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Abstract

Freshly produced beer is in a state of chemical imbalance and its sensory characteristics change and deteriorate over
time. The period when beer resists these undesirable changes is referred to as its shelf stability, which is precisely
defined from a microbiological, colloidal and sensory point of view. The sensory stability of beer can be adversely
affected by vibrations during transport and improper storage at elevated temperatures, the presence of oxygen
and light. Sensory stability can be improved during production, in particular by selecting suitable raw materials,
limiting the access of oxygen and reducing the heat load. Although this review is based on well-known and frequently
discussed facts, it primarily presents the latest scientific results and theories concerning the sensory stability of beer,

which have been published in recent years.
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1 Introduction

Beer has been one of the most popular drinks since an-
cient times. Along with its growing production and ex-
port opportunities all over the world, it has become nec-
essary to ensure that beer will retain the properties of
a fresh beverage for as long as possible, i.e. that it will
keep the highest feasible microbiological, colloidal and
sensory stability.

Historically, microbiological stability was the first to
be addressed. Beer is one of the microbiologically rela-
tively stable beverages due to the content of ethanol, bit-
ter substances, carbon dioxide, low pH and low oxygen
concentration. However, there are some microorganisms
such as lactic acid bacteria or wild yeast, which are able
to grow in beer (Suzuki, 2011). To prevent their growth,
breweries use thermal pasteurisations or membrane fil-
tration (Briggs et al.,, 2004).

If beer does not have a good colloidal stability, precip-
itate or turbidity of non-microbiological origin appears
in it during storage. This is mostly caused by complexes

of proteins with polyphenols, but other substances such
as a higher content of f-glucans or oxalates may also
appear. Their formation is supported by several factors
such as improper storage, movement during transport
and most frequently unsuitable temperature, e.i. either
the temperature is too high or too low that it causes
the beer to freeze. From the point of view of beer pro-
duction, the choice of raw materials is vital, especially
the choice of malt with a low content of -glucans. Also,
a higher content of calcium ions in the brewing water can
prevent problems with precipitates caused by oxalates.
Many breweries prevent formation of protein-polyphe-
nolic turbidity by stabilization, which removes either
proteins using silica gels or polyphenols using polyvinyl-
polypyrrolidone (Kosat and Prochazka, 2000; Cejka et al,,
2019; Olsovska et al., 2021).

A number of sensory changes, which are typically
designated as the old taste of beer, occur during aging.
The first general conception of sensory changes during
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beer aging (Dalgliesh, 1977) included an
increase in sweet and toffee-like flavours,
a sharp increase in the aroma of currant

Table 1 Descriptors for the evaluation of the old taste of beer (Hill, 2003)

Group Descriptors

Sherry, madeira, whisky, rum, wine-like, fusels

Bread, bread crust, dough, biscuits

Cherry, plum, berries, overripe fruit, blackcurrant leaves, ribes,
catty, jam-like, cooked, stewed fruit, dried fruit, tropical fruit,
green apple

Toffee, molasses, treacle

Grainy, husky, dusty, straw

Woody, nutty, spicy, clove

Honey

Soapy, waxy, cheesy, sweaty, rancid

Smoked bacon, kippers, cigarette ash

Lightstruck, skunky, meaty, drains, cooked vegetables

Liquorice, toast, roasted malt

Paper, cardboard

Musty, earthy, leathery

Sour, vinegar, acetic

Lingering afterbitterness, harsh bitterness

Sweet

together with its subsequent continuous Vinous

decrease, and also a gradual decrease in Bready

bitter taste. Development of cardboard

flavour was manifested in later stages Fruity

of aging. A similar trend was presented

by Zufall et al. (2005), who observed an Caramel

increase in cardboard flavour after about b

2 weeks of beer aging, while its maxi- Resinous

mum intensity was reached after about Honey

4 weeks. Then the cardboard flavour de- Fatty

creased until the end of the experiment. Smoky
The accurate sensory description of Sulphury

beer aging required a detailed and stand- Roasted

ardized vocabulary, thus in 2003 the EBC Papery

commission developed a descriptive sys- Mouldy

tem for assessing the old taste of beer Acidic

based on the most frequently-used de- -

scriptors by professional tasters, see Ta- Bitterness

ble 1 (Hill, 2003). Although less detailed, Sweet

an established EBC beer flavour wheel Mouthfeel

Wide, broad mouthfeel, viscous, chewy, sticky, cloying,
astringent, drying, metallic, rusty

represents a valuable tool. This contains
among others “Class 8 Oxidized, stale,
musty” which comprises catty, papery,
leather, mouldy, earthy and musty flavours
(EBC 13.12,1997; Olsovska et al., 2017a).

In addition to changes in taste and
aroma, the colour also varies with beer ag-

Strecker degradation

Table 2 Selected formation mechanisms of substances responsible for the old taste
of beer (Vanderhaegen et al., 2006)

Mechanism Reaction products

2-methylpropanal, 2-methylbutanal,
3-methylbutanal, methional, phenylacetaldehyde

ing. Vanderhaegen et al. (2003) found that

Oxidation of fatty acids

hexanal, trans-2-nonenal

when beer was aged at a temperature of
40 °C without access to air; there was a lin-

Maillard reactions

furfural, 5-hydroxymethylfurfural,
2-furfurylethylether, y-nonalakton

ear increase in colour during the entire

Degradation of carotenoids

B-damascenone

aging period (5 EBC in 187 days). When

oxygen was present, there was a sharp

increase in colour in the first days of aging (2.5 EBC in

12 days), however the next observed increase was slower.
The aim of this paper is to describe changes of car-

bonyl compounds in beer during its lifecycle, from raw

materials to the end of beer storage. Special attention is

given to factors influencing formation of aldehydes and

their precursors and also to possibilities of reduction of

aldehyde formation.

