine (caramel, sweet) as 

increasing compounds during beer aging (43). Respectively, 3-DG was found in the 

literature as reactive dicarbonyl for pyrazine formation (44, 45).  

Another possible reaction of 3-DG is the final stage of the Maillard reaction (19). Here, 

dicarbonyls react further with nucleophilic amino acids forming advanced glycosylation 

end-products (AGEs) (46). The AGEs are considered stable products in the final stage 

of the Maillard reaction (18). Especially the ε-amino group of lysine or the guanidino 

group of arginine are likely nucleophilic reaction partners for the electrophilic dicarbonyl 

structure. For example, 3-DG can react with lysine forming pyrraline (47). Furthermore, 

lysine or arginine can react with fragmentation products of 3-DG. The dicarbonyl can 

undergo cleavage reactions and form smaller vicinal diketones such as methylglyoxal 

(MGO), glyoxal (GO), or diacetyl (48, 49). The resulting short chain dicarbonyls are 

more reactive and also able to form AGEs. Lysine derives Nε-carboxyethyllysine (CEL) 

by reaction with MGO (50) and Nε-carboxymethyllysine (CML) by reaction with GO 

(51). Additionally, arginine can be modified with MGO forming a methylglyoxal-derived 

hydroimidazolone 1 (MG-H1) (52). Other occuring AGEs are formyline and maltosine. 

These are derived from 3-deoxypentosone (formyline) (53) and from 1-

deoxyglucosone (maltosine) (54). However, the AGEs as final products of the Maillard 
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reaction are only described in fresh beer focussing on different beer types (55). Thus, 

their behaviour during beer aging is still to be investigated.  

3-DG can also be degraded by dehydration reactions. After elimination of one water 

molecule 3,4-dideoxyglucoson-3-ene (3,4-DGE) is formed (22). Based on 3,4-DGE, 

two main reaction pathways are possible. First, the dicarbonyl can be further 

dehydrated leading to 5-hydroxymethylfurfural (HMF) (24). HMF is a well-known aging 

indicator in beer and characterizes intensive thermal treatment (4). Second, 3,4-DGE 

can again undergo addition of water and form 3-deoxygalactosone (3-DGal). This so 

called interconversion reaction is reversible (56). Both dicarbonyls are C4-epimers and 

can equally undergo all described reactions. Another follow up reaction of 3-DG is the 

melanoidin formation. Melanoidins are heterocyclic brown coloured structures with a 

high molecular weight (up to 100 kDa) (57). 3-DG can undergo polymerisation 

reactions like aldol condensation leading to melanoidin structures (58). Several studies 

confirmed an involvement of 3-DG in coloured melanoidin formation (58-60). The 

reaction of 3-DG to melanoidins is important because these are considered as causing 

color increase during beer aging  (4, 61).  

Up to here, the reaction pathways were introduced qualitatively. The presented 

reactions will now be considered quantitatively. Table 3 summarizes occurring 

concentrations of selected metabolites in malt, final wort, and fresh beer focussed on 

pale lager beers found in the literature.  

Table 3 Summary of occurring concentrations of 3-DG related metabolites in malt, final wort and fresh beer (20-22, 55, 62-
72) 

Substance 

class 

Metabolite Malt  

[mg/kg] 

Final wort 

[mg/L] 

Fresh beer 

[mg/L] 

Amino acids Phenylalanine 720.0–1390.0  

(62, 63) 

63.0–226.0  

(62, 63) 

10.0–80  

(62, 63) 

Valine  610.0–1120.0  

(62, 63) 

78.0–214.0  

(62, 63) 

50.0–100.0  

(62, 63) 

Isoleucine 320.0–870.0  

(62, 63) 

48.0–155.0  

(62, 63) 

10.0–50.0  

(62, 63) 

Leucine 700.0–1890.0  

(62, 63) 

100.0–316.0  

(62, 63) 

10.0–100.0  

(62, 63) 

Methionine n.d.a–270.0  

(62, 63) 

20.0–67.0  

(62, 63) 

n.d.a–10.0  

(62, 63) 
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Substance 

class 

Metabolite Malt  

[mg/kg] 

Final wort 

[mg/L] 

Fresh beer 

[mg/L] 

Lysine 510.0–860.0 (62, 

63) 

65-0–177.0  

(62, 63) 

10.0–50.0  

(62, 63) 

Amadori 

products 

N-ε-fructosyllysine 37.6–105.7  

(21) 

- 6.8–13.6  

(55) 

N-ε-maltulosyllysine 8.9–30.0  

(21) 

- 3.7–27.3  

(55) 

Dicarbonyls 3-DG 45.2–154.2  

(21) 

29.2  

(20) 

8.1–42.5  

(22, 64) 

3-DGal 1.5–6.0  

(21) 

- 3.2–17.4  

(22, 64) 

Strecker 

aldehydes 

2MP 612.0–3480.0 

µg/kg (65-67) 

24.2–1531.0 µg/L 

(68, 69) 

1.9-7.9 µg/L  

(15, 70) 

2MB 54.4–2411 µg/kg 

(65-67, 71) 

9.2–1245.0 µg/L 

(13, 68, 69) 

0.6–2.7 µg/L  

(13, 15, 70) 

3MB 63.0–4271.0 

µg/kg  

(65-67, 71, 72) 

39.5–1654.0 µg/L 

(13, 68, 69) 

0.6–36.0 µg/L  

(13, 15, 70) 

Meth 224–1014 µg/kg 

(65-67) 

26.0–359.6 µg/L 

(13, 68, 69) 

n.d.a–2.8 µg/L  

(13, 15, 70) 

PA 198–1014 µg/kg 

(65-67) 

34.7–295.6 µg/L 

(13, 68, 69) 

1.3–22.0 µg/L  

(13, 15, 70) 

Dehydration 

products 

HMF n.d.a–8.8  

(21) 

1.1–2.7  

(62) 

0.3–2.0  

(22, 64) 

Furfural n.d.a–0.7  

(21, 65, 72) 

70.0–2646.0 µg/L 

(62, 69) 

9.0–38.4 µg/L 

(15, 64, 70) 

AGEs Pyrraline 0.4–1.7  

(21) 

- 0.2–0.3  

(55) 

MGH-1 0.2–0.3  

(21) 

- 0.3–1.5 

(55) 

a n.d. – none detectable 

The substance classes of amino acids, Strecker aldehydes and dehydration products 

are broadly investigated due to technological influences and sample variation (15, 63, 

65). Regarding the Amadori products, the dicarbonyls, and the AGEs, only few studies 

focussed on commercial samples were previously published (21, 22, 55). However, 

less is known about the formation of 3-DG as representative of the dicarbonyls during 

the malt and beer production due to technological modification such as a varied 

steeping degree. This knowledge would be of significant importance to adjust 
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dicarbonyl formation during the production processes and, furthermore to use the 

dicarbonyl content as an early prediction possibility of flavor instability evaluation.   

 1.5 The influence of the beer and malt production on the dicarbonyl 

chemistry  
 

Although the beer and malt production comprise suitable production steps such as 

kilning or wort boiling for caramelization or the Maillard reaction, less is known about 

the formation of dicarbonyls such as 3-DG during the processes. In the following, the 

potential provided by the consecutive steps for 3-DG formation and degradation are 

introduced in more detail.  

Malting 

The malting process is mandatory to increase the functionality of cereal grains in the 

brewing process. Here, amylolytic, cytolytic, and proteolytic degradation pathways play 

an important role for changing of the metabolic profile during the process.  

The germination step has two critical effects which influence the dicarbonyl chemistry: 

(i) the formation of amylolytic enzymes and (ii) the formation of amino acids and low 

molecular sugars as reactants able to form 3-DG (73, 74). Regarding the enzyme 

formation, they can be distinguished into amylolytic and proteolytic active enzymes. 

