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ABSTRACT

The enzymatic properties of brewing malts are an important and sometimes limiting factor in
malt and beer production. In order to observe malt quality, multiple analytical tests were developed
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cereals; barley; malting process

for determining the various enzymatic activities of brewing-related enzymes in brewing cereals
and their corresponding malts. When using the prevailing detection methods, little or no attention
has been paid to the microbiological status of the processed cereals. Infection of cereals with
Fusarium spp. can lead to a deterioration in cereal and malt quality. This weakening in quality
during cereal processing is mostly attributed to enzymatic degradations. The enzymes involved
can be cereal-borne as well as fungal, in which case enzymes up- or down-regulation can be
often ascribed to pathogenesis-related protein secretion or can be a result of host-pathogen
interactions. Accordingly, when determining the enzyme activity of infested grain, an increase in

enzyme activity is usually detected.

Introduction
Quality requirements for brewing cereals

Cereals used for brewing purposes such as barley (Hordeum
vulgare L.) must meet basic quality characteristics. The term
"quality characteristics" can be divided into three groups:
food safety, processing quality, and product quality.!!! Food
safety is mainly aimed at whether a product is saleable and
implies, among other things, an absence of toxins or toxic
metabolites in the product.?’ Processing quality can be
impacted or influenced based on agricultural factors during
plant growth or processing factors during malt and beer
production since there are typically adequate amylolytic
activities in the malt produced. Similarly most malts typi-
cally have well balanced cytolytic and proteolytic enzyme
levels.!!! Processing quality merges into product quality,
which implies quality factors such as the germinative energy
of barley, the water or protein content of barley or malt,
as well as visible discoloration that indicates weathering.[?!
The minimum specifications of barley product quality for
malting purposes are: a sufficient germinative energy higher
than 95%, 4 a protein content ranging from 9.5-11.5%
dry basis,!* > a moisture of >14.5%,!* ¢ and as few micro-
biological contaminants as possible.! 7]

Fusarium and FHB

The microorganisms found on the surface of barley are mul-
tifaceted. Over 200 different species of bacteria, yeasts, and

fungi have been detected on the natural surface of barley, 1"

whereby the quality damaging aspects of representatives of the
genus Fusarium should be a focus of maltsters and brewers.
In brewing cereals, the disease caused by Fusarium spp. is
called Fusarium Head Blight (FHB). FHB is mainly caused by
a complex of 17 species,'!! with the predominant species
worldwide described as E graminearum, F. culmorum, and F
avenaceum.''"141 However, the complex of the FHB causal
agents differs between the growing region, harvest year, and
grain type.'l 1516 FHB can lead to a deterioration in terms
of the previously mentioned food safety, processing quality,
and product quality as well as to strong yield losses in cereal
crops. The yield losses are mostly based on agricultural aspects
implicating economic losses.

Agricultural effects and economic losses due to FHB

Given an increased incidence of FHB, the yield losses caused
by FHB has in extreme cases reached as high as 70% in
various regions worldwide.['-22 However, the main damage
is caused by the mycotoxins produced by Fusarium and
food safety is no longer assured in such cases. These myco-
toxins lead to symptoms of disease in animal feed and
deteriorate the brewing quality of the grain.!?®! In addition,
there is also a reduction in the germination capacity of the
seed.?*! The Fusarium community causes damage to small
grain cereals all over the world, including Northern
Europe,! 12131719, 25-27] Northern and Southern America,!'®
20. 21 28] Canada,?® Australia,?> ?°! and Asia.l?® 3] However,
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the incidence of diseases caused by Fusarium is not uniform
over the world.®!! In Australia for example, the weather
conditions are not favorable for the growth of Fusarium, as
high temperatures are not met by high humidity.??) The
world barley (Hordeum vulgare L.) harvest in 2018/19 alone
was 140.6 million tons®¥ on an area of 49.5 million ha.
The selling price ranged 2017/2018 from €123.8-180.9 per
ton in Europe.®* In Europe, the market volume of brewing
barley in 2018/19 amounted to €10 billion. A high incidence
of FHB can therefore lead to massive economic losses.

Climatic conditions vs. Fusarium incidence

Fusarium infections are reported to be favored by warm
and humid weather conditions. These weather conditions
can promote the infestation intensity and growth of fungi,
depending on the Fusarium spp.3 Several authors have
described the increasing frequency and severity of FHB
epidemics due to advancing climate change in the Northern
hemisphere, especially in Europe.l?> 3641 For example, cur-
rent German weather trends show that April 2018 was 5°C
above the annual average — the warmest April since weather
records began in 1881. In addition, the month of May was
exceptionally warm, with a monthly average of about 2.5°C
above the long-term average, a significant precipitation defi-
cit of about 25% of the long-term average was recorded in
both months.[!

There appears to be a contradiction between the intensity
of the infection and the changing weather conditions. Climate
change in both Central Europe and other regions of the world
is moving towards higher temperatures and less precipitation.
[42-46] However, occasionally occurring heavy rainfall events
can lead to higher Fusarium infections because rain splashes
distribute the Fusarium spores from soil-borne inoculum.™?
In addition, high temperatures have been reported to correlate
positively with the occurrence of Fusarium culmorum in
spring and winter barley patterns.”*”) However, the number
of cases of Fusarium infections in winter and spring barley
samples has been increasing for several decades.*? In addi-
tion, it must be taken into account that the spectrum of
Fusarium spp. found in barley samples did not change for
decades,?! although climatic conditions changed drastically.
As a result, factors beyond that of climate change should be
taken into account for the increasing numbers of cases of
Fusarium infections in barley.

Enzymology and the malting process

Malting is the externally-controlled steeping, germination,
and finally drying (kilning) of cereal grains, which causes
physical and biochemical changes mainly in the endosperm.*”!
An exemplary schematic of the malting process according
Narziss and Back®” is shown in Figure 1. Using the param-
eters of germination temperature, germination time, the
humidity of germinating material, and the O,/CO, ratio of
the supplied air, maltsters are able to produce malt without
brewers needing to add exogenous enzymes later in the
brewhouse. During the malting process, a complex

interaction of biochemical, physiological, and biological pro-
cesses takes place in the grain.

