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Abstract: Flavor instability of beer is affected by the rise of aroma-active aldehydes during aging.
Aldehydes can be either released from bound-state forms or formed de novo. This second part of
our study focused on the de novo formation of aldehydes during the Maillard reaction, Strecker
degradation, and oxidation reactions. Key precursor compounds for de novo pathways are free amino
acids. This study varied the potential for reactions by varying free amino acid content in fresh beer
using different proteolytic malt modification levels (569–731 mg/100 g d. m. of soluble nitrogen) of the
used malt in brewing trials. Overall, six pale lager beers were produced from three malts (different malt
modification levels), each was made from two different barley varieties and was naturally and forcibly
aged. It was found that higher malt modification levels in fresh beer and during beer aging increased
amino acid and dicarbonyl concentrations as aging precursors and Strecker aldehyde contents as
aging indicators. Dicarbonyls were degraded during aging. Advanced glycation end products as
possible degradation products showed no consistent formation during aging. Therefore, Strecker
reactions were favored during beer aging. No alternative oxidative formation of Strecker aldehydes
from their corresponding alcohols could be confirmed. Along with the preceding part one of our
investigation, the results of this study showed that de novo formation and release occur simultaneously.
After 4 months of natural aging, aldehyde rise is mainly accounted for by de novo formation.

Keywords: beer aging; Maillard reaction; dicarbonyls; aldehydes; proteolytic malt modification;
Strecker degradation

1. Introduction

After bottling, beer flavor is affected by various chemical reactions, leading to flavor
instability. One main reason for a change in flavor in beers is the rise of aging indicators
such as sensory-active aldehydes. In our preceding study (part one), the sensory and
chemical effects of beer aging in lager beer were introduced [1]. The concentration of aging-
relevant aldehydes increases during storage, and these aldehydes can be either formed by
their release from bound-state aldehydes forms or by de novo formation pathways [2]. The
preceding study focused on the release of bound-state aldehydes (part one). Important
reactions for de novo formation of aging aldehydes are the Strecker degradation, the Maillard
reaction, and oxidation reactions such as lipid oxidation or oxidation of the corresponding
alcohols [3,4].

Despite moderate storage temperatures of approximately 20 ◦C, de novo formation
of aging aldehydes can occur with low reaction rates, starting in fresh beer. Here, the
concentrations of precursor substances are a critical factor for reaction kinetics [4]. Figure 1
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summarizes the reaction pathways for the de novo formation of aldehydes observed in
this study.
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Figure 1. Overview of observed de novo formation pathways of aging aldehydes.

Regarding Strecker degradation and the Maillard reaction, amino acids, Amadori
products, and dicarbonyls are important precursor substances [5–7]. During Strecker
degradation, dicarbonyls and amino acids react to Strecker aldehydes. Here, they form an
unstable hemiaminal adduct by water elimination, which further undergoes irreversible
decarboxylation. After water addition, the adduct is decomposed into Strecker aldehy-
des and an α-ketoamine compound [4]. Important aging-relevant Strecker aldehydes are
2-methylpropanal (2MP) from valine, 2-methylbutanal (2MB) from leucine, 3-methylbutanal
(3MB) from isoleucine, phenylacetaldehyde (PA) from phenylalanine, and methional (meth)
from methionine. Alternatively, Strecker aldehydes could be directly formed from Amadori
products [8] or by oxidation of their corresponding alcohols, e.g., 2MP from the oxidation
of 2-methylbutanol [9]. Regarding the direct oxidation of higher alcohols, the pathway
could be deemed insignificant due to minimal O2 levels after bottling (<0.1 mg/L) [10].
Further, a study on wine recently found that oxidation of higher alcohols to their respective
aldehydes is significantly less relevant than the degradation of amino acids during the
Strecker reaction [11].

A competing reaction pathway for dicarbonyls and amino acids is the final stage of
the Maillard reaction [12]. Here, the amino groups of arginine or lysine can react with
dicarbonyls forming “advanced glycation end products” (AGEs). For example, pyrraline
and Nε-carboxyethyllysine (CEL) can be formed via the reaction of the ε-amino group
of lysine with the dicarbonyl 3-deoxyglucosone (3-DG) [13] or with methylglyoxal [14],
respectively. Nobis et al. demonstrated an 8% conversion from artificially spiked 3-DG
to AGEs during aging [15]. Therefore, AGE formation can influence dicarbonyl reactivity
during aging.

Thus far, several studies have shown a negative sensory effect of artificially increased
precursors. Lund et al. pointed out that an elevated content of amino acids increased
protease activity during the mashing procedure had a negative effect on beer sensory
quality during aging [16]. Vesely et al. reported negative sensory effects by spiking
phenylalanine and methionine to fresh beer [17]. Nobis et al. showed enhanced Strecker
aldehyde formation after prolonged storage by adding 3-DG to fresh beer [15]. However,
there is a lack of knowledge about the effect of technologically varied initial precursor
content on de novo aging aldehyde formation during beer aging (forced and natural). As
introduced in our preceding study (part one), accelerated proteolytic malt modification, in
particular, is likely to be a good adjusting tool because it increases the levels of amino acid
and dicarbonyls in malt [18] and wort [19].
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In this second part of our study, we hypothesized that an increased proteolytic malt
modification level elevates flavor instability by promoting de novo formation of aldehydes
due to an enhanced initial concentration of amino acids and dicarbonyls in fresh beer.
Therefore, the aim of part two was to investigate de novo formation pathways of aging
aldehydes due to different proteolytic malt modification levels using Strecker degradation
and the Maillard reaction. Furthermore, the application of precursor concentration for the
early stage assessment of aging stability was evaluated.