Critical amylolytic enzymes are α- and β-amylase. β-amylase already exists in barley 

but is also formed like α-amylase during germination (75, 76). Important proteolytic 

enzymes formed during germination are endoproteases, carboxyproteases, and 

metalloproteases (77-79). These enzymes cause formation of amino acids from 

proteins (proteolytic enzymes) (79, 80) and low molecular weight carbohydrates from 

polysaccharides (amylolytic enzymes) (81) during malting and mashing. Therefore, 

their activity provides a formation potential for dicarbonyls such as 3-DG (18). A higher 

malt modification level with elevated steeping degree, germination temperature, or 

germination time increases the enzyme activity (82) and, therefore, is prone to be a 

suitable adjustment for the 3-DG formation potential of the malting process. Previous 

studies already showed that a higher malt modification level increased the 

concentration of free amino nitrogen (includes free amino acids) (83) or low molecular 

sugars (81) in malt, which covers the second critical effect on germination (formation 

of reactants). Therefore, this thesis speculated that the varied precursor potential by a 

varied malt modification level influences the 3-DG formation during malting.  
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The kilning step is also critical for 3-DG formation. The thermal load provides reaction 

potential for the Maillard reaction and caramelization (18). Previous studies showed 

that the HMF content raises with higher kilning temperatures (21, 84). It can be 

assumed that 3-DG as intermediate in HMF formation is subject to similar effects. 

Especially the low water activity during kilning provides very good conditions for 

dehydration reaction within 3-DG formation (28, 34). Beside formation of the 

dicarbonyl, the thermal load also could cause 3-DG degradation. The appearance of 

follow up products such as HMF or pyrraline indicates a 3-DG degradation during 

kilning (21). Therefore, the thesis assumes the kilning step as critical for observed 3-

DG contents in malt.  

Mashing 

Mashing is a key process for substrate formation in beer production. Enzymes formed 

during malting hydrolyse polymers such as proteins or starch into their oligomers, 

dimers, or monomers. As already discussed, proteolytic and amylolytic degradation 

provides precursors for 3-DG formation.  

Regarding the amylolytic degradation, Vriesekoop et al. (2010) showed an increase of 

glucose, fructose, maltose, and maltotriose during mashing where higher molecular 

weight dextrins were decreased (85). Although 3-DG could be also formed by dextrin 

degradation, carbohydrates with a smaller chain length yield a higher amount of 3-DG 

(31). Therefore, the mashing process enhances the qualitative and quantitative 

formation potential of 3-DG. Furthermore, previous studies showed that the resulting 

carbohydrate profile after mashing depends on the barley variety, mashing procedure, 

and the enzymatic activity formed during the germination process (85, 86). Regarding 

the proteolytic degradation, free amino acids were formed representing precursors for 

Amadori products which can be further degraded to dicarbonyls (77). Several studies 

showed the solubilization of proteins due to different enzyme activity based on 

germination conditions, pH-values, and mashing temperatures, where all studies 

confirmed the formation of free amino acids from barley proteins (78, 79, 87, 88). In 

particular, a rest at 45 °C was found to increase the amino acid content after the 

mashing procedure (77).  

Therefore, this thesis speculated that a varied mashing procedure determines the 

reactant concentrations and, thus, influences the 3-DG formation in further beer 

production steps such as wort boiling. However, the influence of a varied enzyme 
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activity by the malt modification level on 3-DG precursor formation may turn out to be 

more important than varying different mashing temperatures. Therefore, the thesis 

assumes the effect of the mashing procedure being less important for 3-DG formation 

and focussed on the variation of an additional proteolytic rest.  

Wort Boiling 

Wort boiling is a critical step providing most intense thermal load during beer 

production. Besides the expected functionalities such as bitterness formation or wort 

sterilization, a high reaction potential is induced and initialises flavor formation. Besides 

chemical formation, the metabolites undergo a concentration increase because of the 

occurring evaporation effect (8–10%). 

Regarding precursor compounds, amino acids (except glutamine) and low molecular 

sugars remain constant or show a slight increase during wort boiling (89-92). However, 

compared to published 3-DG contents in wort (Table 3), e.g. glucose concentration 

(5.0–15.0 g/L (92)) is highly elevated. This means, that a slight decrease of glucose 

can critically affect the dicarbonyl concentration in final wort. Witmann and Eichner 

(1989) showed a decrease of several Amadori products during boiling indicating 

dicarbonyl formation (89). Bravo et al. (2008) showed a strong increase of 3-DG (from 

13.0 to 29.2 mg/L) after 2 h of boiling. However, the result indicates the high reaction 

potential of wort boiling for 3-DG formation, but the influence of technological variation 

such as varied malt modification level or varied mashing procedure onto dicarbonyl 

formation is still unknown. Based on the high thermal load, the thesis assumes the wort 

boiling step as the most important step for 3-DG formation.  

Besides 3-DG formation, wort boiling very likely induces degradation reactions of 3-

DG and, therefore, forms follow up products of the dicarbonyl. 3-DG degradation is 

indicated by HMF (93) or Strecker aldehyde formation (68) during wort boiling. 

However, less is known about 3-DG degradation during wort boiling yet, but it can be 

expected that 3-DG formation and degradation take place simultaneously during wort 

boiling. 

Fermentation  

The fermentation step mainly metabolizes the formed substrate potential (low 

molecular sugars and amino acids) during mashing and wort boiling to ethanol and 

beer flavor compounds (94). In the following, possible effects of this process step on 
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3-DG reactivity are discussed. Generally, fermentation of bottom fermented beer types 

is conducted at temperatures of about 8 °C (95). Therefore, the temperature cannot be 

taken as critical for dicarbonyl chemistry. Another aspect is the pH drop during the 

fermentation. The pH-value decreases down to 4.2–4.6 (62). The more acidic 

conditions can catalyze 3-DG degradation reactions such as HMF formation (18), but 

the lower temperature strongly reduces the reactivity for such reactions.  

Furthermore, yeast provides many enzymes for the biotransformation of wort. Using 

model systems, recent studies reported a metabolism of MGO to D-lactate via 

glyoxalase system occurring in yeast. This system is known to reduce dicarbonyl stress 

in humans (96, 97). Hellwig et al. (2021) reported a conversion of 17.8% of 3-DG to 3-

deoxyfructose in single substance focussed model studies by Saccharomyces 

cerevisiae, but the fermentations were conducted at 30°C and sucrose (10 g/L) was 

used as substrate (98). Both conditions are significantly different to brewing 

fermentations conditions (95). 

A few yeast enzymes are able to metabolize 2-oxoaldehydes. Sanchez et al. (2003) 

showed a purified NADPH-dependent oxidoreductase enzyme which reduces the 

dicarbonyl content during wort fermentation (99). The used enzyme showed a 96% 

similarity to the Old Yellow Enzyme (OYE; EC 1.6.99.1) which is an oxidoreductase 

and reduces the carbonyl groups to their corresponding alcohols (100, 101). Bravo et 

al. (1999) suggested the additional dosage of the described enzyme during 

fermentation of malt beverages to stabilize the flavor (102). The European patent can 

also be applied on beer, but an enzyme dosage is not permitted in Germany because 

of the German purity law. Furthermore, Liang et al. (2000) also reported a purified 

NADPH-dependent enzyme from brewer’s yeast which was able to degrade 3-DG in 

higher activity levels (103). However, all the references show reactivity for purified 

enzymes and a pH-optimum at 7.0 (99, 103). At pH-values below 6.0 the enzyme was 

considered unstable (103). Further, it has to be considered that 3-DG is partly present 

in ring from, which can sterically inhibit enzymatic degradations. Therefore, the thesis 

speculated the effect of the fermentation step on the 3-DG content as negligible and it 

was decided to use standardized fermentations for the brewing trials.  
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 1.6 Thesis Outline and Motivation 
 

In the previous sections, the chemistry of 3-DG, the relevance of 3-DG for flavor 

stability, and its formation potential has been described in detail. Hence, the initial 

situation and motivation of this thesis can be summarized: 

- 3-DG is an important precursor compound for Strecker degradation and HMF 

formation which are common aging indicators in fresh beer. Therefore, the 

dicarbonyl provides a qualitative potential for flavor instability. Observed 

concentrations of 3-DG in fresh beer were degraded during beer aging. If only 

about as much as 1% of the degraded 3-DG is converted to Strecker aldehydes, 

they cause sensory deterioration. This fact indicates the quantitative potential 

of 3-DG onto flavor instability.  