The main objective of malting is both the production of
hydrolytic enzymes and the degradation and depolymerization
of certain structural components of the grains into soluble
substances,** 48! but largely not starch (whereas ~5% of starch
will be depolymerized for embryo respiration). The malting
process can roughly be subdivided into three steps. First, the
biological growth phase (steeping and germination); second,
the biochemical solubilizing phase (germination); and, third,
the drying phase (kilning).’* 4! The first phase involves the
physical uptake of water, through which the barley kernel
passes from a largely inactive state of life into the active
phase of root and leaf growth and the formation of enzymes,**!
which later undergo substance transformations during mash-
ing.®” This means that undissolved substances are trans-
formed into soluble ones. During steeping, the total water
content can reach up to 46%.1°!

In the second phase, enzyme formation continues, and
enzymatic activity begins to dissolve substances of the endo-
sperm. This mainly involves the degradation of skeletal
stages (hemicelluloses) by cytolytic enzymes and protein-
aceous substances by proteolytic enzymes.[>!: 52!

The biochemical phase is complete when the endosperm
has become easily attackable due to a friable structure. On
the contrary, amylolytic effects should be kept low during
malting (~4.5%) because these will result in undesirable
malting losses.[*! 52!

Finally, there follows an enzyme-conserving drying pro-
cess, i.e., the withering and kilning process. In the drying
procedure, in which temperatures reach up to 85-105°C
(185-220°F), the storability and the typical aroma of the
malt is adjusted. After kilning, the malt reaches a water
content of 3-5%.1°!

Fusarium and the malting process

During malting, microbes, such as Fusarium spp., can act
as the biological part and attack the grains entailing
host-pathogen interactions®"! since the growth conditions
for fungal growth are favorable during steeping, germination,
and the early-mid stages of kilning.[*>-** The result should
- given healthy grains - be a homogeneous, friable malt
with well-balanced enzyme activity. As a final control, the
enzyme activity of the malt is usually measured in order to
determine the product quality for downstream processing.
[56-60] Enzyme activity is measured by means of enzyme kits
and is an interaction of degraded substrate per time by an
enzyme. However, these kits can only be used to determine
the cleavage products of the enzymes, and enzyme activity
is then calculated. An exact allocation of the respective
enzymes is usually not possible because the cleavage prod-
ucts are often the same for various enzymes of cereal or
microbial origin. Only methods that aim at the gene expres-
sion of the corresponding enzymes would be suitable for
differentiating or classifying the origin of the enzymes
(cereal or fungal). However, the influence of post-translational
modifications cannot be taken into account thereby.
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Figure 1. Exemplary schematic of the malting process according to Narziss and Back.3"

Maltsters can use several options to reduce Fusarium germination times, and malting with a falling temperature
growth by varying malting parameters. Intensive aeration program can reduce the growth of Fusarium.l®'! Beyond
during steeping and additional air rests, reduced the technological options for suppressing Fusarium growth,
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there are a number of biological, chemical, or physical
methods that have been shown to be effective in lowering
the growth of Fusarium. The application of different yeasts
or lactic acid bacteria has also been reported as a biological
means of lowering Fusarium growth.[®> ¢ The chemical
treatment of grains has been performed by adding reducing
agents while malting to lower the mycotoxin formation.[® ¢!
Physical methods have also applied with promising Fusarium
reducing effects.!®® ¢7) All of these methods result in both
reduced Fusarium growth and reduced enzyme potential
after malting.[9% 6> ¢! However, if the various pathogens
- in particular Fusarium spp. — infect the grains, the patho-
gens will add an enormous additional enzyme potential to
the malting process. The additional enzyme load of patho-
genic origin can act in a way similar to the corresponding
cereal-borne enzymes!®? as well as lead to high solubili-
zation properties of the malt.

This means that maltsters are often no longer able to
handle the raw material properly. Until now, the enzyme
potential of pathogens and cereals has always been consid-
ered separately, or they have been scientifically investigated
independently of one another. Many publications exist that
demonstrate the amylolytic, proteolytic, and cytolytic enzyme
potential of Fusarium spp. isolated from cereals, mostly from
wheat or barley for in vivo or in vitro studies.[!% 54 68-86] Tp
practice, the enzyme activity was mostly higher when malt
was infected with Fusarium. Nevertheless, it is still not use-
ful in practice to differentiate between enzyme potential
that is cereal borne and enzyme potential that is of micro-
biological origin.

In addition to the minimum requirements for malt quality
mentioned above, the malt should fulfill requirements for
well-balanced enzymatic properties’® and as little microbial
contamination as possible. Enzymes acting as biocatalysts
are indispensable to the production of malt and beer. On
the one hand, these enzymes may be of cereal origin or of
microbial origin, such as those induced by Fusarium spp.
On the other hand, the interaction between cereal grain
and fungus can lead to a synthesis of enzymes caused by
this host-pathogen interaction. A selection of enzymes
involved in this process is shown in Table 1. The enzymes
that act during malting and brewing can roughly be divided
into three groups: enzymes for amylolysis, for proteolysis,
and for cytolysis. One enzyme action takes on a special
position - a cytolytic acting ‘enzyme - which is the
B-glucan-solubilase. It was described as an enzyme that
breaks down high molecular B-glucan from a protein
matrix,®” ) has carboxypeptidase activity,!® and is still
measurable in mature barley kernels. However, it is also
reported that its activity originates from a fungal cellulase,
which was found on the surface of barley kernels and is
therefore of fungal origin.[%®)

Enzyme formation induced by gene expression

Enzyme activity and the amount of enzymes in barley and
barley malt is regulated by gene expression before and
during malting.®**?! On the one hand, gene expression may

be a result of induced phytohormones that regulate the
growth and development of plants.”® On the other hand,
if pathogens attack a plant, they could lead to host-pathogen
interactions and, consequently, again gene expression as a
defense reaction from the plant/grain or from the pathogen
itself and can result in pathogenesis-related (PR) proteins.
[781 Additionally, the enzyme activity may be suppressed by
specific enzyme inhibitors, which play a decisive role in
plant development as well as in terms of host pathogen
interactions. For instance, alpha amylase 2 (AMY-2), an
isoform of alpha amylase, is inhibited by the endogenous
barley a-amylase/subtilisin inhibitor (BASI). Additionally,
BASI can protect the grain from an attack of secreted pro-
teases from pathogens in its second function as a subtilisin
inhibitor.