2. Materials and Methods
2.1. Chemicals

All amino acids (L-form), (13C, 15N) labeled amino acids, D-glucose, potassium dihydro-
gen phosphate, methanol (LC-MS grade), o-phenylenediamine, furfural, pentanal, hexanal,
heptanal, (E)-2-nonenal, hydrochloric acid, 4-fluorobenzaldehyde, ethanol (absolute), disodium
hydrogen phosphate dihydrate, butanol, methyl caproate, 2-methypropanol, 3-methylbutanol,
2-methylbutanol, acetic acid, 2-methylbutyraldehyde (2MB), 3-methylbutyraldehyde (3MB),
isobutyraldehyde (2MP), phenylacetaldehyde (PA), O-(2,3,4,5,6-Pentafluorobenzyl) hydroxy-
lamine (PFBHA), nonafluoropentanoic acid (NFPA), pepsin (3839 U/mg protein), pronase E
(4000 PU/mg), leucine amino-peptidase (18 U/mg protein), prolidase (553 U/mg protein),
o-phenylenediamine, quinoxaline, 2-methylquinoxaline, 2,3-dimethyl-quinoxaline, and water
(LC-MS grade) were obtained from Merck (Darmstadt, Germany). Acetonitrile used for liquid
chromatography–mass spectrometry (LC-MS) analysis was purchased from VWR (Darmstadt,
Germany). Methanol was acquired from Fisher Scientific (Loughborough, UK). Before use, the
water for analytics was purified using a micropore water purification system (Thermo Fisher
Scientific Inc., Waltham, MA, USA).

The following substances were synthesized according to literature: N-ε-fructosyllysine [20],
N-ε-maltulosyllysine [20], pyrraline [13,21], and quinoxaline derivatives of 3-DG [22], 3-
DGal [22], and 3-DM [23].

2.2. Malt, Wort, and Beer Production

The production of malt, wort, and beer samples has been described in our preceding
study [1]. As presented in part one, the sample set comprised six beers from two barley va-
rieties (B1 and B2) each malted at three different malt modification levels (P1 < P2 < P3) [1].
Table 1 summarizes the sample set and the malt modification level of the used malt assessed
by the soluble nitrogen content [1].

Table 1. Malt variation of the sample set: steeping degree, soluble N (target and real) [1].

Malt Variation Steeping Degree (%) Target Soluble N
(mg/100 g malt d. m.)

Real Soluble N
(mg/100 g malt d. m.)

B1P1 38 550 ± 25 573 ± 10
B1P2 41 625 ± 25 601 ± 1
B1P3 44 700 ± 25 660 ± 1
B2P1 39 550 ± 25 569 ± 3
B2P2 43 625 ± 25 620 ± 14
B2P3 47 700 ± 25 731 ± 1

For reaching the target values of soluble N, both barley varieties were malted at
different steeping degrees (moisture content during germination).

2.3. Aging and Sample Treatment

Forced (FO) and natural beer aging from fresh beer (FR) has been described in part one
of our study [1]. Sampling during natural beer aging was performed after one month (M1),
two months (M2), three months (M3), four months (M4), five months (M5), six months (M6),
and nine months (M9). The sampling at each sampling point was performed by filtration
through a folded paper filter. After filtration, the samples were quickly homogenized,
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collected in 50 mL plastic tubes, and frozen. Prior to high-performance LC (HPLC) analytics,
beer samples were used directly after filtration through a membrane filter (0.45 µm) from
VWR (Radnor, PA, USA).

2.4. Quantitation of Free Aldehydes via HS-SPME-GC-MS

The procedure was performed according to Lehnhardt et al., with minor modifi-
cations [24]. The cooled wort sample (5 mL) and 50 µL internal standard (2 mg/L
4-fluorobenzaldehyde in ethanol) were transferred to a 20 mL headspace vial and stored
in a cooled autosampler tray (17 ◦C). The extraction was performed using a Supelco®

50/30 µm coating CAR-PDMS-DVB fiber from Merck (Darmstadt, Germany). First, the
fiber was loaded with O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBHA) for 10 min
at 40 ◦C. Afterward, the headspace of the sample was extracted for 30 min at 40 ◦C. The
fiber was injected with a 1/5-split at 270 ◦C into a GC (GC-Ultra 1300, Thermo Scientific
Inc., Waltham, MA, USA) coupled to a single quad mass spectrometer (ISQ 7000, Thermo
Scientific Inc., Waltham, MA, USA). The GC was equipped with a DB-5 column (length of
60 m; inner diameter of 0.25 mm; film thickness of 0.25 µm; Thermo Scientific Inc., Waltham,
MA, USA). The carrier gas was helium (flowrate 1.85 mL/min). The starting temperature
was held at 60 ◦C for 4 min, followed by heating at 5 K/min up to a final temperature of
250 ◦C, which was maintained for 3 min. A full scan mode (m/z 35–350) with a dwell time
of 0.02 s was used for the analysis. Each sample was analyzed in triplicate. Peak detection
was performed in Xcalibur 3.1.66.10 (Thermo Scientific Inc., Waltham, MA, USA).

2.5. Quantitation of 1,2-Dicarbonyl Compounds

For this study, 1,2-dicarbonyl compounds were analyzed as quinoxaline derivatives
using a high-pressure gradient system series 1200 (Agilent Technologies, Böblingen, Ger-
many) consisting of an online degasser, autosampler, a pump, a column oven, and a diode
array detector. Quantitation was performed according to Degen et al. [25].

2.6. Quantitation of Amino Acids

A total of 19 amino acids were determined according to the method reported by
Sonntag et al. [26] by high-performance LC tandem mass spectrometry (HPLC MS/MS) in
a multiple reaction monitoring (MRM) mode, as previously published by Nobis et al. [18].

2.7. Quantitation of Glycated Amino Acids

By using a high-pressure gradient system series 1200 (Agilent Technologies, Böblingen,
Germany), including a binary pump, an online degasser, a column oven, an autosampler,
and a diode array detector, as well as the triple-quadrupole mass spectrometer 6410,
glycated amino acids were analyzed according to a previously published protocol [23].

2.8. Determination of Higher Alcohols and Esters

Higher alcohols and esters were quantified according to MEBAK WBBM 2.21.1 [27]
as volatile fermentation byproducts with a gas chromatography flame ionization tech-
nique (GC-FID). The system comprised an HP 7694 Headspace Sampler and an HP
6890 Series GC from Agilent (Waldbronn, Germany). An HP-Ultra 2 capillary column
(50 m × 0.32 mm × 0.52 µm) was used for chromatographic separation from Agilent. Sam-
ples were used directly without any treatment. Then, 5 mL beer and 0.1 mL of the internal
standard (100 mg/L methyl caproate and 2 g/L butanol in 10 v/v% ethanol in water) were
transferred in a 22 mL headspace vial and directly analyzed.