2 Chemical changes during beer aging

The old taste of beer and the substances that cause it
have been the subject of many studies in recent dec-
ades. Carbonyl compounds were identified to be a like-
ly source of old taste as early as in 1966 (Vanderhae-
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gen et al,, 2006). Their concentration in fresh beer is
very low, however they gradually increase during ag-
ing. And just these changes of carbonyl compounds are
considered as the main reason of the old taste (Malfliet
et al., 2008; Baert et al., 2012). Also, other substances
that may be involved in the development of old taste
have been gradually identified (Vanderhaegen et al,,
2006), for example, esters, furans, furanones, cyclic ac-
etals, pyrazines, sulphur compounds or lactones. The
mechanism of formation of many of them is not fully
elucidated, but it is generally agreed that oxidative
processes are involved. The mechanisms of some sub-
stance formation are given in Table 2 (Vanderhaegen
et al.,, 2006) and in Figures 1 to 4 as examples. Oth-
er mechanisms include, for instance, the formation of
carbonyls from bitter hop substances, but the effect of
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Figure 2a Enzymatic oxidation of fatty acids (Baert et al., 2012)

this degradation on sensory stability is thought to be
negligible compared to the above mentioned reactions
(De Clippeleer et al., 2010).

The concentration of carbonyl compounds in beer
is mostly below their sensory threshold. Nevertheless,
these substances can be sensory active (Table 3) even
at lower concentrations due to interactions and syner-
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gic effect of individual carbonyl com-
pounds. When the sensory thresholds
of pure substances and mixtures of
2-methylbutanal, methional and phe-
nylacetaldehyde were compared, an ad-

for a mixture of methional and pheny-
lacetaldehyde and an antagonistic effect
(higher sensory threshold) for a mix-
ture of 2-methylbutanal and phenylac-
etaldehyde was observed. Although the
mixture of 2-methylbutanal and me-
thional displayed no effect on sensory
threshold of these aldehydes, mixture
of all three aldehydes already showed
an additive effect. In Figure 5, sensory
thresholds values of individual mixtures
are depicted as a percentage against the
sensory thresholds of pure substances
(Saison et al.,, 2009).

Bitterness decreases and changes
the character of bitterness during beer
aging (Pangborn et al, 1977). This is
mainly due to the degradation of trans-
iso-a-bitter acids to tri- and tetracyclic
compounds responsible for the harsh,
lingering bitterness (Intelmann et al,
2011). On the contrary, cis-iso-a-bitter
acids are stable and their content did
not undergo significant changes even
after 582 days of aging at 28 °C (Intel-
mann et al., 2011). An extreme case in
terms of bitterness degradation was
described in the analysis of a beer ap-
proximately 100 years old, which was
sensorially completely free of bitter-
ness, although 22 [BUs were analytically
R, determined (OlSovska et al., 2017b).

Four types of substances mainly con-
tributing to the colour of beer are listed
in Table 4 (Hughes and Baxter, 2001).
Two mechanisms are supposed to be re-
sponsible for colour changes of beer dur-
ing aging. The principle of the first mech-
anism is the formation of new products,
i.e. the Maillard reaction producing melanoidins, the rate
of which depends on storage temperature. The others are
oxidation, subsequent degradation of polyphenols based
on a sharp increase in colour during beer aging in the
presence of oxygen and decrease in flavanoid concentra-
tion at a constant content of total polyphenols (Vander-
haegen et al,, 2003).
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3 Overview of aldehyde
formation and their changes
during beer production

The aldehyde concentration in fresh beer
is usually negligible and eventually in-
creases during time according to storage
conditions. However, the beer production
process is also considered as an impor-
tant factor of beer aging. When isotopical-
ly labelled amino acids were added prior
to the wort boiling process, it was found
that 85% of Strecker’s aldehydes come
just from the brewing process (Suda et al,,
2007).Itis assumed that the increase in al-
dehydes during aging occurs mainly due to
their gradual release from adducts formed
during fermentation (Baert et al.,, 2012).
Therefore, in the following text are
listed the main known trends of alde-
hyde formation and changes during the
whole beer production process and the
possibilities how to influence them.

3.1 Effect of malting process

on the formation of aldehydes

and their precursors
The malting process can be divided into
three basic operations - steeping, germi-
nation and kilning - and each of them af-
fects the formation of aldehydes in a dif-
ferent way.

During steeping, water is absorbed
by grain. Enzymes catalysing the forma-
tion of aldehyde precursors are activat-
ed after reaching at least 32% of the wa-
ter content in grain (Briggs, 1998). The
content of total polyphenols decreases
during steeping, thus the content of
substances capable to act against the
formation of aldehydes is reduced (Fil-
ipowska et al,, 2021).

During germination, the enzymatic
activity of malt reaches maximum val-
ues. The activity of lipoxygenases, i.e.
enzymes responsible for the formation
of aldehyde precursors (see Figure 2a),
increases twice to five-fold (Yang and
1995). At the same time,
the content of free amino acids rises.

Schwarz,

These serve, among others, as precur-
sors of Strecker aldehydes (Filipowska
et al,, 2021). A significant increase in

Table 3 Correlation of the old taste intensity and concentration of selected
aldehydes (Olsovskd et al., 2016)

Compound Correlation coefficient?

2-methylpropanal 0.96 - 0.98
2-methylbutanal 0.91 - 0.96
3-methylbutanal 0.91-0.95
furfural 0.87 - 0.96
phenylacetaldehyde 0.85-0.93

@ range of correlation coefficients for four different Czech lagers

Table 4 Main contributors to beer colour and their origin in brewing process
(Hughes and Baxter, 2001)

Compounds Origin Colour
melanoidins malt, special malts, wort boiling yellow, amber
oxidised polyphenols malt, hop, oxidation, pasteurisation red, brown
copper, iron water, malt
riboflavin malt, yeast yellow
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Figure 2b Autooxidation of fatty acids (Baert et al., 2012)
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of Maillard reaction (Baert et al., 2012)

2-methylbutanal, pentanal, hexanal and
trans-2-nonenal concentrations was ob-
served in malts contaminated with fun-
gus Fusarium (Chen et al,, 2017).