 

- 3-DG is formed during the Maillard reaction and caramelization. Educts for the 

formation are carbohydrates, amino acids, and Amadori products. 3-DG is a 

reactive compound and can form Strecker aldehydes, AGEs, HMF, 3-DGal, and 

melanoidins. The degradation products can be used to evaluate the reactivity of 

3-DG during beer aging.  

 

- The malt and beer production show a crucial potential for 3-DG formation. 

Especially the kilning, mashing, and wort boiling steps provide a high thermal 

load and produce high concentrations of precursor compounds. It can be 

assumed that technological variation such as the malt modification level by an 

adjusted steeping degree vary the 3-DG formation during the malt and beer 

production.  

Based on this initial situation the main hypothesis is as follows: 

The concentration of 3-DG in fresh beer is an analytical indicator for flavor 

instability of pale lager beers. In order to achieve the objective, two main questions 

are formulated in this thesis.  

(i) At which stages of the malt and beer production is 3-DG mainly formed and 

can the formation be influenced technologically?  
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1. Investigation of 3-DG formation during malting by variation of reactants low 

molecular sugars and amino acids (variation of malt modification level) and final 

kilning temperature. 

2. Investigation of 3-DG reactivity (formation and degradation) during wort boiling 

by variation of malt modification level and mashing procedure in lab-scale to 

understand the reaction pathways. 

3. Investigation of 3-DG formation during wort boiling by variation of malt 

modification level on a pilot scale to verify the observed reaction pathways. 

(ii) Does the formed 3-DG during malt and beer production influence the flavor 

instability of beer?  

1. Investigation of the influence of artificially spiked 3-DG during beer aging to 

investigate the distribution of aging-relevant follow-up reactions.  

2. Investigation of a technologically varied (different malt modification levels) initial 

3-DG concentration on the flavor instability (analytical and sensory evaluation) 

of lager beer. Evaluation of a possible use of 3-DG as an early prediction 

possibility for flavor instability. 

2. Methods 
 

2.1 Sample production 
 

The malt samples in part I and II were produced in a pilot malting system at a 1 kg 

scale at the Chair of Brewing and Beverage Technology.   

The wort and beer samples of part III, IV, and V were produced on a pilot scale brewing 

system (80 L scale) at the Chair of Brewing and Beverage Technology. Fermentation 

was performed in cylindroconical vessels and bottling in a semiautomatic filling unit 

(Alfred Gruber GmbH, Eugendorf, Austria).  

2.2 Sample treatment 
 

Solid samples (malt samples) were first milled and then extracted with a tempered 

(25 °C) water-methanol (1:1 v/v%) solution for 30 min. Next, the samples were 

centrifuged and the liquid phase was used for chromatographic analysis. 
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Liquid samples (wort and beer samples) were directly used without any further 

treatment.  

2.3 High pressure liquid chromatography (HPLC) analysis 
 

HPLC methods were applied at all parts of the thesis. Prior to HPLC analysis, samples 

with high carbon dioxide content were degassed and filtered through a 0.45 µm 

membrane filter.  

Non-volatiles were determined according to several HPLC techniques in all parts. 

Amino acids were quantified by liquid chromatography separation and tandem mass 

spectrometry detection (LC-MS/MS) (104). Low molecular sugars were analyzed by 

anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) 

(105). Dicarbonyls (3-DG and 3-DGal) were first derivatized with ortho-phenylene 

diamine (o-PD) to obtain stable quinoxalines. Quinoxalines and HMF were determined 

by HPLC-UV (23, 106). AGEs were quantified by LC-MS/MS (52). 

2.4 Gas chromatographic (GC) analysis 
 

Volatiles were analysed at a GC system coupled to a mass spectrometer (MS) in parts 

II, III, IV, V and VI. Quantification of aging carbonyls was conducted by an optimized 

head space solid phase microextraction (HS-SPME)-GC-MS method based on Saison 

et al. (2008) (107). The aldehydes were derivatized with o-(2,3,4,5,6-

pentafluorobenzyl)hydroxylamine (PFBHA) to obtain stable oximes.  

2.5 Sensory analysis 
 

Sensory Analysis was done in part V and part VI. The beers were tasted according to 

the DLG 5-point scheme, the Eichhorn aging scheme (108), and a descriptive scheme 

using a check-all-that-apply (CATA) approach.  

2.6 Data analysis 
 

The Statistical analysis was made use of with the software JMP Pro 14 (SAS Institute 

GmBH; Heidelberg, Germany). Results are shown as average ± standard deviation. 

Differences between averages were checked by ANOVA (Tukey test) for a significance 

level of 0.05. 
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3. Results 
 

3.1 Summary thesis publication 
 

Part I: Formation of 3-deoxyglucosone in the malting process 

Pages 23-31 

The aim of the study was to investigate the formation of 3-DG due to different malt 

modification levels and final kilning temperatures. To explore the reaction pathways of 

3-DG formation, the composition of reactants (sugars, amino acids) was varied by 

using different malting modification levels (germination time 5–7 d; steeping degree 

42–45%; germination temperature 12–14 °C) and a final kilning temperature (60–

100 °C). 

3-DG concentration was found to be between 0.8–19.5 mg/100 g d. m. in all malt 

samples. The study shows that 3-DG formation is enhanced by a higher malt 

modification level and increased final kilning temperatures. The resulting higher 

concentrations of glucose at the beginning of withering acts as the major precursor 

compound and promotes the formation of 3-DG at higher temperatures during kilning. 

The malt modification level has no significant influence on the relative formation rate 

of 3-DG, but it has a strong effect on the absolute final content of 3-DG.  

The contents of 3-DG and FL (3-DG precursor) were remarkably higher than the HMF 

(degradation product) concentration at all variations. This indicates that the Maillard 

reaction stays in an early stage in the malting process. In further investigations of the 

formation of 3-DG, a kilning model system was used to show that caramelization leads 

to higher absolute amounts of 3-DG than the Maillard reaction at malt kilning 

conditions. Based on Glc being the precursor compound, 3-DG was formed up to 

16.1 mg/100 g d.m. under Maillard reaction conditions and up to 19.9 mg/100 g d.m. 

under caramelization conditions. In conclusion, the abundant formation of 3-DG in the 

malting process is already comparable to the occurred brewing process concentration. 

(105) 
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Authors´ contribution: 

The PhD candidate worked out the hypothesis and experimentals. He established the 

applied methodology and conducted the main malting trials and model experiments. 

Furthermore, he evaluated the resulting data and wrote the original draft. All authors 

reviewed and approved the final manuscript.   

 

Part II: Formation and degradation of 3-deoxyglucosone as a key intermediate 

for ageing indicators during the wort boiling process 

Pages 32-40 

The aim of the study was to investigate the formation of 3-DG due to a varied malt 

modification level of the used malt and a varied mashing procedure (additional 

proteolytic rest to increase the free amino acid concentration). Furthermore, selected 

degradation reaction pathways (3-DGal, HMF, and Strecker aldehyde formation) of 3-

DG were observed during the wort boiling process in order to describe the influence of 

3-DG reactivity during boiling on the final sensory quality of beer. Experiments were 

performed in a closed system at lab scale.  