2.9. Statistical Analysis

Statistical analysis was performed using the software JMP® Pro 14 (SAS Institute
GmbH, Heidelberg, Germany). Results are presented as the average ± standard deviation.
ANOVA (Tukey test) at a significance level of 0.05 was used for average comparison.
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3. Results and Discussion

Flavor instability of beer is mainly caused by increasing aldehyde concentrations
in freshly bottled beer. Since the preceding study observed the release of aging-relevant
aldehydes, this study focused on de novo formation pathways. In the following section,
the oxidation of higher alcohols, the Maillard reaction, and the Strecker degradation are
discussed because of their contribution to Strecker aldehyde formation during beer aging.

3.1. Oxidation of Higher Alcohols

The first pathway studied is the oxidation of higher alcohols. As already introduced,
these compounds can be oxidized in the presence of reactive oxygen species, forming their
corresponding aldehydes [2]. The degradation is an alternative pathway for Strecker alde-
hyde formation. Figure S1 shows the concentrations of 2-methylpropanol (2MP precursor),
2-methylbutanol (2MB precursor), and 3-methylbutanol (3MB precursor) during natural
and forced beer aging at two barley varieties (B1 and B2), each with three different malt
modification levels (P1 < P2 < P3).

There was no consistent trend in the behavior of natural beer aging at all variations.
Therefore, the most constant trend did not indicate an oxidation reaction. The oxygen
level was below 0.1 mg/L in fresh beer samples at all variations [1]. Thus, the oxidation
reaction was inhibited and no contribution to the aging aldehyde formation could be
observed. However, only the P1 levels of 2-methylbutanol and 3-methylbutanol at B2
showed a significant reduction during aging. The degradation could indicate the oxidative
formation of 3MB or alternative degradation pathways of 3-methylbutanol favored such
as esterification, acetal formation, or elimination reaction. Further, the aging of B2P1 is
more influenced by oxygen because it showed the lowest precursor levels (Figure 2), as
well as the lowest SO2 levels [1], but oxygen concentrations were low, compared with
the other variations in this study. Regarding the effect of malt modification, there was
also no consistent trend observable. Surprisingly, the medium malt modification level
(P2) showed the highest concentrations for 2-methylpropanol and 2-methylbutanol. The
higher alcohol concentration measured in fresh beer is mainly formed during fermentation
from their corresponding amino acids via the Ehrlich pathway [28]. Although the highest
amino acid concentrations of valine, leucine, and isoleucine were found in the highest
malt modification level (P3) after boiling [19], a differentiation of the corresponding higher
alcohols due to the order in boiled wort (P1 < P1 < P3) was not detected. That confirms
that the Ehrlich pathway is affected by various parameters such as yeast strain, pH value,
aeration, or additional glucose content, which was not monitored in this study, in boiled
wort [28,29]. Exemplarily, 3-methylbutanol showed no trend within the different malt
modification levels.

Generally, there was no consistent indication for oxidative Strecker aldehyde formation
during beer aging for the observed analytes in this study, which confirms the literature
study on wine [11], as already elucidated in the Introduction Section.

3.2. Reactivity of Precursor Compounds in the Maillard Reaction

The possible precursor compounds for flavor-active Strecker aldehydes are primarily
the corresponding amino acids and dicarbonyl compounds. The latter can be formed
because of direct caramelization, or indirectly via the Amadori product degradation as
part of the Maillard reaction from carbohydrates [5]. Figure 2 shows the free amino acids
depending on the malt modification level (P1 < P2 < P3) for two barley varieties (B1 and B2)
during natural and forced aging. Valine, methionine, leucine, isoleucine, and phenylalanine
were selected because their corresponding Strecker aldehydes are sensory-active beer aging
indicators. Furthermore, lysine is shown to be an important reactive and often modified
amino acid within the Maillard reaction.
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Figure 2. Concentrations of (A) valine, (B) methionine, (C) isoleucine, (D) phenylalanine, (E) leucine, and (F) lysine at fresh
(FR), forcibly aged (FO), and naturally aged (M3, M6, and M9) beer at different malt modification levels (P1: white bar;
P2: grey bar; P3: black bar) at two barley varieties (B1 and B2); n = 3.

The highest contents of the selected amino acids were determined at the highest
malt modification level. The observed effect confirmed the ratio of the amino acids in the
final wort [19]. Although amino acids were metabolized during yeast fermentation [9],
their ratio between different malt modification levels remained constant. It is evident
that this ratio differed between the observed amino acids. Thus, the difference in free
lysine concentration between the lowest and highest malt modification level in fresh beer
was at factor 20, whereas methionine and valine concentrations showed factor 2–5. This
may be due to biological differences in protein composition and enzyme activity of barley
varieties [30]. Generally, an increased malt modification level provides higher reaction
potential for de novo Strecker aldehyde formation due to increased amino acid content.

The forced aging of the beers did not lead to significant changes in amino acid concen-
trations. This is partly due to the low reactivity of amino acids and, further, the relatively
short reaction time of 4 days, compared with natural aging. However, natural aging in-
creased Strecker-active amino acids. This could be explained, on the one hand, by the
release from imines or Amadori products and, on the other hand, the degradation of
peptides and proteins. Thus, it seems likely that the degradation of Strecker aldehydes
occurred simultaneously with the release of amino acids. Therefore, an increasing amino
acid concentration during aging could additionally increase the de novo formation potential
for Strecker aldehydes.