High temperatures during kilning
cause an increase in the concentration of

furfural. However, the concentration of high
hexanal

are required for their formation at a low
water activity (Filipowska et al, 2021).
Furthermore, the activity of lipoxygenases
significantly decreases during the kilning
process (Yang and Schwarz, 1995), and
the formation of polyphenolic compounds
occurs (Inns et al,, 2007). At high temper-
atures, especially at the end of kilning,
radicals are formed, which can negatively
affect beer stability (Cortés et al.,, 2010).

3.2 Changes in aldehyde content during
wort production and fermentation
Figure 6 shows concentrations of alde-
hydes found at different stages of beer
brewing process (Ditrych et al,, 2019) for
selected representatives of the aldehyde
groups listed in Table 1. During mash-
ing, there was a significant decrease in
trans-2-nonenal, which supports the hy-
pothesis that only a small amount of fat-
ty acid oxidation occurs in a brewhouse
(Bamforth, 1999). A significant decrease
of Strecker aldehydes was observed dur-
ing wort filtration, which according to
the authors, was due to their higher vola-
tility and adsorption to malt. In contrast,
there was an increase in trans-2-nonenal
content during wort filtration. This in-
crease probably caused a release from
the bounds with insoluble compounds
during sparging (Ditrych et al., 2019).
Although Strecker
formed at higher temperatures, their

aldehydes are

total content decreases during wort boil-
ing. This is caused by faster evaporation
against the formation of new molecules
(De Schutter et al., 2008). The effect of
volatility of individual compounds (see
Table 5) is demonstrated by a compari-
son with a mere 5% decrease in pheny-

Table 5 Distribution of aldehydes according to their volatility
(De Schutter et al., 2008)

Volatility Aldehydes

2-methylpropanal, 2-methylbutanal, 3-methylbutanal, pentanal,

Strecker aldehydes changes only minimal-

ly. They are formed mainly in humid con- medium

methional, phenylacetaldehyde, benzaldehyde

low furfural

ditions, and temperatures above 130 °C
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lacetaldehyde concentration contrasted
to a 86% decrease of 2-methylpropanal
(Ditrych et al, 2019). In contrast to
Strecker aldehydes, the furfural content
increased. This is due to both its signif-
icantly lower volatility and the different
reaction kinetics of its formation (De
Schutter et al., 2008). For all compounds,
an increase in concentration occurs
during separation of the hot trub in the
whirlpool, which has been attributed to
a reduction in volatile evaporation com-
pared to the intense boiling during the
wort boiling (Narziss and Back, 2009).

The reducing ability of the yeast dimin-
ishes the aldehyde content to very low con-
centrations during the main and secondary
fermentation (Peppard and Halsey, 1981).
The adduct formation is also considered as
an important cause of aldehyde content re-
duction during fermentation. Formation of
the most important adducts are depicted
in Figure 7 (Baertetal,, 2015).

3.3 Options of influencing the sensory
stability of beer within the produc-
tion process

The identification of factors that may influ-

ence the sensory stability of beer should

start already during the malt production.

Most attention has been paid to lipoxygen-

ases. So that their activity is supressed, it

is important to select varieties with low

levels of lipoxygenases (Drost et al.,, 1990;

Yu et al,, 2014), to avoid unnecessary aer-

ation during steeping (Baxter, 1982) and

to conduct germination at lower tempera-
tures (Yang and Schwarz, 1995). Although
limited oxygen access during germination
also reduces the activity of lipoxygenases,
it negatively affects the malting process

(Yang and Schwarz, 1995).

Even the selection of varieties with
lower Kolbach index and total soluble ni-
trogen can affect beer stability as a correla-
tion of these parameters with the amount
of Strecker aldehydes formed during beer
ageing has been observed (Stephan et al.,
2007; Filipowska et al,, 2021).

Great attention should also be paid to the way malt is
stored. Storage without access of moisture reduces the ac-
tivity of lipoxygenases (Kaukovirta-Norja et al., 1998). The
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Figure 4 Mechanism of B-damascenone formation (Chevance et al., 2002)

2-methylbutanal

98% 121%

75%

63%

methional phenylacetaldehyde

Figure 5 Sensory threshold values of mixtures of selected Strecker aldehydes
(Saison et al., 2009)

amount of Strecker aldehydes in malt is influenced by the
rate of their formation and evaporation. However, it is sup-
posed that storage at a higher temperature and humidity
results in the largest changes in their content and therefore
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a significant negative effect on beer qual-
ity (Hoff et al,, 2014). It is recommended
to use as fresh malt as possible for beer
brewing, since, among others, fatty acids
are oxidized during storage (Wackerbau-
eretal, 2003; Baertetal,, 2012).

Itis necessary to avoid over-aeration of the
sweet wort and wort, which would lead to
an increase in aldehyde formation. This
can be achieved, for example, by a pro-
tective atmosphere of nitrogen or carbon
dioxide, by filling vessels from the bottom
or by using water with a minimum of dis-
solved oxygen (Drost et al., 1990; Takashio
and Shinotsuka, 1998; Bamforth, 1999;
Baert et al.,, 2012). Reduction of heat load
is equally relevant. This reduction can be
reached by the following setting:

¢ shortening the heating time and low-
ering its intensity;

¢ using the shortest possible transport
paths for hot intermediates;

¢ minimizing the temperature gradi-
ent between the surface of the cook-
ing vessel and the liquid (Narziss,
1986; Baert et al., 2012).