Main enzymes acting during malting and
brewing

Primarily worthy of mention in this context are the amylolytic
enzymes that act during mashing to hydrolyze starch to fer-
mentable sugars. Due to thermolability, the other malt
enzymes of proteolytic or cytolytic classes act mostly during
malting. The amylolytic enzymes involved thereby are mainly
a-amylase, p-amylase, limit dextrinase, and a-glucosidase.
%] Brewers like to summarize the effect of these four amy-
lolytic enzymes under the quality characteristic of Diastatic
Power (DP),*”] but specific enzymatic tests are currently
available to determine the enzyme activity of these four
enzymes. Cereal a-amylase (1,4-a-D-glucan glucanohydrolase)
is a “de novo” enzyme, which means that formation and
activation happens during the malting/germination process.
The activity of the a-amylase can be significantly influenced
by the malting process. Using a favorable O,/CO, ratio (high
O,, low CO,) and a high degree of steeping leads to a high
level of a-amylase activity, but growth of Fusarium is also
favored by good aeration and high humidity.

The p-amylase (1,4-a-D-glucan maltohydrolase), however,
is still present in barley grain, but activity increases during
germination while malting. An increase in -amylases and
further enzyme activity is based on the release of bound
p-amylase in the endosperm by proteases®” and due to the
gene expression of isoforms of B-amylases occurring during
the phases of malting.[%0-%2 %% %

Both the a-amylase and the f-amylase enzymes are only
able to cut the starch chains at a-1>4-bonds. The biggest
difference between the two enzymes is that the a-amylase
cleaves the starch inside (endo-enzyme), and the B-amylase
only cleaves the starch outside (exo-enzyme) after every
second glucose unit starting from the non-reducing end.
Limit-dextrinase (endo-enzyme) is able to cut the starch at
a-1>6-bonds on the inner side of the starch molecule.
Alpha-glucosidase is the main endosperm enzyme catalyzing
the breakdown of maltose to glucose. Alpha-glucosidase is
not required for starch degradation during germination, but
it has also been reported to attack starch granules.!'”! to
supply the seedling with nutrients during germination.
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Enzyme activity

Name Alternative name EC-number Origin Reaction catalyzed test Source
Enzymes of amylolysis
a-amylase 1,4-a-D-glucan 3.2.1.1 cereal, Acts on starch, and related Colorimetric Assay https://enzyme.
glucanohydrolase Fusarium polysaccharides and oligosaccharides expasy.org/;[121]
spp. in a random manner; reducing groups
are liberated in the alpha-configuration
B-amylase 1,4-a-D-glucan 3.2.1.2 cereal, Hydrolysis of 1,4-alpha-D-glucosidic Colorimetric Assay https://enzyme.
maltohydrolase Fusarium linkages in polysaccharides so as to expasy.org/;[140]
spp. remove successive maltose units from
the non-reducing ends of the chains
limit dextrinase amylopectin1,6 3.2.1.142 cereal Hydrolysis of 1,6-alpha-D-glucosidic Colorimetric Assay https://enzyme.
glucosidase linkages in alpha- and beta-limit expasy.org/;[152]
dextrins of amylopectin and in
amylopectin
a-glucosidase 1-4-a-D-glucan 3.21.3 cereal Hydrolysis of terminal 1,4-linked Colorimetric Assay https://enzyme.
glucohydrolase alpha-D-glucose residues successively expasy.org/;[96]
from non-reducing ends of the chains
with release of beta-D-glucose
Enzymes of cytolysis
endo cellulase, 3214 cereal, Endohydrolysis of 1,4-beta-D-glucosidic Colorimetric Assay https://enzyme.
(1,4)-B-glucanase beta-1,4-endoglucan Fusarium linkages in cellulose, lichenin and expasy.org/[164]
hydrolase spp. cereal beta-D-glucans; Will also
hydrolyze 1,4-linkages in beta-D-
glucans also containing 1,3-linkages
endo- 1,3-B-glucan 3.2.1.39  cereal, Hydrolysis of 1,3-beta-D-glucosidic Colorimetric Assay https://enzyme.
(1,3)-B-glucanase endohydrolase Fusarium linkages in 1,3-beta-D-glucans; Very expasy.org/;[24,
spp. limited action on mixed-link 161]
1,3/1,4-beta-D-glucans
exo-f-glucanase 1,3-B-D-glucan 3.2.1.58 cereal Successive hydrolysis of beta-D-glucose Colorimetric Assay https://enzyme.
glucohydrolase units from the non-reducing ends of expasy.org/
1,3-beta-D-glucans, releasing
alpha-glucose
endo-1,4-B- glucuronoarabinoxylan ~ 3.2.1.136 cereal, Endohydrolysis of 1,4-beta-D-xylosyl links ~ Colorimetric Assay https://enzyme.
xylanases endo-1,4-beta- Fusarium in some glucuronoarabinoxylans; high expasy.org/;[108]
xylanase spp. activity toward feruloylated
arabinoxylans from cereal plant cell
walls
Enzymes of proteolysis
cysteine class proteases, e.g. EP-A and EP-B 3.4.22.- cereal Only specified due to protein class SDS-PAGE [184, 188]
metalloproteases 3.4.24-  cereal, Not specified SDS-PAGE [82, 184, 188, 199]
Fusarium
spp.
aspartic proteases, e.g. HVAP 3.4.23.- cereal Not specified SDS-PAGE [184, 188]
serine class proteases, e.g. SEP1 3.4.21.- cereal Not specified SDS-PAGE [184, 188]
carboxypeptidase 3.4.16—  cereal, Hydrolysis of C-terminal peptide bonds Colorimetric Assay www.uniprot.
3.4.18 Fusarium org;[198]
spp.
aminopeptidase 3.4.11.- Hydrolysis of N-terminal peptide bonds [185]