Additional precursor compounds that can be formed during the Maillard reaction are
Amadori products and the resulting dicarbonyl compounds. Strecker aldehydes can be
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formed from both substance classes [7]. Exemplarily, the Amadori products of lysine (ML
and FL) and the dicarbonyl compounds 3-DG, 3-DGal, and 3-DM are discussed. Figure 3
shows the mentioned analytes in their free form, depending on the malt modification level
(P1 < P2 < P3), at two barley varieties (B1 and B2) during natural and forced aging.
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FL ranged from 3.0 to 11.4 mg/L. ML was determined at 5.5–15.0 mg/L. No significant
differences could be seen between the barley varieties with regard to the Amadori product
concentration. During forced and natural beer aging, there was also no consistent trend of
the Amadori product levels. Note that this study focused on ε-terminal Amadori products
of lysine (FL and ML). The α-terminal Amadori products of Strecker-active amino acids
might undergo degradation and, therefore, can contribute to Strecker degradation [7].
Regarding the influence of the malt modification level, the highest level mainly showed the
highest concentrations of Amadori products. The effect could be caused by the increased
concentration of amino acids (Figure 2), which was already observed during wort boil-
ing [19]. This fact indicates that the FL and ML levels could have already been increased in
the final wort before fermentation.

As main dicarbonyl compounds, 3-DG (7.9–19.5 mg/L), 3-DGal (1.5–4.7 mg/L), and
3-DM (1.5–9.9 mg/L) were found in concentrations comparable to previous studies [31,32].
B2 showed slightly higher contents of dicarbonyl compounds. Regarding the 3-DG and
3-DGal content, a decreasing trend during natural beer aging could be observed, as has
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been previously reported [15,31]. This decrease is caused by the degradation of dicar-
bonyls, indicating the de novo formation of Strecker aldehydes. Furthermore, dicarbonyl
compounds can undergo conversion to 5-hydroxymethylfurfural (HMF), as previously
reported during beer aging [15]. Nevertheless, the formation of both dicarbonyls cannot
be excluded during aging. Exemplarily, Rakete et al. observed the formation of 3-DG and
3-DGal by forced aging model experiments of maltotetraose [31]. Therefore, the degrada-
tion trend of both compounds tends to be underestimated. A higher malt modification
level showed a consistent increase in 3-DG concentration during natural and forced aging,
whereas 3-DGal content was less affected. However, higher 3-DG content could be caused
by a stronger formation during wort boiling at higher malt modification levels [19,33]. The
resulting higher absolute degradation of 3-DG promotes the de novo formation of Strecker
aldehydes during natural beer aging. Furthermore, this effect can decrease flavor instability,
as already shown by artificially increased 3-DG content in pale lager beers [15]. Dicarbonyl
3-DM showed a slightly increasing tendency during natural beer aging. This could be
caused by a new formation from maltose. This phenomenon has already been described
in the aging of pilsner beer [31]. Thus, the participation of 3-DM in Strecker degradation
can be confirmed, but the degradation of α-dicarbonyl can occur simultaneously with the
dominant formation during beer aging.

In summary, no clear indication for the formation of Strecker aldehydes from 3-DM
and Amadori products could be observed. It should be considered that only free dicar-
bonyls were used for the observation and that only ε-terminal Amadori products were
quantified. In contrast, the occurring degradation of 3-DG and 3-DGal indicated a possible
de novo formation of Strecker aldehydes.

3.3. Formation of Free Aging Aldehydes during Beer Aging

The elucidated precursor compounds react further during beer aging and form aging
aldehydes, causing sensory deterioration. This study focused on the Strecker degradation
reaction because this is a typical reaction of the observed precursors amino acids, dicarbonyl
compounds, and Amadori products. Figure 4 shows the concentration of 2MP, 2MB, 3MB,
meth, and PA during natural and forced aging in two barley varieties (B1 and B2) and three
different malt modification levels (P1 < P2 < P3). Data of all sampling points are provided
in the Supplementary Excel file (Table S1).

The barley variety showed no effect. The formation of the aging aldehydes was
comparable for both barley varieties. During aging, aldehydes were formed. As al-
ready shown in our preceding study, the rise was caused by the release from bound-state
forms [1]. However, due to the observed decreasing levels of 3-DG and 3-DGal as Strecker
aldehyde precursors during aging, de novo formation was suggested to be occurring si-
multaneously. In what follows, the aging behavior of the observed Strecker aldehydes is
discussed separately.

The 2MP concentration showed a strong increase during natural and forced aging.
The concentration after forced aging represented levels comparable to the natural aging of
0–3 months. During natural aging, the 2MP concentration increased up to 6 months and
was then reduced up to 9 months. A shift to masked forms can be excluded because, after
9 months of natural aging, no bound-state form was observed in the preceding study [1].
It can be assumed that aldehydes are degraded by alternative reactions such as aldol
condensation or further oxidation of the carbonyl group. Furthermore, 2MP surpassed its
threshold (86 µg/L) [34] after 3 months of natural aging at the highest malt modification
level (P3) and after 5 months at low (P1) and medium (P2) levels. Sensory attributes showed
significant changes after natural aging ranging from 3 to 5 months [1]. The conformity
indicates that 2MP played a key role in the sensory changes during beer aging in the study.
It is worth noting that 2MB and 3MB were also formed during natural and forced aging
but less strongly than 2MP. The concentration of both compounds after forced aging was
comparable to the concentration after 3–6 months of natural aging. As already discussed
for the 2MP concentration, the degradation of both aldehydes occurred from 6 to 9 months
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of natural aging. This effect could also be caused by alternative degradation pathways
such as aldol condensation or oxidation reactions. In this study, 2MB and 3MB did not
surpass their flavor thresholds (2MB: 45 µg/L; 3MB: 56 µg/L) [34] but could still contribute
to sensory flavor changes by synergistic effects. The limit of detection of meth is 0.8 µg/L.
Therefore, the Strecker aldehyde was majorly quantifiable after forced aging in B1 and after
3 months of natural aging in both barley varieties. For meth, forced aging was comparable
to the natural aging of 3–6 months. After 3 months of natural aging, a constant increase in
meth concentration was observed. The aldehyde surpassed its threshold of 4.2 µg/L [34]
after 9 months of natural aging. This result indicates that meth critically contributes to
sensory deterioration in an advanced stage of beer aging (>6 months of natural aging).
PA concentration increased constantly after 3 months of natural beer aging. The forced
method yielded PA concentrations comparable to 6–9 months of natural beer aging, with
an exception of B2P1 and B2P2 (3–6 months of natural beer aging). The aldehyde did not
surpass its threshold at 105 µg/L [34] but could contribute to sensory deterioration by
synergistic effects such as 2MB and 3MB.
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P3: black bar) at two barley varieties (B1 and B2); n = 3.