It is equally relevant to ensure sufficient
evaporation with condensate trapping.
The return of condensate would increase
the aldehyde concentration since many
undesirable compounds, including alde-
hydes, are removed with the vapor (Bae-
rtetal, 2012).

Lipoxygenases that are present in malt
can be quickly denatured during mash-
ing-in at higher temperature and lower
pH (Drost et al, 1990; Vanderhaegen et
al, 2006; Takashio and Shinotsuka, 1998;
Baert et al, 2012). Furthermore, attention
should be paid to the lautering, as imper-
fect separation of the spent grain and wort
isresponsible for higher levels of aldehydes
and their precursors in the wort (Drost et
al, 1990; Baert et al,, 2012). Wort boiling,

which is performed at a lower pH leads to the increase in al-
dehyde formation. On the contrary, this process is desirable
mainly in conjunction with intense evaporation, because the
amount of aldehyde precursors is considerably decreased in
the wort (Baert et al.,, 2012). Once wort boiling is finished,

2MP, FUR (ug/l)

0

Onset of mashing  End of mashing

Onset of boiling

—omOMP e FUR e T2N

Endof boiling  End of clarification

End of cooling

T2N (pg/)

End of main
fermentation

Figure 6 Changes in 2-methylpropanal (2MP), furfural (FUR) and trans-2-nonenal
(T2N) concentrations during brewing process (Ditrych et al., 2019)
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559

the clarification of the wort in the whirlpool should be as fast
as possible to avoid the formation of new aldehydes (see Fig-
ure 6). At the same time, the best possible separation of the
solids is needed as aldehydes are bound to them and could
be released into the solution again (Narziss, 1986).
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The pitching of the wort is the only time during the
beer brewing process when the presence of oxygen is
desired. The yeasts need the dissolved oxygen for their
growth and are able to consume it efficiently. However,
excessive aeration of the wort before fermentation limits
the production of sulphur dioxide as an antioxidant agent
and, in addition, may promote the formation of oxidized
compounds (Takashio and Shinotsuka, 1998; Bamforth,
1999, Baert et al,, 2012). The use of yeast strains with in-
creased sulphur dioxide production is recommended to
improve the sensory stability of beer (Baert et al., 2012).
On the other hand, Perpéte and Collin (1999) reported
that the effect of different strains of yeasts on aldehyde
reduction has not been proven.

The presence of copper and iron ions, as efficient
catalysators, accelerates the progress of oxidation reac-
tions and thus the deterioration of beer quality during
storage (Vanderhaegen et al., 2006). Their presence in
the brewing process can be controlled, for example, by
the selection of suitable raw materials. But due to the de-
contaminating nature of the whole production, the main
effect on metal concentration in the finished beer lies in
the final operations, such as filtration (Cejka et al., 2009).
For this reason, it is necessary to choose secure filtration
material from which only a minimum of
metal ions are released during filtration.

During the filling process, air access
should be kept to a minimum in order
to slow down the ageing process in the
bottled beer as much as possible (Baert

Oxygen amount

in beer (mg/l)

that react more readily with organic compounds (Van-
derhaegen et al., 2006). The addition of oxygen to beer
resulted in a higher sensory intensity of currant, Maillard
reaction products and the perception of Madeira wine
(Saison et al., 2010a). Moreover, the addition of Fenton’s
reagent (a mixture of hydrogen peroxide and ferrous sul-
fate) to beer resulted in an increase of cardboard flavour
intensity (Saison et al., 2010a). However, other factors
besides the presence of oxygen also contribute to beer
aging. This fact is supported by a study (Furusho et al,,
1999), in which the addition of a small amount of oxygen
to beer had only a slight effect on the intensity of the old
flavour (see Table 6).

Temperature and storage time have a major influence
on the rate of beer aging. A study of the ageing of Czech
lager at temperatures around 0 °C, 20 °C and 30 °C can be
given as an example (OlSovska et al., 2016). The concen-
tration of furfural as one of the most important indica-
tors of beer aging (see Table 3) was 5 pg/l in fresh beer.
At a temperature of 30 °C, the furfural concentration ex-
ceeded three times the original value, i.e. 15 pg/l, after
only one week. This value was exceeded after one month
of storage at 20 °C, and at temperatures around 0 °C. The
highest measured concentration was 12 pg/l until after

Table 6 Effect of oxygen addition on the development of old flavour
(Furusho et al., 1999)

Old flavour intensity?
(1 month, 20 °C)

Old flavour intensity?
(3 months, 20 °C)

et al, 2012). If thermal pasteurization is 0.16 27 26
used, the heat load should be limited to 042 28 27
minimize sensory damage to the beer; an 0.69 3.2 2.8

alternative is to use membrane filtration
(Briggs et al.,, 2004).

The addition of antioxidants, e.g. ascor-
bic acid, to beer during bottling has been
proposed to prolong sensory stability, but
the positive effect of this approach has not

9The samples were evaluated on the scale O (not present) - 5 (very strong) by sensory
panel consisting of 9 extensively trained members. However, uncertainty has not been
stated in the study.

®0°C A20°C m30°C

350
been confirmed (Baert et al., 2012).
300 ]
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e
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affected by numerous conditions that oc- ™ A
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fect of oxygen has been mentioned many
times above. The oxygen molecule itself
is not very reactive. However, oxygen and

Storage time (weeks)

iron ions form reactive oxygen species

Figure 8 Effect of beer storage temperature on furfural formation
(Olsovskd et al., 2016)
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half a year of storage (see Figure 8). In general, temper-
atures below 10 °C are recommended for beer storage
(Cejka et al., 2013).

The stability of the finished beer is increased by the
content of substances with antioxidant properties. In
the first place, sulphur dioxide should be mentioned as
a by-product of fermentation. Its addition to old beer
has been shown to reduce the intensity of the old taste
(Dvorak et al., 2008). Similarly, the addition of yeast to fil-
tered beer improves its sensory stability. Also in this case,
areduction of old flavour intensity after yeast addition has
been described (Saison et al., 2010b; Saison et al., 2011).