The second group of enzymes are the proteases.
Depending on their protease class, proteases break down
peptide bonds by hydrolysis at specifics regions inside the
protein structure. Similar to the amylolytic enzymes, in the
class of proteolytic enzymes there are two protease groups:
exo-1101:102] and endo-enzymes!'®® to degrade proteins from
outside or inside, respectively. Furthermore, barley proteases
can be categorized into four protease classes, depending on
their mechanism of catabolism:!1%* 141 cysteine proteases,
metalloproteases, aspartic proteases, and serine class prote-
ases.[103]

The third group of enzymes relevant to malting and
brewing are the cytolytic acting enzymes. The main repre-
sentatives of this group of enzymes are the P-glucanases
and xylanases. They are responsible for the degradation of
cell walls and promote the degradation of beta-glucans,
pentosans, and other structural substances during malting
and mashing (cellulose, hemicellulose, and pectin).!1%!

Intention of the review

The activity of enzymes and the expression of their genes
changes from mature grain to malt as a result of phytohor-
mone related processes in the kernels during malting.1%!
Moreover, if Fusarium spp. infect barley, the enzyme levels
could be influenced'7-1% both in terms of activity and in
terms of gene expression during the malting procedure.”"
88, 110-12] Depending on the time of infection, e.g., pre- or
post-harvest, amylolytic activity can be increased or
decreased, which was described in the early studies in
Fusarium-related research.!!'>-11% In addition, cell wall deg-
radation is influenced by a Fusarium infection”* ' due to
released enzymes as they are endo-1,4-B-glucanase!!'!l and
B-xylosidase.['!8! In the proteolytic enzyme group, an increase
in enzymatic activity has also been described in Fusarium
infected samples.[7% 81

Given that the unpredictable combination of cereal and
pathogen-borne enzymes in malting cereals lead to problems
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in processability, this review addresses a compact compila-
tion of the main enzymes involved in malt preparation in
relation to Fusarium infection. It covers both cereal and
fungal enzymes and enzymes for which the origin cannot
be analytically determined. Enzymes that can be of both
cereal and microbial origin are of particular interest since
they are the great unknown in the malting process that the
maltster cannot control.

Enzymes in malting procedure

The enzyme activity described by the relevant literature
mostly relates to cereal-borne enzymes. Enzymes of microbial
origin have not often been considered but are still present
in mature grain or malt. An exceptional case is P-glucan
solubilase, which is reported to be a cereal cellulase.!®¥ This
additional enzyme potential can significantly influence the
processing quality of the malt.** 74 Enzymes that may be
technologically relevant to maltsters and brewers and that
may be associated with fungal infestations include, among
others: a-amylase, B-amylase, p-1,3-glucanase, xylanases, as
well as endo- and exo-proteases.

The following sections will characterize the context in
which enzymes are native to cereals and which are native
to fungi. The main hydrolases relevant to malting are also
described, whereby the formation or increase in activity is
one of the main objectives of malting. Enzyme inhibitors
and their related impact in enzymatic activity are addition-
ally considered. It should be noted that enzyme activity
could also be increased by the action of enzymes from the
metabolism of Fusarium spp. However, these enzymes are
often genetically completely different and can be distin-
guished by molecular biological methods.

Amylolytic acting enzymes

In barley malt, four different enzymes are involved in
degrading starch into fermentable sugars late in the brewing
process. These four enzymes are: a-amylase, p-amylase,
a-glucosidase, and limit-dextrinase.['"®) An infection of cere-
als with Fusarium spp. can also contribute to starch degra-
dation. 70 120]

a-Amylase (1,4-a-D-glucan glucanohydrolase [E.C.
3.2.1.1])

Alpha-amylase is one of the most important starch deb-
ranching enzymes used in brewing technology.'?!! This
enzyme is an endo-enzyme that cleaves amylose and amy-
lopectin from the inside out, at only a-1->4 bonds inside
the molecule. The resulting cleavage products include oli-
gosaccharides, maltotriose, and others. In mature barley and
wheat tissue, no detectable a-amylase activity is measur-
able,l'2 but in the early development stages and in imma-
ture grain, a small amount of a-amylase was found by
Duffus and other researcher.[”® 123-126l However, the amount
of a-amylase in mature barley grain is very low, and its
activity is mostly undetectable using common analytical

methods."?!) In the development of barley grains, a-amylase

was found and was called “green a-amylase”'?”! isoform
low pl a-amylase (AMY-1), or high plI a-amylase
(AMY-2). [128-130] T addition, two more genes for a-amylase
were described earlier - AMY-3 and AMY-4.1126: 1311 Authors
describe AMY-3 to be a complex from AMY-1 and
AMY-2,1128 1321 byt it seems to be a complex of Barley
a-Amylase Subtilisin Inhibitor (BASI) and AMY-2.[133 134]

Specific inhibitors can inhibit amylases, but BASI indeed
only inhibits AMY-2 and does not inhibit AMY-1. However,
AMY-1 only plays a minor role in malting and brewing
technology because the activity in malt is only described
with 5% of the total a-amylase activity. The other 95% of
the activity is attributed to AMY-20% and can presumably
be inhibited by BASI. Muralikrishna and Nirmala, on the
other hand, characterized the activity of AMY-2 with 60%
of the total activity.l'?®! MacGregor et al. reported AMY-2
accounting for up to 80-90% of the total a-amylase activity
in malt.!35 136]

AMY-1 degrades starch independently of the presence of
calcium.'?8 AMY-2 is calcium-dependent!’?®! and is synthe-
sized and activated de novo during malting. In contrast,
Muralikrishna and Nirmala described both isoforms AMY-1
and AMY-2 to be synthesized de novo during germination.
28] Tn the early phase of plant development (germination),
a-amylase (possibly AMY-1) ensures the supply of carbohy-
drates to the plant seedling. In a study by Hofer et al.,[®!
a-amylase was found in developing stages after flowering in
greenhouse-cultivated barley samples that were not infected
with pathogens. The alpha-amylase found in this study in
developing barley grain tissues was AMY-2,I7% % 1371 whereby
the similarity in the sequence of the two isoforms AMY-1
and AMY-2 was described as being 80%.[138!