Generally, an increasing malt modification level caused an enhanced formation of all
Strecker aldehydes during natural and forced aging. This effect indicated an accelerated
beer aging by both increased release and de novo formation of Strecker aldehydes at higher
malt modification levels. Therefore, de novo formation is promoted by a higher content
of amino acids and dicarbonyls as Strecker aldehyde precursors due to an increased
modification level, as presented in the previous section.
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3.4. Formation of AGEs

Glycated amino acids are formed in the late phase of the Maillard reaction and
are considered their end products [12]. Since the formation also occurs in dicarbonyl
compounds, it represents a concurrence reaction to the Strecker degradation. In addition
to pyrraline, AGEs MG-H1, CEL and CML were investigated. Here, only the free amino
acids were determined. Figure 5 shows the contents of these AGEs depending on the malt
modification level (P1 < P2 < P3) in two barley varieties (B1 and B2) during natural and
forced aging.
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Figure 5. Concentrations of free AGEs ((A) pyrraline, (B) MG-H1, (C) CEL, and (D) CML) at fresh (FR), forcibly aged (FO),
and naturally aged (M3, M6, and M9) beer at different malt modification levels (P1: white bar; P2: grey bar; P3: black bar) in
two barley varieties (B1 and B2); n = 3.

Pyrraline, formed from 3-DG and lysine, was analyzed within 81–188 µg/L. The reac-
tion of MGO with the guanidino group of arginine produces MG-H1, which was quantified
at 325–515 µg/L in all samples. In comparison to previous studies, both concentration
ranges could be considered low [15,35]. CEL and CML are derived from the reaction of
MGO and GO with lysine, and thus, similar to MG-H1, are only indirectly involved in
the degradation of 3-DG. CEL ranged between 111 and 253 µg/L, and CML was found
between 69 and163 µg/L. Here, the contents were in the range described for pale lager
beer [15].

In general, no influence of barley variety on the investigated AGEs could be observed.
Higher malt modification tended to result in higher content of AGEs. Natural and forced
beer aging revealed no consistent trend on the analytes. This confirmed the results of
a study by Nobis et al., in which the concentration of AGEs also remained constant
during beer aging. The authors suspected AGE formation during beer aging as a minor
reaction [15]. Furthermore, Rakete et al. observed only a minimal increase in AGEs
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derived from proline (N-formylproline and N-carboxymethlyproline) during a forced
aging experiment [31]. Thus, the formation of the selected AGEs from the precursor
compound 3-DG could be considered as subordinate.

3.5. Influence of the Proteolytic Malt Modification Level on De Novo Formation

The previous sections focused on several individual precursor compounds and aging
aldehydes. However, the contribution to de novo formation should be further regarded for
each substance class in a holistic perspective. Hereby, the influence of malt modification
level on the aging potential is focused in the following lines. Figure 6 shows the molar
distribution of the sum of free aldehydes, bound aldehydes (4-VP releasable aldehydes) [1],
and precursor compounds (amino acids, dicarbonyls, and Amadori products) during aging
due to different malt modification levels (P1 < P2 < P3) and barley varieties (B1 and B2).
For amino acids, the sum of Strecker-relevant amino acids (leucine, isoleucine, valine,
methionine, and phenylalanine) was calculated. Dicarbonyls comprised the sum of 3-DG,
3-DGal, and 3-DM concentrations. Amadori products were calculated as the sum of FL and
ML content. All three substance classes are precursor compounds contributing to Strecker
degradation. The 4-VP releasable aldehydes from the preceding article were included in
the evaluation to further elucidate comprehensively the influence of de novo formation and
release for the formation of flavor-active volatiles. All observed compounds contribute to
the actual aging potential at several aging stages [19].
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In what follows, all substance classes are considered, starting with precursors. Strecker-
active amino acids represented the highest percentage of the overall sum of the calculated
compounds. Notably, 73–93% of the sum belonged to this substance class. Furthermore, the
concentration of amino acids was 5–16 times higher than that of dicarbonyls, accounting
for only 5–20% of the aging potential (sum of all compounds). The ratio of amino acids
and α-dicarbonyls indicated that the dicarbonyl concentration was the critical factor for de
novo Strecker degradation from both classes. This fact is further substantiated by the higher
reactivity of dicarbonyl compounds [5]. Dicarbonyls were the only precursor substance
class in which degradation was observed for almost all variations. This fact could be
shown by the changes in the sum from fresh beer to 9 months naturally aged beer (B1P1:
95 to 75 µM; B1P2: 114 to 103 µM; B1P3: 143 to 120 µM; B2P1: 90 to 94 µM; B2P2: 120
to 113 µM; B2P3: 156 to 134 µM). The degradation indicated Strecker degradation and
confirmed previous references that also observed dicarbonyl degradation during beer
aging [15,36]. The Amadori products accounted for only a minor percentage of 1–8% of the
aging potential at all aging stages. Here, it should be considered that only two Amadori
products as direct precursors of dicarbonyls were observed. Amadori products formed at
the α-amino group of amino acids as direct Strecker aldehyde precursor compounds [8]
might be more important. For example, Wittmann and Eichner (1989) determined fructose-
derived Amadori products from valine, leucine, and isoleucine in the sum of 105 µM in
fresh beer [37].

Regarding free and bound-state aldehydes, it was revealed that both forms in sum
accounted for only 0.7% of the aging potential. The precursor substance classes were highly
elevated, compared with the free aldehydes in this study, whereby the ratio increased
toward free aldehydes during aging. In fresh beer, the precursor concentration (sum of
amino acids, dicarbonyls, and Amadori products) was 3050–13,790 times higher than
free aldehyde concentration. After natural aging of 9 months, the ratio decreased to only
334–787 times. The shift and ratio indicate that de novo formation of aging aldehydes can
occur directly starting from freshly bottled beer. The concentration of bound aldehydes
increased with higher amino acid concentration, indicating imine formation.