The study shows, that a higher content of amino acids (reactant) caused by an 

additional proteolytic rest in the mashing procedure has no significant effect on the 3-

DG formation during wort boiling. A higher malt modification level enhances the 3-DG 

formation. The study highlights that rather close to 50% of the final 3-DG concentration 

in wort is formed during wort boiling, which is consequentially the most important 

process of 3-DG formation in beer production. Besides dicarbonyl increase, the 

Amadori compound FL is mainly decreased, indicating that the Maillard reaction is 

going further to the advanced stage. Regarding degradation reactions, HMF is formed 

during boiling, but the compound has a low conversion rate from 3-DG of 0.7%. The 

interconversion of 3-DGal is formed stronger, but only 4.0% of 3-DG were 

interconverted. Investigating this phenomenon, model reactions showed that the 

dicarbonyl is mainly stable under wort boiling conditions. Only 16% of the absolute 3-

DG content is degraded, whereby 25% of the degraded 3-DG is interconverted to 3-

DGal. Generally, the study shows that wort boiling generates the main dicarbonyl 

potential by forming 3-DG as a key intermediate for aging indicators. Therefore, the 
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results indicate that wort boiling strongly influences the flavor instability of beer by 3-

DG formation (109). 

Authors´ contribution: 

The PhD candidate worked out the hypothesis and experimentals in discussion with 

the other authors. He established the applied methodology and conducted the main 

boiling trials and model experiments. Furthermore, he evaluated the resulting data and 

wrote the original draft. All authors reviewed and approved the final manuscript.   

 

Part III: The influence of the proteolytic malt modification on the aging potential 

of final wort 

Pages 41-58 

The aim of the study was to investigate the influence of the proteolytic malt modification 

level (technologically varied 3-DG and amino acid concentration at the beginning of 

wort boiling) assessed by the liquid nitrogen content on the formation of the aging 

potential during wort boiling. Here, the formed 3-DG concentration as an important 

aging precursor contributes directly to the aging potential of wort. 

The dynamic changes of beer flavor are determined by its aging potential which 

comprises free and bound aldehydes as well as their precursors (e. g. 3-DG). These 

compounds are mainly formed upstream in the brewing process through the Maillard 

reaction, Strecker degradation or lipid oxidation. Especially wort boiling is a critical 

production step for the important reactions due to its high temperature and favorable 

pH-value (catalyzed aging reactions).  

Six worts (malt of two malting barley varieties at three different proteolytic malt 

modification levels) were produced. Regarding precursors, especially the 

concentrations of Strecker relevant amino acids and dicarbonyls (3-DG and 3-DGal) 

increase significantly by an enhanced malt modification level. Concentrations of free 

and bound aldehydes are highest at the beginning of boiling and decrease towards the 

end of boiling. A dependency of the malt modification level to the degree of free and 

bound aldehydes was observed for 2MP, 2MB, and 3MB. This significant increase of 

Strecker aldehydes in final wort by a higher malt modification level can be explained 

by the elevated concentration of amino acids and dicarbonyls (3-DG and 3-DGal) at 



20 
 

the beginning of wort boiling. Generally, a higher proteolytic malt modification level 

tends to increase the content of free and bound aldehydes at the end of wort boiling. 

In conclusion, the aging potential formation during boiling is increased by an intensified 

malt modification level (110).  

Authors´ contribution: 

The PhD candidate worked out the hypothesis and experimentals. He established the 

applied methodology and conducted the main malting and brewing trials and model 

experiments. Furthermore, he evaluated the resulting data and as a shared principal 

author wrote the original draft. All authors reviewed and approved the final manuscript.   

 

Part IV: Influence of 3-DG as a Key Precursor Compound on Aging of Lager 

Beers 

Pages 59-67 

The aim of the study was to investigate the influence of 3-DG degradation during 

storage of pale lager beer. Therefore, different concentrations of 3-DG were added to 

the freshly brewed beer at the beginning of storage (immediately after filling).  

Analysis of degradation products of 3-DG such as 3-DGal, 5-HMF, Strecker aldehydes, 

and AGEs during beer aging revealed that a higher initial 3-DG concentration 

increases the formation of the products after prolonged storage (>6 months). Hence, 

the study shows for the first time that artificially increased content of 3-DG leads to 

accelerated beer aging, in particular enhanced Strecker degradation causing aged 

flavor. Furthermore, the relative distribution of the described degradation pathways 

was quantitatively observed. The study shows that the forced aging method could not 

predict 3-DG reactivity during natural aging up to 12 months. In particular, the 

interconversion to 3-DGal comprises 50% of 3-DG degradation during natural aging, 

but covers only 17% after forced aging. However, besides the investigated degradation 

pathways, the increased incubation temperature at forced aging promotes other 

reactions of 3-DG (39% of degraded 3-DG). In conclusion, the significant importance 

of 3-DG as a key precursor compound in beer aging has been shown, in particular by 

the increase of Strecker aldehydes (111). 

Authors´ contribution: 
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The PhD candidate worked out the hypothesis and experimentals. He established the 

applied methodology and conducted the main brewing and aging. Furthermore, he 

evaluated the resulting data and wrote the original draft. All authors reviewed and 

approved the final manuscript.   

Part V: A comprehensive evaluation of flavor instability of beer – part 1: Influence 

of release of bound-state aldehydes 

Pages 68-83  

The aim of the study was to investigate the influence of the varied aging potential in 

wort due to different malt modification levels on the flavor instability of pale lager beers. 

There, the brewed beers of part 3 were naturally (9 months) and forced aged. Thus, 3-

DG content in fresh beer was technologically varied by the malt modification level. The 

flavor instability was evaluated by sensory analysis as well as by investigating of the 

behavior of precursors (amino acids and dicarbonyls), free, and bound aldehydes 

during natural aging. The study comprised two parts. Part 1 (part V in the cumulative 

thesis) focuses on the release of bound aldehydes while part 2 (part VI of the 

cumulative thesis) investigates on the de novo formation of aging aldehydes.  

For beers based on increased initial content of 3-DG by a higher malt modification level 

(increased reactant contents during beer production) of the used malt, an enhanced 

formation of aging aldehydes was observed. The aldehydes increase in general during 

aging and in particular the Strecker aldehydes 2-methylpropanal, 3-methylbutanal, and 

phenyl acetaldehyde increase significantly with the proteolytic malt modification level. 

From beers with a higher malt modification, more aldehydes are present in a bound 

form. Furthermore, the equilibrium between free and bound aldehydes shifts towards 

the free state during aging. For beers using malts with a higher proteolytic modification 

Sensory analysis show an increased flavor instability. These beers show decreased 

DLG overall score and acceptancy as well as an increase of the attribute bready 

(CATA-analysis). Triangle tests further reveal sensory significant differences between 

beers at different malt modification levels after 9 months of natural aging.  

These results indicate the existence of a nitrogen-dependent bound-pool of aldehydes 

which is depleted during aging. The bound aldehydes are responsible for an aged 

aroma especially during the early and medium stage of aging. The amount of free and 



22 
 

bound aldehydes, and thus, the aging potential is influenced by the proteolytic malt 

modification level (increased initial content of 3-DG) (112). 

Authors´ contribution: 

The PhD candidate worked out the hypothesis and experimentals. He established the 

applied methodology and conducted the brewing trials and aging experiments. 

Furthermore, he evaluated the resulting data and as a shared principal author wrote 

the original draft. All authors reviewed and approved the final manuscript.   

Part VI: A comprehensive evaluation of flavor instability of beer – part 2: 

Influence of de novo formation of aging aldehydes 

Pages 84-98 

This study focused on de novo formation pathways of Strecker aldehydes. The sample 

set was equal to part V.  

The study shows that the amino acid and dicarbonyl concentrations as precursors are 

elevated by higher malt modification levels. 3-DG and 3-DGal are degraded during 

aging. Especially, 3-DG concentration in fresh beer is increased and more strongly 

degraded by a higher malt modification level. Thus, Strecker aldehyde contents 

increase also more strongly during beer aging at higher malt modification levels. AGEs 

as possible degradation products show no consistent formation during aging. 