Other antioxidants in beer include polyphenols, howev-
er their effect on sensory stability is not clear. Some of them
(e.g. catechin) are antioxidant, others (e.g. delphinidin) are
pro-oxidant due to their ability to transfer electrons to met-
alions (De Schutter et al., 2009; Wietstock, 2017).

The aging of beer can also be accelerated by careless
handling during transport. It has been proven that vi-
bration during storage or transport of beer, especially in
combination with higher storage temperatures, can neg-
atively affect the sensory profile of beer and accelerate
the formation of old flavour components, probably due
to increased oxygen consumption from the headspace for
intense aging reactions (Jaskula-Goiris et al.,, 2019).

The quality of stored beer is also negatively affected
by light. In the presence of light fatty acids are oxidized
to aldehydes (see Figure 2c) (Baert et al,, 2012). Moreo-
ver, visible and UV light decompose iso-a-acids to form
3-methylbut-2-en-1-thiol with a characteristic undesira-
ble skunk-like aroma, which is known as lightstruck. To
minimize the effect of light, beer is most often bottled in
brown or green bottles, whereas brown bottles provide
better protection against this damage (Bamforth, 2011).
As an alternative method of protection, removal of ribo-
flavin has been suggested since it acts as an initiator of
the above-mentioned degradation (Borrelli et al., 2011).

5 Conclusion

Due to the long transport of beer to the customer and the
requirements for the longest possible shelf life, it is neces-
sary to achieve the best possible stability of the beer. The
correct method of storage, i.e. in a cool and dark place, with-
out access to oxygen and with minimum mechanical shock,
is essential for sensory stability. There are several ways how
the beer aging in production process can be influenced. Par-
ticularly we should stress a selection of raw material and
a reduced presence of oxygen at all stages of the brewing
process except fermentation. It is also highly recommended
to avoid excessive heat load, e.g. during pasteurisation.

561

6 Acknowledgement

This study was supported by the Ministry of Agricul-
ture of the Czech Republic within the institutional sup-
port No. MZE-RO1918.

7 References

Baert, J. ], De Clippeleer, J., Hughes, P. S., De Cooman, L., Aerts, G. (2012).
On the Origin of Free and Bound Staling Aldehydes in Beer. Journal of
Agricultural and Food Chemistry, 60(46), 11449-11472. https://doi.
org/10.1021/jf303670z

Baert, . J., De Clippeleer, J., Jaskula-Goiris, B., Van Opstaele, F, De Rouck,
G., Aerts, G., De Cooman, L. (2015). Further Elucidation of Beer Fla-
vor Instability: The Potential Role of Cysteine-Bound Aldehydes.
Journal of the American Society of Brewing Chemists, 73(3), 243-252.
https://doi.org/10.1094/ASBCJ-2015-0531-01

Bamforth, C. W. (1999). Enzymic and Non-Enzymic Oxidation in the Brew-
house: A Theoretical Consideration. Journal of the Institute of Brewing,
105(4), 237-242. https://doi.org/10.1002/}.2050-0416.1999.tb00025.x

Bamforth, C. W. (2011). 125th Anniversary Review: The Non-Biological
Instability of Beer. Journal of the Institute of Brewing, 117(4), 488-
497. https://doi.org/10.1002/j.2050-0416.2011.tb00496.x

Baxter, E. D. (1982). Lipoxidases in Malting and Mashing. jour-
nal of the Institute of Brewing, 88(6), 390-396. https://doi.
org/10.1002/j.2050-0416.1982.tb04130.x

Borrelli, C., Barsanti, S., Silvestri, D., Manesiostis, P, Ciardelli, G., Seller-
gren, B. (2011). Selective Depletion of Riboflavine from Beer using
Membranes Incorporating Imprinted Polymer Particles. Journal
of Food Processing and Preservation, 35(1), 112-128. https://doi.
org/10.1111/j.1745-4549.2009.00464.x

Briggs, D. E. (1998). Malts and malting. Blackie Academic & Professional,
London, pp. 796. ISBN 0-412-29800-7

Briggs, D. E., Boulton, C. A, Brookes, P. A, Stevens, R. (2004). Brewing Sci-
ence and Practice. Woodhead Publishing Limited and CRC Press, LLC,
Boca Raton, USA, pp. 900. ISBN 1-85573-490-7

Cejka, P, Culik, ., Horak, T, Jurkova, M., Ol$ovsks, J. (2013). Use of Chem-
ical Indicators of Beer Aging for Ex-post Checking of Storage Con-
ditions and Prediction of the Sensory Stability of Beer. Journal of
Agricultural and Food Chemistry, 61(51), 12670-12675. https://doi.
org/10.1021/jf403361h

Cejka, P, Dvorak, J., Culik, J., Jurkova, M., Horak, T., Kellner, V. (2009). The
Behaviour of Toxic Metals in the Brewing Process. Kvasny Prumysl,
55(4),100-105. https://doi.org/10.18832/kp2009010

Cejka, P, Kubizniakova, P, Stérba, K., Slaby, M., Ol3ovska, ]. (2019). Iden-
tifikace ¢astic podilejicich se na nemikrobiologickych zakalech piva.
Kvasny, 1(2), 40-44.