The malt modification level had a strong influence on the entire aging potential.
During all stages of natural and forced aging, the sum of free aldehydes, bound-state
aldehydes, and precursors was increased by a higher malt modification level. The difference
between B1P1 and B1P2 was low because both samples had the lowest difference between
the soluble nitrogen content of the used malts [1]. However, it could be stated that a higher
proteolytic malt modification level increases the de novo formation of free aging aldehydes
by an elevated pool of precursors in fresh beer.

Regarding the result of the preceding article [1] and this study, it could be concluded
that the release of the bound-state and de novo formation of aging aldehydes occurred
simultaneously. However, both studies aimed to comprehensively elucidate whether one
of both pathways was dominant at a certain aging period. Therefore, a calculation was
performed to evaluate the importance of the release of aging aldehydes. The sum of
the concentrations of free and bound (4-VP releasable) aging aldehydes [1] in fresh beer
was compared with the concentration of free aldehydes of the following sampling points
during natural aging for each barley variety and malt modification level. The aging period,
where the calculated sum in fresh beer exceeded the concentration of free aldehydes in
the aged beer, was defined as the release-dominated stage. Neglecting the simultaneously
occurring de novo formation, within these months of aging, the free aldehydes were mainly
formed by their observed bound-state concentrations in fresh beer. Table 2 summarizes
the release-dominated aging period of each variation. Longer ranges indicate that de novo
formation of aging aldehydes is less important.
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Table 2. Release dominated aging period of aldehydes of pale lager beer from two barley varieties
(B1 and B2) and three different malt modification levels (P1 < P2 < P3).

Variation Release Dominant Period of Natural Aging

B1P1 0–4 months
B1P2 0–4 months
B1P3 0–4 months
B2P1 0–3 months
B2P2 0–2 months
B2P3 0–1 months

A higher malt modification level at B2 tended to favor earlier importance of de novo
formation pathways, whereas no influence was observed for B1 variations. Generally, it
could be shown that the 4-VP releasable bound-state aldehyde was predominant toward
aging aldehyde formation up to 4 months of natural aging. The result confirmed the
findings of the study by Nobis et al., in which Strecker degradation by 3-DG spiking
was observable after prolonged storage (>6 months) [15]. The sample set showed varied
release-dominated aging periods. Therefore, de novo formation became important starting
from 1 to 4 months of natural aging in this study.

4. Conclusions

The objective of the study was to investigate the de novo formation of free aldehydes
during beer aging due to different malt modification levels. Thus, the investigation focused
on the oxidation of higher alcohols, Strecker degradation, and the Maillard reaction. No
formation of Strecker aldehydes from their corresponding alcohols could be confirmed.
A higher malt modification level increased the concentration of amino acids, dicarbonyls,
and free Strecker aldehydes. This increased aging potential explains the decreased sensory
evaluation in the preceding article by a higher malt modification level [1]. The dicarbonyl
compounds 3-DG and 3-DGal were degraded during aging, indicating Strecker degrada-
tion. Amadori products showed no consistent trend during aging. The effect might be
caused by a balance between aldehyde formation and degradation, which could further
lead to observed increased 3-DM concentrations during aging. AGEs remained constant
during beer aging. Therefore, dicarbonyls reacted more strongly to Strecker aldehydes or
alternative pathways such as HMF or melanoidin formation. For Strecker degradation,
dicarbonyl concentrations were found to be more critical than the amino acid concentration.
Finally, it was concluded that de novo formation and release of bound-state aldehydes
occurred simultaneously. Up to four months of natural aging, the release of bound-state
aldehydes was the predominant way for aging aldehyde formation. Significant sensory
changes occurred at a range of 3–5 months of natural aging. Therefore, it can be assumed
that the release of aldehydes basically provided the potential for sensory changes and
needs to be regarded as a separate aging mechanism. In conclusion, de novo formation
mainly reinforced and accelerated sensory beer aging after 3–5 months in this study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10112668/s1, Figure S1: Concentrations of (A) 2-methylpropanol, (B) 2-methylbutanol,
and (C) 3-methylbutanol in fresh (FR), forcibly aged (FO), and naturally aged (M3, M6, and M9) beer
at different malt modification levels (P1: white bar; P2: grey bar; P3: black bar) at two barley varieties
(B1 and B2); n = 3, Table S1: All data from amino acids, aldehydes, Amadori products, dicarbonyls,
and AGEs.

Author Contributions: Conceptualization, A.N., M.K. and M.G.; investigation, A.N., M.K. and
F.L.; writing—original draft preparation, A.N., M.K. and F.L.; writing—review and editing, M.H.,
M.G., T.H. and T.B.; visualization, A.N. and M.K.; supervision, M.H., M.G., T.H. and T.B.; funding
acquisition, M.G. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/foods10112668/s1
https://www.mdpi.com/article/10.3390/foods10112668/s1


Foods 2021, 10, 2668 14 of 15

Funding: These IGF Projects (AiF 20624 N and AiF 20151 N) were supported via AiF within the
program for promoting the Industrial Collective Research (IGF) of the German Ministry of Economic
Affairs and Energy (BMWi), based on a resolution of the German Parliament.

Data Availability Statement: The data presented in this study are available within the article.

Acknowledgments: Special thanks to O.K. for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lehnhardt, F.; Nobis, A.; Skornia, A.; Becker, T.; Gastl, M. A Comprehensive Evaluation of Flavor Instability of Beer (Part 1):

Influence of Release of Bound State Aldehydes. Foods. 2021, 10, 2432. [CrossRef]
2. Lehnhardt, F.; Gastl, M.; Becker, T. Forced into aging: Analytical prediction of the flavor-stability of lager beer. A review. Crit. Rev.

Food Sci. Nutr. 2019, 59, 2642–2653. [CrossRef] [PubMed]
3. Baert, J.J.; De Clippeleer, J.; Hughes, P.S.; De Cooman, L.; Aerts, G. On the Origin of Free and Bound Staling Aldehydes in Beer. J.