Therefore, Strecker degradation for dicarbonyls is promoted during beer aging. An 

alternative oxidative formation of Strecker aldehydes from their corresponding alcohols 

could not be confirmed. In correspondence to part V (preceding article), the study 

shows that de novo formation and release of aging aldehydes occur simultaneously. 

De novo becomes crucial to the rise in aldehydes mainly after 4 months of natural 

aging. Significant sensory changes occurre at a range of 3–5 months of natural aging 

(preceding article). Therefore, it can be assumed that the release of aldehydes 

basically provides the potential for sensory changes. In conclusion, de novo formation 

of Strecker aldehydes by 3-DG degradation mainly reinforces and accelerates sensory 

beer aging after 3–5 months according to this study (113). 

Authors´ contribution: 

The PhD candidate worked out the hypothesis and experimentals. He established the 

applied methodology and conducted the brewing trials and aging experiments. 
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Furthermore, he evaluated the resulting data, as a shared principal author wrote the 

original draft and submitted it. All authors reviewed and approved the final manuscript.   
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3.2 Formation of 3-deoxyglucosone in the malting process 
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3.3 Formation and degradation of 3-deoxyglucosone as a key 

intermediate for ageing indicators during the wort boiling process 
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3.4 The influence of the proteolytic malt modification on the aging 

potential of final wort 
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3.5 Influence of 3-DG as a Key Precursor Compound on Aging of 

Lager Beers 
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3.6 A comprehensive evaluation of flavor instability of beer – part 1: 

Influence of release of bound-state aldehydes 
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3.7 A comprehensive evaluation of flavor instability of beer – part 2: 

Influence of de novo formation of aging aldehydes 
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4. Discussion 
 

Currently, the established forced aging methods show some critical disadvantages. 

Although, the precursor potential of 3-DG in fresh beer seems to be promising for an 

early prediction of flavor instability, it was not regarded until now. Therefore, the 

formation of 3-DG during malt and beer production shall be discussed in a 

technological chronological order in the following. This discussion for 3-DG formation 

is based on part I, part II, and part III of the cumulative thesis. Subsequently, the 

influence of the formed 3-DG on the flavor instability of fresh beer will be discussed. In 

this context, the 3-DG content was varied first artificially (part IV) by spiking and second 

technologically (part V and part VI) by a varied reactant (3-DG precursor) level via the 

malt modification level of the used malt. The influence of 3-DG reactivity on flavor 

instability will firstly be discussed in an analytical (formation of follow up products) and 

in a sensory way. 

4.1 The formation of 3-DG during the malt production 
 

First, 3-DG formation during the malting process was investigated. Part I revealed that 

the malt modification level and the final kilning temperature are the main influencing 

parameters on 3-DG formation during malt production. Therefore, the following 

discussion is mainly based on part I, which focused on malting with different malt 

modification levels (soluble nitrogen content in mg/100 g d. m.: 941.3 (M1), 732.5 (M2), 

and 683.8 (M3)) and final kilning temperatures (60–100 °C). Figure 2 shows the final 

concentration in malt varied by the described technological modifications and the 

formation of 3-DG during the process at a final kilning temperature of 100 °C.   

 

Figure 2 3-DG concentration (a) in malt after kilning due to different malt modification levels (M1, M2, and M3) and different 
final kilning temperatures and (b) during withering and kilning at the final kilning temperature of 100 °C (n=3) 
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A higher final kilning temperature promotes the 3-DG formation during the kilning 

process. The enhanced formation is caused by a higher thermal load and decreased 

water activity at higher final kilning temperatures (34). Kilning temperatures in the 

range of 70 to 100 °C show a linear dependency to the observed 3-DG concentration 

of final malt (see Table 4). In average the 3-DG concentration is enhanced with 

4.7 mg/100 g d. m. while increasing of the final kilning temperature by 10 °C. Beyond 

this, a higher malt modification level enhances the 3-DG formation by temperature 

(Table 4). The typical final kilning temperature of pale lager malts ranges between 80–

85 °C. Within these specifications, the influence of the final kilning temperature on the 

3-DG formation was estimated. Table 4 summarizes the calculated values.  

Table 4 Evaluation of the influence of the final kilning temperature onto the 3-DG concentration in malt: calculation of the 
relative variation of 3-DG content in malt determined by common final kilning temperatures (80-85°C) of pale malts  

Malt 

modification 

level 

Formula 

(linear fit); x-

temperature, 

y-3-DG 

conc. 

R2 

(linear 

fit) 

c3-DG 

(82.5 °C) 

[mg/100 

g d. m.] 

Δc3-DG  

(80–85 °C) 

[mg/100 g 

d. m.] 

𝛥𝑐3−𝐷𝐺 (80– 85 °𝐶)

𝑐3−𝐷𝐺(82.5 °𝐶)
 

M1 0.57x-37.45 0.98 9.75 2.85 29.2% 

M2 0.47x-31.53 0.94 7.51 2.35 31.3% 

M3 0.36x-24.22 0.98 5.65 1.80 31.8% 

 

Based on a linear fit, first the 3-DG concentration at 82.5 °C was calculated. Further, 

the difference between the calculated 3-DG concentrations at 80 °C and 85 °C was 

determined. These differences were then normalized using the calculated 3-DG 

content at 82.5 °C which results in an average percentage of 30.8% over all malt 

modification levels. That outcome indicates, that based on the data set of Nobis et al. 

(2019) the setting of the final kilning temperature allows varying the 3-DG content in 

arrange up to 30% within the standard specifications (80–85 °C) (105). 

Considering the time dependency, 3-DG was first observable after 7 h of kilning after 

the withering phase (Figure 2). This could be explained by the behavior of reactants 

such as glucose and lysine during malting. Figure 3 shows the concentration of lysine 

and glucose after the second step of wet steeping (S1d4h), after two days of 

germination (G2d) and during kilning (K0h–K12h) following the temperature procedure 

of Figure 2.  
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Figure 3 Formation of glucose and lysine during the malting process (steeping: S; germination: G; kilning: K) at different malt 
modification levels (M1 < M2 < M3) (105) 

The reactants (glucose and lysine) are formed during germination and, hence, their 

concentration is maximal at the beginning of withering. During withering and kilning 

both are degraded and allow to form 3-DG through Maillard reaction and 

caramelization (18). This seems to be the reason why 3-DG is first observable after 

the withering phase during kilning.  

The malt modification level also shows a strong enhancing effect on the 3-DG 

formation during kilning (Figure 2). The effect could be explained by promoted 

formation of reactants by a higher malt modification level during germination (Figure 

3). According to the estimation of the influence of the final kilning temperature, the 

influence of the malt modification level assessed by the parameter soluble nitrogen 

was calculated as well. Here, a set of 41 pale malt samples (produced at the chair of 

Brewing and Beverage Technology) was used where all were kilned at 80 °C, because 

part I comprised only 3 malts at 80 °C. The sample set ranged from 470–670 mg/100 

g d. m. soluble nitrogen and 0.7–2.5 mg/100 g d. m. 3-DG. Figure 4 shows the linear 

fit of the 3-DG concentration in dependence to the soluble nitrogen content of the pale 

malt samples.  



103 
 

 

Figure 4 Linear fit between 3-DG concentration and soluble nitrogen content for 41 pale malt samples 

A correlation coefficient of 0.81 indicates that the variation of 3-DG concentration of 

pale malt is clearly influenced by the proteolytic malt modification level assessed by 

the soluble nitrogen content. The specifications of soluble nitrogen for pale malts are 

580–680 mg/100 g d. m. for brewing purposes (114). According to the linear fit, the 

calculated 3-DG concentration for the limits are 1.7 (lower limit of soluble nitrogen) and 

2.6 mg/100 g d. m. (higher limit of soluble nitrogen). The difference between both limits 

is 0.9 mg/100 g d. m. 3-DG. The average of the soluble nitrogen content within the 

given specifications is 630 mg/100 g d. m., which leads to a 2.1 mg/100 g d. m. 3-DG 

concentration in malt. Normalizing the difference of 0.9 mg/100 g d. m. 3-DG within the 

malting specifications by the computed average 3-DG concentration of 2.1 mg/100 g 

d. m. yields the variable percentage of 3-DG due to the specifications of soluble 

nitrogen of 42.3%.  