Fusarium spp. can also contribute to amylolytic potential
to the grain being processed. However, it should be noted
that sequence similarities between cereal amylases and amy-
lases from microorganisms are very low.!'*! However, in the
routine quality control of cereals, no molecular-biological
methods are used to differentiate which organism the
enzyme in question belongs to. Instead, only the amount
of cleavage products per period of the enzymes is measured
and is indicated as enzyme activity. In this way, a Fusarium
infestation can make a hidden contribution to the enzyme
potential.

These findings confirm the results of an earlier study!
by Duffus, in which contamination by potential pathogens
such as Fusarium spp. was not considered. In this early
study, the author reported that a-amylase activity was
detected in immature grain a few days after anthesis.[?’]

123]

B-Amylase (1,4-alpha-D-glucan maltohydrolase

[E.C. 3.2.1.2])

In contrast to a-amylase, f-amylase is still present in the
immature barley grain!** and is not thought to be synthe-
sized de novo during germination.!'*!! Beta-amylase is pres-
ent in barley in three different forms - a free, a bound,
and a latent type, with the free fraction accounting for up
to 90% of the P-amylase activity in malted cereals.”)



Beta-amylase hydrolyzes the 1,4-a-D-glucosidic linkages in
polysaccharides and cuts maltose units from the non-reducing
ends of the starch chains. In cereal plants, the activity of
B-amylase starts to increase the free as well as the bound
form of P-amylase, ten days after anthesis.!!*?) The free and
the bound form of B-amylase is accumulated in the aleurone
layer and the starchy endosperm.!'*¥ However, the bound
form has been described as being mainly inactive in barley
kernels.[144 145]

Two active isoforms of barley f-amylase have heretofore
been known. Beta-amylase 1 (Bmy-1)14%! and Beta-amylase
2 (Bmy-2)!%] encoded by the genes Bmy-1 and Bmy-2
respectively. One recent study showed that gene expression
of Bmy-2 was strongly increased during malting!®” in con-
trast to Bmy-11148) However, native Bmy-1 contributes most
to P-amylase activity.

Several authors have in recent years described a- and
B-amylase as playing an important role in host-pathogen
interactions due to a Fusarium spp. infection of various cere-
als.9-1511 For instance, Eggert et al. found an up-regulation
of B-amylase as a result of an infection of emmer grains
(Triticum dicoccum) by F. culmorum and E graminearum!*>"!
and described the biological function of the up-regulated
B-amylase to not only be in charge of starch degradation.
Beta-amylase acts also as a factor for the programmed cell
death of grain cells.'® Possibly, the p-amylase in that case
came from the metabolism of the pathogens, and the function
of the B-amylase was a targeted cell death of the grain. The
necrotic barley cells became all the more accessible as a nutri-
ent supply of Fusarium.

Limit dextrinase (1,6-alpha-glucanohydrolase

[E.C. 3.2.1.33])

The third starch debranching enzyme in cereals is the limit
dextrinase, which catalyzes the hydrolysis of 1,6-a-D-glycosidic
linkages of the starch amylopectin.® Limit dextrinase
activity is present but low in mature barley kernels,'*? and
activity increases approximately six-fold during germina-
tion!"*® induced by gibberellic acid,!'** but the activity of
limit dextrinase in malt is reported to be halved from green
malt to kilned malt.!'* 155 Limit dextrinase exists in a free,
a latent, and a bound form. The bound form cannot hydro-
lyze amylopectin, but it can be activated through proteolysis
by endogenous thiol proteases, by cysteine endopeptidases,
or by the reduction of inhibitors by thioredoxin.[32 15¢) In
Fusarium infected samples, no increase of limit dextrinase
was detected,!”® although Fusarium spp. are known to
increase proteolytic activity in malt’>* 7% and can potentially
activate the bound form of limit dextrinase.

Cytolytic acting enzymes

The cell walls of cereal grains are mainly composed of
B-glucan and arabinoxylan (AX). However, lower amounts
of cellulose, heteromannan, pectin, and xyloglucan are also
located in the walls of barley or wheat.'””! The composition
of this non-starchy polysaccharide differs, depending on the
tissue (endosperm, embryo, husk, or aleurone layer). In
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barley endosperm, p-glucan accounts for approximately 75%
of the total non-starch polysaccharides, and arabinoxylan
accounts for 25% thereof.’¥! In wheat tissue, the ratio is
the opposite. In contrast, the aleurone layer of
barley includes approximately 70% arabinoxylan and 25%
B-glucan.B3% 151 Beta-glucan is a macromolecule, and its
molecular weight is about 200-300kDa.l'*®! The linkages
between the glucose molecules are mainly -1,4-glycosyl-bonds
for approximately 70% and for 30% B-1,3-glycosyl-bonds.[1*"!

Glucanases

Three different glucanases are needed to degrade the
B-glucan molecules - the endo-(1,4)-B-glucanase, the endo-
(1,3)-B-glucanase, and the exo-(1,3)-p-glucanase. The hydro-
lysis from the degradation products (glycosides or
oligosaccharides) to a single glucose unit is at least per-
formed by B-glucosidase.[%% 161 The endo-(1,4)-B-glucanase
is still present in mature barley grains,””! whereas the endo-
(1,3)-B-glucanase and exo-(1,3)-f-glucanases are only formed
during germination.['" 12l During germination, the activity
of (1,3)-B-glucanase and exo-(1,3)-B-glucanase increases up
to ten-fold.?* 193] Due to the fact that exo-(1,3)-p-glucanase
is not thermostable, it has a very low technological relevance
for brewers in the mashing procedure. During germination,
ex0-(1,3)-B-glucanase is still active and can therefore influ-
ence cytolysis.

The role of endo-(1,3; 1,4)-B-glucanase in mature barley
grain is not yet entirely clear. It may serve to improve the
accessibility of starch by amylases through the cleavage of
glucan, or the cleavage of glucan for seedling nutrition.1%
However, a fungal origin of a (1,4)-B-glucanase activity can-
not be excluded.!®!