Agric. Food Chem. 2012, 60, 11449–11472. [CrossRef] [PubMed]
4. Vanderhaegen, B.; Neven, H.; Verachtert, H.; Derdelinckx, G. The chemistry of beer aging—A critical review. Food Chem. 2005, 95,

357–381. [CrossRef]
5. Hellwig, M.; Henle, T. Baking, ageing, diabetes: A short history of the Maillard reaction. Angew. Chem. Int. Ed. Engl. 2014, 53,

10316–10329. [CrossRef] [PubMed]
6. Rizzi, G.P. The Strecker Degradation of Amino Acids: Newer Avenues for Flavor Formation. Food Rev. Int. 2008, 24,

416–435. [CrossRef]
7. Yaylayan, V.A. Recent advances in the chemistry of Strecker degradation and Amadori rearrangement: Implications to aroma

and color formation. Food Sci. Technol. Res. 2003, 9, 1–6. [CrossRef]
8. Cremer, D.R.; Vollenbroeker, M.; Eichner, K. Investigation of the formation of Strecker aldehydes from the reaction of Amadori

rearrangement products with α-amino acids in low moisture model systems. Eur. Food Res. Technol. 2000, 211, 400–403. [CrossRef]
9. Ferreira, I.M.; Guido, L.F. Impact of wort amino acids on beer flavour: A review. Fermentation 2018, 4, 23. [CrossRef]
10. Krüger, E.; Anger, H.-M. Kennzahlen zur Betriebskontrolle und Qualitatsbeschreibung in der Brauwirtschaft: Daten uber Roh-Und

Hilfsstoffe, Halbfertig-Und Fertigprodukte bei der Bierbereitung; Behr: Hamburg, Germany, 1990.
11. Bueno, M.; Marrufo-Curtido, A.; Carrascon, V.; Fernandez-Zurbano, P.; Escudero, A.; Ferreira, V. Formation and accumulation of

acetaldehyde and strecker aldehydes during red wine oxidation. Front. Chem. 2018, 6, 20. [CrossRef] [PubMed]
12. Henle, T. Protein-bound advanced glycation endproducts (AGEs) as bioactive amino acid derivatives in foods. Amino Acids 2005,

29, 313–322. [CrossRef]
13. Henle, T.; Bachmann, A. Synthesis of pyrraline reference material. Z. Für Lebensm.-Unters. Forsch. 1996, 202, 72–74.

[CrossRef] [PubMed]
14. Manig, F.; Hellwig, M.; Pietz, F.; Henle, T. Quantitation of free glycation compounds in saliva. PLoS ONE 2019, 14,

e0220208. [CrossRef]
15. Nobis, A.; Kunz, O.S.; Gastl, M.; Hellwig, M.; Henle, T.; Becker, T. Influence of 3-DG as a Key Precursor Compound on Aging of

Lager Beers. J. Agric. Food Chem. 2021, 69, 3732–3740. [CrossRef] [PubMed]
16. Lund, M.N.; Petersen, M.A.; Andersen, M.L. Effect of protease treatment during mashing on protein-derived thiol content and

flavor stability of beer during storage. J. Am. Soc. Brew. Chem. 2015, 73, 287–295. [CrossRef]
17. Vesely, P.; Bohac, J.; Basarova, G. Effect of amino acid content in beer on its sensory stability. Kvas. Prum. 2001, 47,

276–279. [CrossRef]
18. Nobis, A.; Roehrig, A.; Hellwig, M.; Henle, T.; Becker, T.; Gastl, M. Formation of 3-deoxyglucosone in the malting process. Food

Chem. 2019, 290, 187–195. [CrossRef]
19. Nobis, A.; Lehnhardt, F.; Gebauer, M.; Becker, T.; Gastl, M. The Influence of Proteolytic Malt Modification on the Aging Potential

of Final Wort. Foods 2021, 10, 2320. [CrossRef]
20. Krause, R.; Knoll, K.; Henle, T. Studies on the formation of furosine and pyridosine during acid hydrolysis of different Amadori

products of lysine. Eur. Food Res. Technol. 2003, 216, 277–283. [CrossRef]
21. Hellwig, M.; Geissler, S.; Matthes, R.; Peto, A.; Silow, C.; Brandsch, M.; Henle, T. Transport of Free and Peptide-Bound Glycated

Amino Acids: Synthesis, Transepithelial Flux at Caco-2 Cell Monolayers, and Interaction with Apical Membrane Transport
Proteins. ChemBioChem 2011, 12, 1270–1279. [CrossRef] [PubMed]

22. Hellwig, M.; Degen, J.; Henle, T. 3-Deoxygalactosone, a “New” 1,2-Dicarbonyl Compound in Milk Products. J. Agric. Food Chem.
2010, 58, 10752–10760. [CrossRef]

23. Hellwig, M.; Henle, T. Maillard Reaction Products in Different Types of Brewing Malt. J. Agric. Food Chem. 2020, 68, 14274–14285.
[CrossRef] [PubMed]

24. Lehnhardt, F.; Steiner, J.; Gastl, M.; Becker, T. Prediction Power and Accuracy of Forced Ageing-Matching Sensory and Analytical
Results for Lager Beer. Brew. Sci. 2018, 71, 39–48.

http://doi.org/10.3390/foods10102432
http://doi.org/10.1080/10408398.2018.1462761
http://www.ncbi.nlm.nih.gov/pubmed/29641218
http://doi.org/10.1021/jf303670z
http://www.ncbi.nlm.nih.gov/pubmed/23148603
http://doi.org/10.1016/j.foodchem.2005.01.006
http://doi.org/10.1002/anie.201308808
http://www.ncbi.nlm.nih.gov/pubmed/25044982
http://doi.org/10.1080/87559120802306058
http://doi.org/10.3136/fstr.9.1
http://doi.org/10.1007/s002170000196
http://doi.org/10.3390/fermentation4020023
http://doi.org/10.3389/fchem.2018.00020
http://www.ncbi.nlm.nih.gov/pubmed/29492401
http://doi.org/10.1007/s00726-005-0200-2
http://doi.org/10.1007/BF01229689
http://www.ncbi.nlm.nih.gov/pubmed/8717098
http://doi.org/10.1371/journal.pone.0220208
http://doi.org/10.1021/acs.jafc.0c08003
http://www.ncbi.nlm.nih.gov/pubmed/33724016
http://doi.org/10.1094/ASBCJ-2015-0602-01
http://doi.org/10.18832/kp2001020
http://doi.org/10.1016/j.foodchem.2019.03.144
http://doi.org/10.3390/foods10102320
http://doi.org/10.1007/s00217-002-0649-0
http://doi.org/10.1002/cbic.201000759
http://www.ncbi.nlm.nih.gov/pubmed/21538757
http://doi.org/10.1021/jf102388v
http://doi.org/10.1021/acs.jafc.0c06193
http://www.ncbi.nlm.nih.gov/pubmed/33205653