In conclusion, it is shown that 3-DG is formed after the withering phase during kilning 

mainly influenced by the final kilning temperature and the malt modification level. 

Comparing both adjustment tools within the specifications for pale malts, the malt 

modification level (assessed by soluble nitrogen content) allows to vary the 3-DG 

concentration in pale malts by about 40% which is significantly more impact than the 

final kilning temperature (about 30%). Therefore, the 3-DG content as well as formation 

potential for beer production was varied by the malt modification level for the following 

approaches.  
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4.2 The formation of 3-DG during beer production 
 

After studying the formation of 3-DG during malting, this thesis (part II) investigated the 

3-DG formation during the beer production. The contribution of each single process 

step will be discussed in the following.  

Quantitative contribution of malt, mashing and wort boiling on final wort 3-DG formation 

The mentioned part II investigated the influence of a varied mashing procedure. 

However, no effect on an additional proteolytic rest during mashing on 3-DG formation 

during beer production could be observed. Although amino acids content was 

increased by an additional proteolytic rest, 3-DG was not formed more intensively 

during boiling (109). This fact indicates that only the amino acid content cannot be used 

as prediction for dicarbonyl formation. Assumably, the formation of Amadori product 

which are direct precursors of 3-DG is more important.  

Regarding the contribution of malt, mashing and wort boiling on the 3-DG content after 

boiling, Figure 5 quantitatively and qualitatively summarizes the proportion of the single 

process steps according to Nobis et al. 2021 (109). According to section 4.1, the malt 

modification level determines the level of 3-DG in malt which is here used for the 

brewing process. The study is based on the malts in the previous section, but 

comprises only M2 and M3 malt modification level. The focus of part II is on a 

combination of varied malt modification levels and mashing procedures as well as 

investigation of degradation pathways of 3-DG by spiking the dicarbonyl.  

 

Figure 5 Contribution of malt, mashing and wort boiling onto final 3-DG content after boiling due to different malt modification 
levels and (M2 and M3) and different mashing procedures (additional proteolytic rest: 45 and reference procedure: 63) (109) 
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The relative percentages of the process steps are comparable for all variations. Malt 

provides about 28.0%, mashing 24.5% and wort boiling 47.5% of the 3-DG content in 

final wort. Therefore, the wort boiling process was found to be the most contributing 

process step for 3-DG formation in beer production rather forming 50% of the 3-DG 

content in final wort. As already discussed in the previous section, the malt modification 

level influences the absolute 3-DG concentration significantly. A higher malt 

modification level increases the 3-DG concentration after mashing and after wort 

boiling (Figure 5). The elevated formation potential is explained by an increased 

content of amino acids as 3-DG precursors as well as a higher initial 3-DG content 

from malt as a consequence of an enhanced malt modification level.   

Qualitative formation of 3-DG during wort boiling 

The wort boiling process was identified to be the most important process and the malt 

modification level assessed by the soluble nitrogen content as the most important 

technological influence on 3-DG formation. Thus, both these aspects will be discussed 

in more detail.  

First, the qualitative formation of 3-DG during the process is considered. Figure 6 

shows the differences onto the formation of 3-DG in a closed (a) and an open boiling 

system (b).  The closed boiling system comprises two stages of malt modification (M2 

and M3) (109), while the open boiling system includes three different levels of malt 

modification (B2P1, B2P2, and B2P3) (110).  

 

Figure 6 Formation of 3-DG during wort boiling in (a) a closed boiling system at lab scale (109) and (b) in a open boiling system 
at pilot scale (110); black: determined contents, grey: calculated contents without evaporation effect (n = 3) 
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In a closed system, the formation rate of 3-DG is high at the beginning of boiling and 

decreases constantly towards the end. This behavior indicates that 3-DG is strongly 

formed at the beginning of boiling and that the degradation of 3-DG partly rises up to 

the end of boiling. Therefore, the Maillard reaction proceeds to its advanced stage (18). 

These findings are confirmed by a decrease of the Amadori product FL as 3-DG 

precursor, which also indicates the advanced stage of the Maillard reaction (109). In 

contrast, the open boiling systems, which covers the majority of applications in the 

brewing industry, forces linear 3-DG formation during wort boiling. This effect is 

explained by the additional evaporation occurring in open boiling systems. In order to 

evaluate this effect, the concentration of 3-DG was computed (grey line in (b) at Figure 

6) eliminating the evaporation rate of 10.6% in the used boiling system. In this case, a 

decreased formation rate is also observed at the end of boiling. This confirms that the 

degradation of 3-DG partly rises up at the end of the boiling period.  

Second, the effect of the malt modification level is to be considered. Higher malt 

modification levels enhance the formation of 3-DG during wort boiling. This effect refers 

to the initial content of 3-DG, its formation rate, and its final content during wort boiling. 

A comparable effect was already observed during malting in the previous section. 

Therefore, the enhanced 3-DG formation during boiling could be the consequence of 

an already higher 3-DG forming potential during malting. This potential is provided by 

an enhanced present 3-DG content (105), the present amino acid, and Amadori 

product concentration (105) as well as the enzyme potential (proteolytic and amylolytic 

enzymes) (82) in malt included by a higher malt modification level. An enhancement of 

amino acids and Amadori products as reactants by a higher proteolytic malt 

modification at the beginning of wort boiling could be also confirmed in part II and part 

III of the thesis.  

Reactivity of 3-DG during wort boiling 

3-DG is considered less stable (115, 116). The C4-β-hydroxyl group is prone to 

undergo elimination forming a mesomeric stabilized α,β-unsaturated carbonyl sub-

structure (3,4-DGE formation) (22). Model experiments in part II confirm that 16% of 

the initial 3-DG were degraded during wort boiling. However, part II shows that only 

4% of the degraded 3-DG is converted to HMF and 25% of 3-DG is interconverted to 

3-DGal. A reaction to Strecker aldehydes by 3-DG spiking was not observed during 

wort boiling in the closed system. This allows to assume, that a reaction of 3-DG to 
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volatiles like Strecker aldehydes depends strongly on the gas volume above the liquid 

phase. A small gas volume in a closed boiling system disadvantages the continuous 

formation of volatiles as well as CO2 as by-product in Strecker degradation due to the 

increasing partial pressure in the gas phase. Part III confirms this assumption, as the 

increased content of 3-DG at the beginning of wort boiling resulted in increased 

Strecker aldehyde contents at the end of boiling. On the one hand, the aldehydes can 

be formed by reaction of other dicarbonyls such as MGO or GO or alternatively from 

Amadori products (39). On the other hand, 3-DG is the major dicarbonyl during wort 

boiling. Therefore, a continuous formation of Strecker aldehydes from 3-DG 

degradation can take place and is additionally advantaged because of the evaporation 

effect. In conclusion, the formation of Strecker aldehydes from 3-DG in dependence of 

the boiling system (closed or open) cannot be neglected. 

The effect of fermentation on 3-DG content 

The investigation of the fermentation step was not part of this thesis but needs to be 

considered. In this thesis, standardized fermentation processes and unvaried 

fermentation parameters were used. Figure 7 shows the concentrations of 3-DG 

comparing final wort and fresh beer for six pale lager beers according to part III and 

part V of the thesis.  

 

Figure 7 Comparison of 3-DG content of final wort and fresh beer at two different barley varieties (B1 and B2) and three 
different malt modification levels (P1 < P2 < P3) (n=3) 

In general, for all variations (except B1P2) a reduction of 3-DG was observed from final 

wort to fresh beer. However, an explanation could be degradation during the whirlpool 

rest, while an adsorption during filtration would also cause a reduction of 3-DG content. 