Chen, Y, Zhou, Z., Xu, K,, Zhang, H., Thornton, M., Sun, L., ... Dong, L. (2017).
Comprehensive Evaluation of Malt Volatile Compounds Contaminat-
ed by Fusarium graminearum during Malting. Journal of the Institute
of Brewing, 123(4), 480-487. https://doi.org/10.1002 /jib.453

Chevance, F, Guyot-Declerck, C., Dupont, J., Collin, S. (2002). Investigation
of the B-Damascenone Level in Fresh and Aged Commercial Beers.
Journal of Agricultural and Food Chemistry, 50(13), 3818-3821.
https://doi.org/10.1021/jf020085i

Cortés, N., Kunz, T, Sudrez, A. F, Hughes, P, Methner, E-]. (2010). Devel-
opment and Correlation between the Organic Radical Concentration
in Different Malt Types and Oxidative Beer Stability. Journal of the
American Society of Brewing Chemists, 68(2), 107-113. https://doi.
org/10.1094/ASBCJ-2010-0412-01


https://doi.org/10.1021/jf303670z
https://doi.org/10.1021/jf303670z
https://doi.org/10.1094/ASBCJ-2015-0531-01
https://doi.org/10.1002/j.2050-0416.1999.tb00025.x
https://doi.org/10.1002/j.2050-0416.2011.tb00496.x
https://doi.org/10.1002/j.2050-0416.1982.tb04130.x
https://doi.org/10.1002/j.2050-0416.1982.tb04130.x
https://doi.org/10.1111/j.1745-4549.2009.00464.x
https://doi.org/10.1111/j.1745-4549.2009.00464.x
https://doi.org/10.1021/jf403361h
https://doi.org/10.1021/jf403361h
https://doi.org/10.18832/kp2009010
https://doi.org/10.1002/jib.453
https://doi.org/10.1021/jf020085i
https://doi.org/10.1094/ASBCJ-2010-0412-01
https://doi.org/10.1094/ASBCJ-2010-0412-01

K. Stérba and L. Kyselova

Kvasny prumysl (2022) 68: 553-563

Dalgliesh, C. E. (1977). Flavour Stability. In European Brewery Convention:
16th, 1977: International Congress Proceedings, Amsterdam, pp. 623-
659.ISBN 978-90-70143-03-9

De Clippeleer, J., De Rouck, G., De Cooman, L., Aerts, G. (2010). Influence
of the Hopping Technology on the Storage-induced Appearance of
Staling Aldehydes in Beer. Journal of the Institute of Brewing, 116(4),
381-398. https://doi.org/10.1002/j.2050-0416.2010.th00789.x

De Schutter, D. P, Saison, D., Delvaux, F, Derdelinckx, G., Delvaux, F. R.
(2009). Chapter 36. The Chemistry of Aging Beer. In V. R. Preedy
(Ed.), Beer in health and disease prevention. Academic Press, San Di-
ego, California, USA, pp. 375-388. ISBN 978-0-12-373981-2

De Schutter, D. P, Saison, D., Delvaux, F, Derdelinckx, G., Rock, J.-M., Neven,
H., Delvaux, F. R. (2008). Release and Evaporation of Volatiles during
Boiling of Unhopped Wort. Journal of Agricultural and Food Chemis-
try, 56(13), 5172-5180. https://doi.org/10.1021/jf800610x

Ditrych, M., Filipowska, W, De Rouck, G., Jaskula-Goiris, B., Aerts, G.,
Andersen, M. L., De Cooman, L. (2019). Investigating the Evolution
of Free Staling Aldehydes Throughout the Wort Production Pro-
cess. Brewing Science, 72(1-2), 10-17. https://doi.org/10.23763/
BrSc18-21ditrych

Drost, B. W, van den Berg, R, Freijee, F. ]. M,, van der Velde, E. G., Hol-
lemans, M. (1990). Flavor Stability. Journal of the American Society
of Brewing Chemists, 48(4), 124-131. https://doi.org/10.1094/AS-
BCJ-48-0124

Dvorak, J., Dostalek, P, Kellner, V., Cejka, P, Culik, J., Horak, T, Jurkova, M.
(2008). Significance of SO2 in Beer, Part 3: Factors which Effect on
Production of Sulphur Dioxide during Brewing Fermentation. Kvasny
Prumysl, 54(5), 142-148. https://doi.org/10.18832/kp2008008

EBC 13.12.(1997). Analytica EBC. Sensory Analysis: Flavour Terminology
and Reference Standards. Fachverlag Hans Carl, Niirnberg. Retrieved
from https://brewup.eu/ebc-analytica

Filipowska, W, Jaskula-Goiris, B., Ditrych, M., Bustillo Trueba, P, De
Rouck, G., Aerts, G., ... De Cooman, L. (2021). On the Contribution of
Malt Quality and the Malting Process to the Formation of Beer Stal-
ing Aldehydes: A Review. Journal of the Institute of Brewing, 127(2),
107-126. https://doi.org/10.1002 /jib.644

Furusho, S., Kobayashi, N., Nakae, N., Takashio, M., Shinotsuka, K. (1999).
A Developed Descriptive Sensory Test Reveals Beer Flavor Changes
During Storage. MBAA Technical Quarterly, 36(2), 163-166.

Hill, P. (2003). Keep the flavour wheel turning - the development of a flavour
stability wheel. In Proceedings 29th EBC Congress, Dublin. Niirnberg,
Germany: Fachverlag Hans Carl, pp. 791-795. ISBN 90-70143-22-4

Hoff, S., Lund, M. N,, Petersen, M. A, Jespersen, B. M., Andersen, M. L.
(2014). Quality of Pilsner Malt and Roasted Malt during Storage.
Journal of the Institute of Brewing, 120(4), 331-340. https://doi.
org/10.1002/jib.144

Hughes, P. S, Baxter, E. D. (2001). Beer: Quality, safety and nutritional
aspects. The Royal Society of Chemistry, Cambridge, pp. 201. ISBN
0-85404-588-0

Inns, E. L., Buggey, L. A, Booer, C., Nursten, H. E,, Ames, ]. M. (2007). Effect
of Heat Treatment on the Antioxidant Activity, Color, and Free Phe-
nolic Acid Profile of Malt. Journal of Agricultural and Food Chemistry,
55(16), 6539-6546. https://doi.org/10.1021/jf0710231