Apart from the endo-(1,4)-p-glucanase, barley p-glucanases
are not synthesized before germination.”® % The activity
of B-glucanases detected in unprocessed barley is mostly of
microbial origin. In cases where barley is infected with
Fusarium ssp., activity of B-glucanases can be increased.
However, E graminearum (among others) is able to enhance
the B-glucanase activity, but not F poae.” This fungal
(1,3)-B-glucanase is also described as a cellulase.!”!!

The endo-(1,3)-B-glucanase plays a central role in degrad-
ing cell walls during malting.['%! Regarding cereals infected
with pathogens such as Fusarium spp., it has been reported
that endo-(1,3)-B-glucanase is up-regulated in response to
the fungal attack, and (1,3)-p-glucanase activity increases
rapidly.?* 17 Fincher reports that an endo-(1,3)-B-glucanase
is active against (1,3)-B-glucan in fungal cell walls.l'! The
up-regulation of (1,3)-p-glucanase is, among other things,
a plant defense reaction against biotic attack.'* However,
it should be noted that (1,3)-p-glucanase also acts on the
plant’s own substrates and can thus contribute to the for-
mation of signal molecules able to act as the plant’s triggers
for further defense mechanisms.['®® The (1,3)-p-glucanase
can also be detected in non-infected cereals, in which case
it may be involved in normal developing processes during
malting.['**] If pathogens attack the plant, (1,3)-p-glucanase
is up-regulated as a Pathogenesis-Related Protein (PR). PRs
are classified into 17 families, and (1,3)-P-glucanase is a
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class 2 PR. The functions of PRs have been well-reviewed
in a publication by Gorjanovi¢.l'*Y The antimycotic function
of a plant (1,3)-B-glucanase (as PR-2) is to hydrolyze the
structural (1,3)-B-glucan present in the fungal cell walls.
Glucan is most exposed at the apex of filamentous fungi
hyphae. This leads to a weak cell wall and, afterwards, to
cell lysis and cell death.'®”) On the contrary, Kikot et al.
described cell wall degrading enzymes that were produced
in an extra-cellular manner from pathogenic fungi. However,
it should be noted that these cell wall degrading enzymes
can also be xylanases, chitinases, or pectinases.[”) Ultimately,
it was not elucidated whether increasing activity of
(1,3)-B-glucanase was only cereal-borne or also of fungal
origin. Malt quality will always be affected in the presence
of high glucanase activity.

Xylanase and arabinoxylan (AX)

Beyond B-glucan, AX is the main non-starch polysaccharide
in barley. The structure of AX is complex, with many side
chains on the xylose backbone. These are: L-arabinose,
L-arabinose ester-linked with ferulic acid, D-galactose,
4-o-methyl-D-glucuronic acid, and acetyl groups. Seven
enzymes are needed to degrade AX totally. These AX-degrading
enzymes are: B-D-xylosidase, endo-1,4-p-xylanase, feruloyl
esterase, arabinofuranosidase, acetylxylan esterase, a-D-glu-
curonidase, and a-D-galactosidase.l'® 1717 The degradation
of AX during malting is relatively low in contrast to B-glucan
because endo-xylanases are developed relatively late during
germination. However, the AX digestion is important to the
brewing process since it affects wort composition and pro-
cessability as well as beer quality.['7?]

Endo-xylanases (endo-1,4-B-xylanases) (EC 3.2.1.8) break
down the xylan backbone of AX, the basic structure of AX,
by hydrolyzing the B-1,4-xyloside bonds of xylans.[173-173]
The previous literature describes many isoforms of barley
xylanases secreted during malting,['7¢ but little knowledge
has existed about xylanases during malting up to now. In
mature barley, the activity of endo-xylanase is low and
increases during germination.””? The endo-1,4-B-xylanase
has been described as an enzyme that is released when the
precursor is proteolytically activated. Van Campenhout et.
al. also discovered that the precursor of endo-1,4-p-xylanase
in barley is an active enzyme,['”® and they isolated the
xylanase of barley aleurone tissue.

If Fusarium ssp. contaminate barley plants, then xylanase
activity can increase drastically. Sarlin et al. reported an
increase of xylanase of endo-1,4-B-D-xylanase in barley malt
when the samples were contaminated with E culmorum and
E graminearum, respectively.''?l Dong et al. observed two
different xylanases (xylanase I and xylanase II) from F
graminearum, which were isolated from wheat bran.”*! The
same xylanases were found by Kanauchi et al. in barley malt
that was not infected; the barley was even surface sterilized
prior to malting.'’”! In barley malt that was infected with
E poae, xylanase activity was either increased or decreased,
depending on the barley variety. These results confirmed
the findings of Schwarz et. al.’% In contrast to Sarlin
et al.,l'"?l however, xylanase activity in the work of Schwarz

et al.”” was also increased in samples infected with F poae.
Besides the increase of xylanase activity, often an increase
of B-glucanase has been reported due to Fusarium infec-
tion, 24 7 1121 in which the B-glucan amount in malt is dras-
tically decreased.””! This normally results in improving the
filterability of wort and beer, but the Sarlin et al. paper
describes a worse filtration rate in one sample of their
study.[112]

The main proportion of the xylan backbone is degraded
during mashing, but it can be inhibited by a specific inhib-
itor, which also develops during germination.!'””- 17°! Several
xylanase inhibitors can inhibit xylanases. In wheat, the
inhibitors are called Triticum Aestivum Xylanase Inhibitor
(TAXI) and in barley (similar to wheat) Hordeum Vulgare
Xylanase Inhibitor (HVXI).['” In addition to these two
inhibitor classes, a Xylanase Inhibiting Protein (XIP) has
also been described.!'"! Both XIP and TAXI are proteins
in wheat and can inhibit microbial xylanases (e.g., from E
graminearum).[180]

Proteolytic acting enzymes

The third group of enzymes in barley and malt are the pro-
teolytic enzymes. They degrade the proteins and can be clas-
sified according to the site of action in the protein. It is
reported that several protease inhibitors inhibit the protease
action,!':182] for example, they contain cereal protease inhib-
itors that may act against fungal attacks.!!8! 183l

Proteases are hydrolases and hydrolyze peptide bonds at
specific regions.[' They can be divided into exopeptidases
(hydrolyzing peptide bonds at the terminal end)!'®! and endo-
peptidases (or proteinases) hydrolyzing internal peptide bonds
of the protein.'® The endo-cleaving proteases of barley and
malt were well-reviewed by Jones.['® Many of the endopro-
teinases are synthesized after germination.