Furthermore, Hellwig et al. (2021) reported an enzymatic 3-DG reduction of 17.8% 

during fermentation in model studies (98). The thesis shows a relative reduction 
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ranging from 0.8%–18.9% at an average of 12.1%. This finding indicates an enzymatic 

reduction of 3-DG during fermentation. However, it needs to be considered that the 

fermentation parameters (temperature and substrate concentration) are significantly 

different between the study of Hellwig et al. (2021) (98) and the brewing trials in part 

V. Therefore, the reduction is only partly explained by enzymatic conversion to 3-

deoxyfructose (98). 

In conclusion, the observed reduction in the study could be an indication for the 

metabolic conversion of 3-DG by yeast.   

4.3 Influence of 3-DG on flavor instability during beer aging 
 

Up to now, the thesis focused the formation of 3-DG during malt and beer production. 

As stated in the hypothesis, the formed concentration of 3-DG in fresh beer during beer 

production can be degraded during aging and, therefore, influence the flavor instability 

of beer. The hypothesis should be discussed in the following including part IV, part V, 

and part VI.  

3-DG reactivity during natural and forced aging 

In order to evaluate the degradation of 3-DG, several aging-relevant reactions were 

observed in part IV and their contribution was determined by 3-DG spiking. Figure 8 

shows the distribution of 3-DG degradation reactions including Strecker degradation, 

HMF formation, interconversion to 3-DGal, and AGE formation (Maillard reaction) after 

3 months (3M), 6 months (6M) and 12 months (12M) of natural aging, as well as after 

forced aging.  
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Figure 8 Distribution of 3-DG reaction classes after 3M, 6M, and 12M of natural and forced aging (111) 

Regarding natural aging, an increase of the 3-DG degradation within interconversion, 

HMF formation and Strecker degradation by progressive natural aging on the cost of 

the share of other reactions was observed. The results indicate that the reactions 

require time to reach their activation energies allowing 3-DG to be converted to 3-DGal, 

HMF, or Strecker aldehydes. With interconversion and HMF formation, 3-DG must first 

react to 3,4-DGE, which can then be dehydrated to HMF or react to 3-DGal by water 

addition (22). With Strecker degradation, 3-DG needs to form a α-imino carbonyl with 

the amino acids first, which can further be decarboxylated and react to Strecker 

aldehydes (5). The variations between 3M to 12M measurement indicate that degraded 

3-DG stays majorly at these intermediate stages up to 6 months and is then 

metabolized to the final degradation products. An exception is the interconversion to 

3-DGal which covers already 41% of degraded 3-DG after 3 months of natural aging. 

Here, it can be assumed that a degradation of 3-DG to 3,4-DGE directly shifts the 

equilibrium towards 3-DGal because the rehydration of 3,4-DGE is advantaged in the 

watery matrix beer. The reaction of 3-DG to AGEs within the Maillard reaction could 

be only minorily observed (max. 6%) during natural aging. 

With forced aging, it was observed that 3-DG is mainly degraded to HMF or to other 

reactions such as fragmentation or staying in intermediate stages as discussed before. 

The degradation to HMF is thermally catalyzed (117) and, therefore, the higher 

incubation temperature (40 °C) during forced aging favors the HMF formation. The 

distribution of the degradation pathways after forced aging seem comparable with 6 

months of natural aging, but the interconversion is underestimated as the HMF 
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formation is overestimated. In conclusion, it could be stated that the forced aging 

method is not suitable to predict the 3-DG reactivity of fresh beer.  

Influence of 3-DG on the flavor instability of beer by a technologically varied initial 3-

DG content  

Part IV shows that an artificially increased 3-DG content in fresh beer enhances the 

concentrations of Strecker aldehydes after prolonged storage (> 6 months). This result 

needs to be verified in part V and part VI by modifying the 3-DG content in fresh beer 

technologically. Furthermore, the question needs to be answered whether a 

technologically enhanced 3-DG content in fresh beer also causes increased sensory 

deterioration. Figure 9 shows a summary of the analytical (sum of Strecker aldehydes) 

and the sensory (DLG smell and DLG taste) changes and the 3-DG degradation during 

fresh and forced beer aging due to varied malt modification levels (P1 < P2 < P3).   

 

Figure 9 Changes in the concentration of (a) 3-DG and (b) sum of Strecker aldehydes in fresh (FR) samples and after 3 (M3), 6 
(M6), and 9 (M9) months of natural aging, and after forced (FO) (n = 3) and sensory attributes (c) DLG smell and (d) DLG 
taste in subject to malt modification level (none-colored: P1, grey: P2, black: P3) 

The 3-DG content in fresh beer was successfully varied by the varying malt 

modification level. As already observed during malting (105) and wort boiling (109, 

110) the increased concentration of reactants (amino acids and sugars) as a 

consequence of an enhanced malt modification level leads to a stronger reaction to 3-

DG during malt and beer production further elevating the 3-DG content in fresh beer.  
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It could be shown that an increased initial technologically varied content of 3-DG in 

fresh beer causes a higher absolute degradation after 9 months of natural aging (B1P1: 

1.5 mg/L; B1P2: 0.9 mg/L; B1P3: 2.8 mg/L; B2P1: 0.5 mg/L; B2P2: 1.2 mg/L; B2P3: 

3.3 mg/L). The exception at B1P2 may be caused by a slightly increased 3-DG content 

from 6 months to 9 months of natural aging. An increase of 3-DG content during beer 

aging can be explained by degradation of Amadori products or re-interconversion of 3-

DGal (18). In comparism to part IV, the monthly reduction rates are lower in part VI. 

Here, the 3-DG reduction rate is 0.1–0.4 mg/L per months, in part IV the reduction rate 

ranged from 0.6–1.1 mg/L per month. Therefore, it could be assumed that the artificially 

increased 3-DG content is degraded to a higher degree compared to a technologically 

varied 3-DG content. In particular, the 3-DG interconversion to 3-DGal is advantaged 

for artificially spiked samples (111), because the initial 3-DGal is also elevated at the 

technologically modified variations by an increased initial 3-DG-content (113). 

Therefore, the interconversion reaction of 3-DG is less advantaged in these aging 

experiments.  

Regarding important degradation reactions, analytical changes (Strecker aldehydes) 

and sensory changes were observed in part V and part VI. Free Strecker aldehydes 

are significantly increased by an increased malt modification level. This effect can be 

explained by the increased initial amino acid and dicarbonyl content in fresh beer. The 

de novo formation of Strecker aldehydes obviously becomes important mainly after 4 

months of natural aging (112, 113). This confirms the outcome of part IV, where a de 

novo formation of Strecker aldehydes through 3-DG degradation also occurs mostly 

after prolonged storage (> 6 months of natural aging) (111). Based on the conversion 

rate of 14% (degraded 3-DG to Strecker aldehydes) in part IV presented in Figure 8 

after 12 months of natural aging (111), about 60% of the formed sum of Strecker 

aldehydes are explainable after 9 months of natural aging at medium (P2) and high 

(P3) malt modification levels by the observed 3-DG degradation (Figure 9) in part V. 

This indicates that the Strecker aldehydes are mainly formed by 3-DG degradation. 

However, at low malt modification levels (P1) the degraded 3-DG covers more than 

100% (B1: 375% and B2: 189%) of the formed Strecker aldehydes. Here, it can be 

assumed that 3-DG undergoes alternative degradation reactions such as 

fragmentation or HMF formation to a higher percentage compared to medium or high 

malt modification levels and that 3-DG is not converted by 14% within Strecker 
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degradation at theses stages. Therefore, Strecker degradation of 3-DG is decreased 

at lower malt modification levels. 