Foods 2021, 10, 2668 15 of 15

25. Degen, J.; Hellwig, M.; Henle, T. 1,2-Dicarbonyl Compounds in Commonly Consumed Foods. J. Agric. Food Chem. 2012, 60,
7071–7079. [CrossRef] [PubMed]

26. Sonntag, T.; Kunert, C.; Dunkel, A.; Hofmann, T. Sensory-Guided Identification of N-(1-Methyl-4-oxoimidazolidin-2-ylidene)-α-
amino Acids as Contributors to the Thick-Sour and Mouth-Drying Orosensation of Stewed Beef Juice. J. Agric. Food Chem. 2010,
58, 6341–6350. [CrossRef]

27. Jacob, F. (Ed.) MEBAK Brautechnische Analysemethoden—Würze, Bier, Biermischgetränke: Methodensammlung der Mitteleuropäischen
Brautechnischen Analysenkommission; MEBAK: Freising-Weihenstephan, Germany, 2012.

28. Klosowski, G.; Mikulski, D.; Macko, D.; Miklaszewska, B.; Kotarska, K.; Czuprynski, B. Influence of various yeast strains and
selected starchy raw materials on production of higher alcohols during the alcoholic fermentation process. Eur. Food Res. Technol.
2015, 240, 233–242. [CrossRef]

29. Schehl, B.; Mueller, C.; Senn, T.; Heinisch, J.J. A laboratory yeast strain suitable for spirit production. Yeast 2004, 21, 1375–1389.
[CrossRef] [PubMed]

30. Gastl, M.; Schuell, F.; Becker, T. Malting and malt quality data for early malting of the 2010 crop. Brauwelt 2010, 150, 1540–1546.
31. Rakete, S.; Klaus, A.; Glomb, M.A. Investigations on the Maillard Reaction of Dextrins during Aging of Pilsner Type Beer. J. Agric.

Food Chem. 2014, 62, 9876–9884. [CrossRef]
32. Hellwig, M.; Nobis, A.; Witte, S.; Henle, T. Occurrence of (Z)-3,4-Dideoxyglucoson-3-ene in Different Types of Beer and Malt Beer

as a Result of 3-Deoxyhexosone Interconversion. J. Agric. Food Chem. 2016, 64, 2746–2753. [CrossRef] [PubMed]
33. Nobis, A.; Wendl, S.; Becker, T.; Gastl, M. Formation and degradation of 3-deoxyglucosone as a key intermediate for ageing

indicators during wort boiling. J. Inst. Brew. 2021. [CrossRef]
34. Saison, D.; De Schutter, D.P.; Uyttenhove, B.; Delvaux, F.; Delvaux, F.R. Contribution of staling compounds to the aged flavour of

lager beer by studying their flavour thresholds. Food Chem. 2009, 114, 1206–1215. [CrossRef]
35. Hellwig, M.; Witte, S.; Henle, T. Free and Protein-Bound Maillard Reaction Products in Beer: Method Development and a Survey

of Different Beer Types. J Agric. Food Chem. 2016, 64, 7234–7243. [CrossRef] [PubMed]
36. Bravo, A.; Herrera, J.C.; Scherer, E.; Yon, E.; Rubsam, H.; Madrid, J.; Zufall, C.; Rangel-Aldao, R. Formation of α-dicarbonyl

compounds in beer during storage of pilsner. J. Agric. Food Chem. 2008, 56, 4134–4144. [CrossRef] [PubMed]
37. Wittmann, R.; Eichner, K. Detection of Maillard products in malts, beers, and brewing colorants. Z. Lebensm.-Unters. Forsch. 1989,

188, 212–220. [CrossRef]

http://doi.org/10.1021/jf301306g
http://www.ncbi.nlm.nih.gov/pubmed/22724891
http://doi.org/10.1021/jf100591c
http://doi.org/10.1007/s00217-014-2323-8
http://doi.org/10.1002/yea.1189
http://www.ncbi.nlm.nih.gov/pubmed/15565641
http://doi.org/10.1021/jf503038c
http://doi.org/10.1021/acs.jafc.6b00468
http://www.ncbi.nlm.nih.gov/pubmed/26984557
http://doi.org/10.1002/jib.668
http://doi.org/10.1016/j.foodchem.2008.10.078
http://doi.org/10.1021/acs.jafc.6b02649
http://www.ncbi.nlm.nih.gov/pubmed/27594145
http://doi.org/10.1021/jf703696p
http://www.ncbi.nlm.nih.gov/pubmed/18461968
http://doi.org/10.1007/BF02112877

	Introduction 
	Materials and Methods 
	Chemicals 
	Malt, Wort, and Beer Production 
	Aging and Sample Treatment 
	Quantitation of Free Aldehydes via HS-SPME-GC-MS 
	Quantitation of 1,2-Dicarbonyl Compounds 
	Quantitation of Amino Acids 
	Quantitation of Glycated Amino Acids 
	Determination of Higher Alcohols and Esters 
	Statistical Analysis 

	Results and Discussion 
	Oxidation of Higher Alcohols 
	Reactivity of Precursor Compounds in the Maillard Reaction 
	Formation of Free Aging Aldehydes during Beer Aging 
	Formation of AGEs 
	Influence of the Proteolytic Malt Modification Level on De Novo Formation 

	Conclusions 
	References