Intelmann, D., Haseleu, G., Dunkel, A., Lagemann, A,, Stephan, A, Hofmann,
T. (2011). Comprehensive Sensomics Analysis of Hop-Derived Bitter
Compounds during Storage of Beer. Journal of Agricultural and Food
Chemistry, 59(5), 1939-1953. https://doi.org/10.1021/jf104392y

Jaskula-Goiris, B., De Causmaecker, B., De Rouck, G., Aerts, G., Pater-
noster, A., Braet, ], De Cooman, L. (2019). Influence of Transport
and Storage Conditions on Beer Quality and Flavour Stability.
Journal of the Institute of Brewing, 125(1), 60-68. https://doi.
org/10.1002/jib.535

562

Kaukovirta-Norja, A, Reinikainen, P, Olkku, J., Laakso, S. (1998). Influence
of Barley and Malt Storage on Lipoxygenase Reaction. Cereal Chemis-
try, 75(5), 742-746.https:/ /doi.org/10.1094/CCHEM.1998.75.5.742

Kosar, K., Prochazka, S. (2000). Technologie vyroby sladu a piva. Vyzkumny
ustav pivovarsky a sladarsky, Praha, pp. 398. ISBN 80-902658-6-3

Malfliet, S., Van Opstaele, F, de Clippeleer, ], Syryn, E., Goiris, K., de
Cooman, L, Aerts, G. (2008). Flavour Instability of Pale Lager Beers:
Determination of Analytical Markers in Relation to Sensory Ageing.
Journal of the Institute of Brewing, 114(2), 180-192. https://doi.
org/10.1002/j.2050-0416.2008.th00324.x

Narziss, L. (1986). Technological Factors of Flavour Stability. Jour-
nal of the Institute of Brewing, 92(4), 346-353. https://doi.
org/10.1002/}.2050-0416.1986.th04421.x

Narziss, L., Black, W,, Schuster, K., Weinfurtner, F. (2009). Die Bierbrau-
erei: Band 2: Die Technologie der Wiirzebereitung. Wiley-VCH Verlag,
Weinheim, pp. 820. ISBN 978-3-527-32533-7

Ol3ovska, ]., Cejka, P, Stérba, K., Slaby, M., Frantik, . (2017a). Senzorickd
analyza piva. Vyzkumny dstav pivovarsky a sladarsky, Praha, p. 146
ISBN 978-80-86576-74-9.

Olsovska, J., Kyselovi, L., Kubizniakova, P, Slaby, M. (2021). Non-microbio-
logical turbidity of beer: Part 1 - semireview. Kvasny Prumysl, 67(4),
484-497. https://doi.org/10.18832 /kp2021.67.484

Ol3ovska, J., Matoulkova, D., Dusek, M., Felsberg, J., Jelinkova, M., Cej-
Kka, P, Stérba, K. (2017b). Analysis of 100-Year-Old Beer Originated
from the Czech Republic. Journal of Agricultural and Food Chemistry,
65(16), 3341-3350. https://doi.org/10.1021/acs.jafc.6b05706

Olsovska, ], Sterba, K, Vrzal, T, Jurkova, M., Cejka, P. (2016). Sensory Beer Aging.
Kvasny Prumysl, 62(9), 250-257. https://doi.org/10.18832 /kp2016027

Pangborn, R. M,, Lewis, M. ], Tanno, L. S. (1977). Sensory Quantification of Bitter-
ness and Flavour of Beer during Storage*. Journal of the Institute of Brewing,
83(4), 244-250. https://doi.org/10.1002/j.2050-0416.1977.tb03803 x

Peppard, T. L, Halsey, S. A. (1981). Malt Flavour — Transformation of Carbon-
yl Compounds by Yeast during Fermentation. Journal of the Institute of
Brewing, 87(6), 386-390. https://doi.org/10.1002/j.2050-0416.1981.
th04055.x

Perpete, P, Collin, S. (1999). Fate of the Worty Flavours in a Cold Con-
tact Fermentation. Food Chemistry, 66(3), 359-363. https://doi.
org/10.1016/S0308-8146(99)00085-0

Saison, D., Vanbeneden, N., De Schutter, D. P, Daenen, L., Mertens, T, Del-
vauy, F, Delvaux, F. R. (2010a). Characterisation of the Flavour and
the Chemical Composition of Lager Beer after Ageing in Varying Con-
ditions. Brewing Science, 63(3-4), 41-53.

Saison, D., De Schutter, D. P, Uyttenhove, B, Delvaux, F, Delvaux, F. R. (2009).
Contribution of Staling Compounds to the Aged Flavour of Lager Beer
by Studying Their Flavour Thresholdss. Food Chemistry, 114(4), 1206-
1215. https://doi.org/10.1016/j.foodchem.2008.10.078

Saison, D., De Schutter, D. P, Vanbeneden, N., Daenen, L., Delvaux, E, Del-
vaux, F. R. (2010b). Decrease of Aged Beer Aroma by the Reducing
Activity of Brewing Yeast. Journal of Agricultural and Food Chemistry,
58(5),3107-3115. https://doi.org/10.1021/jf9037387

Saison, D., Schutter, D. P. D., Delvaux, F, Delvaux, F. R. (2011). Improved
Flavor Stability by Aging Beer in the Presence of Yeast. Journal of
the American Society of Brewing Chemists, 69(1), 50-56. https://doi.
org/10.1094/ASBCJ-2011-0127-01

Stephan, A, Kusche, M., Stettner, G. (2007). Influence of malt quality on
the generation of odour-active Strecker aldehydes during beer aging.
In Proceedings of the 31th EBC Congress, Venice. Fachverlag Hans Carl,
Niirnberg, Germany, pp. 890-894. ISBN 978-90-70143-24-4