Although the Strecker aldehydes concentrations show significant absolute differences 

employing forced aging and natural aging, a significant effect in sensory characteristics 

such as DLG smell or DLG taste by the malt modification level (Figure 9) could not be 

detected. However, a higher malt modification level tends to decreased averages for 

DLG quality parameters (112). Therefore, in determining differences between beers 

with different malt modifications, a discriminative triangle test was carried out after 9 

months of natural aging when the differences between the Strecker aldehydes 

concentrations are at maximum. With the exception of B1P1 and B1P2, all pairs reveal 

a significant difference. Therefore, the variations (different malt modification levels) are 

clearly sensory distinguishable after 9 months of natural aging (112).  

In conclusion, a technologically increased 3-DG content in fresh beer by an enhanced 

3-DG formation potential during beer production accelerates analytical and sensory 

natural aging. Thus, the 3-DG content in fresh beer serves as a suitable parameter to 

predict flavor instability due to its reactive precursor activity during natural aging.  

4.4 Course of 3-DG during the malt and beer production 
 

Summing up all presented results, the survey of 3-DG during malt and beer production 

is to be considered. Figure 10 shows a qualitative overview of the formation and 

degradation of 3-DG during the malt and beer production.  

 

Figure 10 Qualitative overview about the 3-DG formation and degradation during the malt and beer production 



113 
 

During malting (kilning step), Amadori products such as FL and 3-DG were 

simultaneously formed, which indicates that the Maillard reaction stays in its early 

stage (19, 105). Nevertheless, 3-DG degradation can already occur at minor reaction 

rates due to the high reactivity of the dicarbonyl and the high temperatures during 

kilning. Stepping further through beer production, 3-DG is mainly formed during 

mashing and at the beginning of wort boiling where FL as its direct precursor is 

degraded simultaneously (109). This behavior indicates the progress of the Maillard 

reaction to the advanced stage (19). At the end of boiling, 3-DG formation stagnates 

because 3-DG degradation starts to dominate. This effect is confirmed by enhanced 

HMF (109) and Strecker aldehyde formation (110) during the boiling process. 

Proceeding to beer aging, the degradation of 3-DG completely dominates over 

formation. With simultaneously occurring constant contents of AGEs and rising 

Strecker aldehydes and HMF contents, it can be stated that the Maillard reaction 

reaches its final stage mainly characterized by dicarbonyl degradation in the brewing 

process (19).  

This thesis confirms the progress of the Maillard reaction based on the formation and 

degradation reactions of 3-DG, its precursors, and the respective follow up products. 

Starting from malting the Maillard reaction develops to the final stage ending up at beer 

aging while the transitions of the three stages between the malting and beer production 

steps are not discrete but shows some overlapping.  

4.5 Thesis Outcome: Discussion of the role of 3-DG regarding flavor 

instability 
 

Flavor instability is caused by rising aldehydes during beer aging. As already shown, 

they can be formed in two ways: Releasing from their bound form or de novo formation 

by chemical reactions such as the Maillard reaction (112). 3-DG has influence on the 

de novo formation pathway due to its reactivity within the Strecker degradation 

according to model studies (5). In this thesis, the formation of Strecker aldehydes from 

3-DG degradation is confirmed after prolonged natural aging (> 6 months) by spiking 

experiments (111). About 60% of the formed Strecker aldehydes during natural aging 

are covered by 3-DG degradation by a technologically varied 3-DG content in fresh 

beer after 9 months of aging at medium (P2) and high (P3) malt modification levels. 

However, the role of dicarbonyls, in particular 3-DG, regarding flavor instability needs 

to be considered in an enlarged view comprising free and bound aldehydes as well as 
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their precursor compounds (dicarbonyls, Amadori products, and amino acids). Figure 

11 shows the molar distributions of the sum of free and bound aldehydes, Amadori 

products (FL and ML), Strecker-active amino acids (valine, isoleucine, leucine, 

methionine, and phenylalanine), and dicarbonyls (3-DG, 3-DGal, and 3-

deoxymaltosone) according to part V and part VI during natural aging. 

 

Figure 11 Molar distribution of free and bound aldehydes and precursor compounds (amino acids, dicarbonyls, Amadori 
products) during aging in beer at three different malt modification levels (P1, P2, and P3) and two barley varieties (B1 and B2) 
(113) 

Generally, it could be shown that the precursors strongly predominate the total sum of 

all compounds. Free and bound aldehydes contribute to the molar distribution in sum 

only up to 0.7% in total. Therefore, the degradation of precursors is covering the 

formation of the free aging aldehydes completely. However, it could be assumed that 

release and de novo formation of aging aldehydes take place simultaneously. The 

aging period where the concentration of free aldehydes surpasses the total of free and 

bound aldehyde content in fresh beer is determined as release dominated aging stage. 

Here, free aldehydes are mainly formed by release of their bound forms. This time 

period ranges from 1–4 months of natural aging depending on the malt modification 

level. The result indicates that the de novo formation of aging aldehydes becomes 
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dominant after 1–4 months of natural aging. Significant sensory changes were 

observed after 3–5 months of natural aging (112). Thus, the release of aldehydes may 

basically provide the potential for sensory changes. Furthermore, the de novo 

formation, e.g. from 3-DG degradation, mainly reinforces and accelerates sensory 

changes during natural beer aging after 3–5 months. These findings further confirm 

the results of part IV, where an artificially induced increase of the initial 3-DG content 

shows a significant analytical effect after prolonged natural beer aging (> 6 months). 

Focusing on the role of 3-DG on the de novo formation pathways, Figure 11 shows 

that the Strecker relevant amino acids are the predominant substance class out of the 

precursors. They are covering 73–93% of the total molar distribution. The dicarbonyls 

represent a minor substance class of precursors (5–20% of the total sum). 

Nevertheless, precisely because of this fact, dicarbonyls are playing the critical role for 

the de novo formation of Strecker aldehydes. The less concentrated precursor is 

known to be decisive for the kinetics (reaction speed) of the Strecker degradation. 

Furthermore, dicarbonyls, in particular 3-DG, are the only precursor class showing a 

constant reduction with all experimental variations during natural aging. This 

degradation further indicates the importance of the dicarbonyls for Strecker 

degradation. 3-DG covered 61–79% of the total molar sum of the observed dicarbonyls 

(Figure 11). Therefore, 3-DG is the predominant dicarbonyl compound during natural 

beer aging according to this study. In conclusion, the original hypothesis stating that 

the concentration of 3-DG in fresh beer can be used as an analytical indicator for flavor 

instability of pale lager beers is confirmed.  

4.6 Outlook 
 

This thesis points out the importance of dicarbonyl 3-DG for understanding the flavor 

instability of pale lager beer. The investigated results offer themselves to be further 

used to established a rapid-response analytical method. After derivatization with o-PD 

3-DG forms a stable quinoxaline and can be monitored at 312 nm by UV absorption  

(23). Using 2,3-diamonnaphtalene as a derivatization reagent forms a 

benzo[g]quinoxaline which can also be monitored by fluorescence detection at an 

excitation wavelength of 271 nm and an emission wavelength of 503 nm (118). This 

could be used for a photometric or a fluorometric fast response method where the 

dicarbonyls could be measured directly from fresh beer. The establishment of such a 
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method certainly requires further validation and investigation of a strongly enlarged 

sample set of pale lager beers.  

Flavor instability is a complex phenomenon. Beside important precursors, antioxidants 

play a role to determine the flavor instability of beer. A key antioxidant is SO2 in beer. 

Therefore, studies should be applied with a constant 3-DG content and varied SO2 

concentrations to investigate the role of 3-DG by varied antioxidant concentration. The 

SO2 variation could be performed by varied yeast strains or varied fermentation 

conditions.  

Furthermore, dicarbonyl compounds are potentially suitable as predictors for the flavor 

stability of other beer types such as dark beers or wheat beers. In comparable 

experiments, the functionality of 3-DG in these types could be observed. Finally, the 

potential 3-DG metabolism during yeast fermentation could be investigated. Follow-up 

products such as 3-deoxyfructose may also be promising analytical indicators for flavor 

instability.   
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