A second classification can be made according the
amino acid or the metal ion that is located at the active
center of the enzyme. These class-specific proteases are cys-
teine proteases, aspartic proteases, serine proteases, and
metalloproteases.

During malting, the proteins are made soluble by endo-
peptidases. Degradation of protein to amino acids or pep-
tides follows temperature dependent from the action of
exo-peptidases. The most important protease class are the
cysteine class proteases. Metalloproteases act during mashing
as they do during malting, whereas aspartic class proteases
contribute less to protein solubilization. Serine class prote-
ases are similarly not deeply involved in the hydrolysis of
proteins during malting or mashing.[%*]

According to the MEROPS database, 590 different pep-
tidases or putative peptidases are known in Hordeum vulgare
L..118187] Concerning the three predominant Fusarium spp.
(E graminearum, F. culmorum and E avenaceum), 560 dif-
ferent known and putative proteases have been described
to date.[18% 18] These fungal proteases have been reported
to increase proteinase activity in cereals.[®!)

Mainly relevant to germination are 42 different proteases,
and 27 proteases of this pool are cysteine proteases.18% 1%



Proteinase activity is highly influenced by the fungal infec-
tion of the cereals. This has been shown in barley, wheat,
and in emmer samples that were infected by E graminearum,
E culmorum, and E avenaceum.!? 83 150

Cysteine endoproteases [E.C. 3.4.22]

Cysteine class proteases carry out their hydrolytic activity
based on a cysteine residue located at the active site of the
protease. This hydrolysis by means of cysteine class proteases
is histidine-activated. In barley grain, the cysteine proteases
are located in the endosperm; in the seedling, and during
germination they are also located in the aleurone cells.!!
The maximum of cysteine class proteases activity has been
described as being reached at the end of the germination
period (day five).'*! The main representatives of the cys-
teine class proteases are two papain-like proteases:
Endo-Protease A (EP-A).'2 and Endo-Protease B (EP-B).[1%3]
These two proteases are synthesized in barley by the induc-
tion of gibberellic acid. Both EP-A and EP-B are the main
proteases hydrolyzing barley hordein.['¥ Three further cys-
teine class proteases have been described in addition to
EP-A and EP-B: Malt Endopeptidase 1 (MEP-1), the 30kDa
proteinase from green malt,'® and the 31kDa proteinase
from green malt.'®! MEP-1 is also a hordein hydrolyzing
peptidase and was found in green malt, which was not
kilned.['! Despite some inconsistencies between the studies
of Koehler and Ho!"*! and Phillips and Wallace,!' Jones
presumed them to be the same enzyme.l'® In addition, it
should be noted that the 30kDa proteinase and the 31kDa
proteinase appear to be isozymes. These five enzymes are
highly active in both barley and malt and contribute mainly
to the degradation of storage proteins such as hordeins.[1%!
Most of these enzymes exhibit a high level of activity in
green malt, and also after kilning. The activity is not low-
ered in the finished malt. On the contrary, the kilning pro-
cess can even increase the activity of proteases.!'® 171 The
studies by Jones et al. and Bell did not test whether the
grains were infected by Fusarium. During kilning, the
growth of Fusarium (expressed as a DNA amount) can
increase during the kilning process.”®! It is possible that the
increase of proteolytic activity is based on the increase of
Fusarium biomass during the early stages of kilning.

Metalloproteases [E.C. 3.4.24.]

Simpson as well as Jones concluded in their reviews that
metalloproteases are second to cysteine endoproteases,!1% 1%
and relatively little knowledge exists about metalloproteases
during malting.!'%! Metalloproteases have mainly been found
in the aleurone cells of malt and in the endosperm of green
malt and could not be detected in the endosperm of kilned
malt."®! Their activity is very low in mature barley and
during the first day of germination.['” The activity of metal-
loproteases has been reported to increase from the first day
of germination.'” The maximum activity was measured at
day two of germination.!'®! Wrobel and Jones were the first
to find five different high molecular weight metalloproteases
in green cereal malt, which was germinated for four days.!'*’)
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These proteases were either zinc- or manganese-dependent
and were reported to be responsible for protein hydrolysis in
early malting stages.!'””! Metalloproteases are able to hydrolyze
hordein. Oliveira et al. showed in one trial that either malting
or a Fusarium infection can increase the activity of metallo-
proteases.8?]

Aspartic proteases [E.C. 3.4.23.-]

Sarkkinen et al. purified an enzyme from barley which was
previously described by Belozersky et al. in wheat seeds.?%
2011 This enzyme could be inhibited by the addition of pep-
statin, which indicates that the enzyme is an aspartic endo-
protease!??) and was later named Hordeum vulgare Aspartic
Proteinase (HvAP).2%] HvAP was not found to solubilize
barley hordeins since it was only found to be located in
aleurone cells, and not in the endosperm.'% The work of
Zhang and Jones demonstrated some aspartic proteases in
barley, which were relatively similar to one another and to
HvAP. Four protease forms were found in barley and six
forms in malt. Like HvAP, none the proteases described by
Zhang and Jones hydrolyzed hordeins, but rather a globulin
preparation.[1% 11 This indicates that aspartic proteases are
not a contributing factor in the solubilization of storage pro-
teins, but they might act against globulins during malting.
An increased or decreased activity of aspartic protease in
connection with a Fusarium infection has not been established
to date. Therefore, the enzyme load of aspartic protease would
have to be entirely cereal in origin.