Suda, T, Yasuda, Y., Ogawa, Y. (2007). Mechanisms for the development
of Strecker aldehydes during beer aging. In Proceedings of the 31th
EBC Congress, Venice. Fachverlag Hans Carl, Niirnberg, Germany, pp.
931-937.ISBN 978-90-70143-24-4


https://doi.org/10.1002/j.2050-0416.2010.tb00789.x
https://doi.org/10.1021/jf800610x
https://doi.org/10.23763/BrSc18-21ditrych
https://doi.org/10.23763/BrSc18-21ditrych
https://doi.org/10.1094/ASBCJ-48-0124
https://doi.org/10.1094/ASBCJ-48-0124
https://doi.org/10.18832/kp2008008
https://brewup.eu/ebc-analytica
https://doi.org/10.1002/jib.644
https://doi.org/10.1002/jib.144
https://doi.org/10.1002/jib.144
https://doi.org/10.1021/jf0710231
https://doi.org/10.1021/jf104392y
https://doi.org/10.1002/jib.535
https://doi.org/10.1002/jib.535
https://doi.org/10.1094/CCHEM.1998.75.5.742
https://doi.org/10.1002/j.2050-0416.2008.tb00324.x
https://doi.org/10.1002/j.2050-0416.2008.tb00324.x
https://doi.org/10.1002/j.2050-0416.1986.tb04421.x
https://doi.org/10.1002/j.2050-0416.1986.tb04421.x
https://doi.org/10.18832/kp2021.67.484
https://doi.org/10.1021/acs.jafc.6b05706
https://doi.org/10.18832/kp2016027
https://doi.org/10.1002/j.2050-0416.1977.tb03803.x
https://doi.org/10.1002/j.2050-0416.1981.tb04055.x
https://doi.org/10.1002/j.2050-0416.1981.tb04055.x
https://doi.org/10.1016/S0308-8146(99)00085-0
https://doi.org/10.1016/S0308-8146(99)00085-0
https://doi.org/10.1016/j.foodchem.2008.10.078
https://doi.org/10.1021/jf9037387
https://doi.org/10.1094/ASBCJ-2011-0127-01
https://doi.org/10.1094/ASBCJ-2011-0127-01

K. Stérba and L. Kyselova

Kvasny prumysl (2022) 68: 553-563

Suzuki, K. (2011). 125th Anniversary Review: Microbiological Instability
of Beer Caused by Spoilage Bacteria. Journal of the Institute of Brewing,
117(2),131-155. https://doi.org/10.1002/j.2050-0416.2011.tb00454.x

Takashio, M., Shinotsuka, K. (1998). Preventive Production of Beer against
Oxidation - Recent Advances in Brewing Technology. Food Science
and Technology International, Tokyo, 4(3), 169-177. https://doi.
org/10.3136/fsti9596t9798.4.169

Vanderhaegen, B., Neven, H., Coghe, S., Verstrepen, K. ]., Verachtert, H.,
Derdelinckx, G. (2003). Evolution of Chemical and Sensory Prop-
erties during Aging of Top-Fermented Beer. Journal of Agricultural
and Food Chemistry, 51(23), 6782-6790. https://doi.org/10.1021/
jf034631z

Vanderhaegen, B., Neven, H., Verachtert, H., Derdelinckx, G. (2006). The
Chemistry of Beer Aging - A Critical Review. Food Chemistry, 95(3),
357-381. https://doi.org/10.1016/j.foodchem.2005.01.006

Wackerbauer, K., Meyna, S., Marre, S. (2003). Hydroxy fatty acids as indi-
cators for ageing and the influence of oxygen in the brewhouse on
the flavour stability of beer. In Proceedings of the 29th EBC Congress,
Dublin. Fachverlag Hans Carl, Niirnberg, Germany, pp. 696-706. ISBN
10.1094/ASBCJ-53-0045

563

Wietstock, P. (2017). Free Radical-Mediated Formation of Aroma-Active Al-
dehydes During Beer Production and Storage and Anti-Staling Effects
of the Hop Dosage (PhD Thesis). Technische Universitat Berlin.

Yang, G., Schwarz, P. B. (1995). Activity of Lipoxygenase Isoenzymes Dur-
ing Malting and Mashing. Journal of the American Society of Brewing
Chemists, 53(2), 45-49. https://doi.org/10.1094 /ASBCJ-53-0045

Yu, J., Huang, S., Dong, J., Fan, W, Huang, S., Liy, ], ... Hu, S. (2014). The
Influence of LOX-less Barley Malt on the Flavour Stability of Wort and
Beer. Journal of the Institute of Brewing, 120(2), 93-98. https://doi.
org/10.1002/jib.122

Zufall, C., Racioppi, G., Gasparri, M., Franquiz, ]. (2005). Flavour Stability
and Ageing Characteristics of Light-Stable Beers. In Proceedings of
the 30th EBC Congress, Prague. Fachverlag Hans Carl, Niirnberg, Ger-
many, pp. 617-624. ISBN 978-90-70143-23-7


https://doi.org/10.1002/j.2050-0416.2011.tb00454.x
https://doi.org/10.3136/fsti9596t9798.4.169
https://doi.org/10.3136/fsti9596t9798.4.169
https://doi.org/10.1021/jf034631z
https://doi.org/10.1021/jf034631z
https://doi.org/10.1094/ASBCJ-53-0045
https://doi.org/10.1002/jib.122
https://doi.org/10.1002/jib.122

	_Hlk94251527
	_Hlk94252798
	_Hlk94254525
	_Hlk94254216
	_Hlk94263203
	_Hlk94600994
	_Hlk94604439
	_Hlk94605398
	_Hlk94606254
	_Hlk94609556
	_Hlk94617947
	_Hlk94633266
	_Hlk94688696
	_Hlk94689381