Serine proteases [E.C. 3.4.21.]
To date, only two serine proteases have been purified from
barley, but relatively little knowledge exists about their phys-
iological role.?*"! These two serine proteases are Serine
Endoprotease 1 (SEP-1) and Hordolisin.['* 2051 The endopro-
tease SEP-1 was found in barley as well as in green malt
after one day of germination, but only in the seedling and
in very low amounts. The enzyme activity increased from
days two to six of the germination period.'’!l At day six of
germination, SEP-1 was found in all of the green malt tissues
apart from the starchy endosperm.!!®! This suggests that
SEP-1 is not even involved in hydrolyzation of storage pro-
teins, rather more in mechanisms of regulatory and physio-
logical manner. This includes also a hydrolytic degradation
of B-amylase during germination.?! A study by Fontanini
et al. describes SEP-1 having lost its activity at temperatures
higher than 70°C.12*"! This could indicate that SEP-1 activity
should not be found in malt (which is kilned at temperatures
of 80°C and higher). In addition, the hordolisin does not
degrade storage proteins in barley and malt (maybe the mis-
leading trivial name should be changed!). Its contribution to
the hydrolization of barley hordein is negligible,'®® and their
specific serine-protease inhibitors may have inhibited the
serine proteases in this case. A further study by Jones and
Budde found that serine class proteases did not affect the
release of soluble protein.?%”)

Fungal proteases in general can have a wide range of
temperatures at which they can be active. Wang et al.
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reported this temperature range to be from 10-100°C.[1%!
In addition, the pH level ranges widely, from 4.5-8.5. This
was learned by analyzing wheat (Triticum aestivum L.) for
baking purposes, which was infected with E culmorum.[1%

Conclusion

During malting and brewing, multiple enzymes act as bio-
catalyzers to transform biomolecules. Maltsters and brewers
have used the action of these enzymes for thousands of
years - knowingly or unknowingly - to produce malt and
malt-based beverages. Given the emergence of modern ana-
lytical capabilities, the effects of enzymes have become better
understood and characterized in recent years. As a result,
brewers and maltsters are now in a position to use natural
and exogenous enzymes to specifically control the desired
conversion processes of the various substrates. In the past,
however, only the desired cereal borne enzymes have usually
been investigated and taken into account (apart from arti-
ficially added technical enzymes and phytohormones).
Despite many years of research and the continuous improve-
ment of analytical capabilities, we still have relatively little
knowledge about the input of contaminants with respect to
enzymatic action. For example, we know that some Fusarium
spp. can increase proteolysis and cytolysis in malt, but it is
in most cases unclear, which enzymes are acting.

In respect to the predominant Fusarium species worldwide,
which have been described as E graminearum, E culmorum,
and E avenaceum,"'-'4 it has been reported that, for instance,
a E graminearum infection can result in significant changes
in the composition of carbohydrates, proteins, and lipids.!%”)
Pawelzik et al. found (in baking cereals) a high correlation
between Fusarium infection and the activity of fungal enzymes
such as amylases, chitinases, cellulases, glucanases, xylanases,
and proteases.[1® 28] The enzymes released by the fungus
into the cereal pathogen system also depend upon the species.
Are the changes of enzymatic behavior in Fusarium infected
cereals originated only by the pathogen, or is it a result of
host-pathogen interaction? This is the question that should
be answered in upcoming years with the use of modern
analysis techniques. In addition to the cereal enzymes that
also occur and act in non-contaminated material, some of
these are also considered to be pathogen-related proteins.
The pathogen related proteins and their origins have been
well-reviewed by Gorjanovic.'® Due to this mixing of the
original cereal enzyme potential and the host-pathogen reac-
tion, the real enzymatic input of the fungal enzymes still
remains unknown.

The quality changing aspects, when cereals are infected
with Fusarium spp. are known.™ 2 The Fusarium spp. affect-
ing the malt quality mainly are reported to be E culmorum,
FE graminearum and not to be forgotten F avenaceum and
E tricinctum.l 1] Here some positive and negative effects
are reported. Positive attributed effects include amongst
others the production of hydrolytic acting enzymes contrib-
uting to the modification of malt: amylases, proteases,
B-glucanases and xylanases.?*) However, some of the over-
supplied enzymes can also affect the quality of the malt and

beer negatively. Higher amylolytic activity may lead to a
higher malting loss during malting as degraded starch serves
to pathogens’ nutrition.!" 2/ Higher proteolytic activity may
lead to foam problems in beer and in addition with higher
cytolytic activity during malting, to an overmodification of
malt. 1> 24, 209]

In large, it is not possible to decipher the origin of
the enzymes because enzymatic power is mostly analyzed
by the decrease in the concentration of the substrate,
which is converted into the product by the enzyme, or
by the increase in the concentration of the product
formed during the enzyme reaction by means of colori-
metric methods. The activity of the fungal enzymes can
be demonstrated by in vitro studies. However, does this
approach reflect the natural processes in grain processing?
Only in vivo studies can contribute to the clarification,
whereby these studies must be carried out under con-
trolled conditions, e.g., in greenhouse trials. Many hydro-
lases present in the grain are also contributed to by
Fusarium ssp. However, the similarity in sequences
between cereal and fungal enzymes can be completely
different,!3¥! but the enzyme effect of both is identical.
Some of the fungal hydrolases even appear not to be
specific,!?®! so it may be difficult to distinguish these
proteases from cereal enzymes using the conventional
methods mentioned above. Suitable, fast, and preferably
cost-effective methods must then be developed for
research and quality assurance. Molecular-biological meth-
ods would be suitable for this purpose. However, to iden-
tify the fungal enzymes requires knowledge of the gene
sequences of the individual Fusarium ssp. The design of
a (multiplex)-method for the detection of fungal enzymes
would help to better assess the influence of Fusarium
infection on quality in the future. The detection of
enzymes would also be of great benefit in terms of early
detection methods for pathogens during the growth of
cereals. The development of such methods could help in
the future to secure the supply of high quality and easily
processable cereals in terms of the varieties of cereals
currently grown (little resistance to plant diseases) and
as a proactive action due to the climate change, which
is already in full progress.
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