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Malting quality results from the different steps of the malting process. Malting uses internal changes of the seed occurring
during germination, such as enzymes synthesis, to obtain a good hydrolysis process and the components required. Among
the three main hydrolytic events observed, that are namely starch degradation, cell wall breakdown and protein hydrolysis,
an efficient cell wall polysaccharides hydrolysis is an essential condition for a final product of quality. Indeed, because of
the physical barrier of the cell wall, cell wall polysaccharides hydrolysis is one of the first steps expected from the process to
gain access to the cell components. Moreover, viscosity problem and haze formation in malting industry are related to their
presence during the process when inefficient degradation occurs, leading to increased production time and cost. Understanding
the key elements in cell wall degradation is important for a better control. (1-3,1-4)-B-glucans and arabinoxylans are the main
constituents of cell wall. (1-3,1-4)-B-glucans are unbranched chains of [3-D-glucopyranose residues with 3-(1,3) linkages
and P-(1.4) linkages. Arabinoxylan consists in a backbone of D-xylanopyranosyl units linked by 3-(1-4) bonds connected
to single L-arabinofuranose by a-(1—2) or a-(1—=3)-linkages. Degradation of (1-3,1-4)-B-glucans is processed by the
(1-3,1-4)-B-glucanases, the B-glucosidases and the B-glucane exohydrolases. It seems that the (1-3)-f-glucanases are also
involved. Arabinoxylans are mainly decomposed by (1-4)-B-xylan endohydrolase, arabinofuranosidase and $-xylosidase.
Keywords. Hordeum vulgare, malting barley, cell walls, polysaccharides, 3-glucan, arabinoxylan.

Revue bibliographique : I’hydrolyse des polysaccharides des parois cellulaires de I’orge brassicole (Hordeum
vulgare L.). La qualité brassicole découle des différentes étapes du processus de maltage. Celui-ci utilise les modifications
physiologiques internes du grain apparaissant lors de la germination, telles que la synthése d’enzymes, afin d’obtenir des
processus hydrolytiques efficaces et in fine les composés désirés. Parmi les trois processus hydrolytiques principaux, a
savoir la dégradation de I’amidon, la dégradation des polysaccharides des parois cellulaires et I’hydrolyse des protéines, une
dégradation intense des polysaccharides des parois cellulaires est un critére essentiel. En effet, dans un processus de maltage,
la paroi cellulaire crée une barriere physique entre le contenu cellulaire et d’autres enzymes hydrolytiques. De plus, lors d’une
mauvaise dégradation de ces polysaccharides des parois cellulaires, des problemes de viscosité et de troubles du produit
fini sont rencontrés au cours du processus industriel de brassage, conduisant a une augmentation de la durée et des couts de
production. Comprendre 1’organisation et connaitre les constituants des parois cellulaires et les acteurs impliqués dans leur
dégradation est important pour mieux maitriser les processus d’hydrolyse. Les principaux constituants de la paroi cellulaire sont
les (1-3,1-4)-B-glucanes et les arabinoxylanes. Les (1-3,1-4)-3-glucanes sont des polymeéres de résidus $-D-glucopyranoses
avec des liaisons B-(1,3) et B-(1,4). Les arabinoxylanes ont un squelette d’unités D-xylanopyranosyles avec des liaisons -(1-
4), sur lesquels se connectent des L-arabinofuranoses par des liaisons o-(1—2) ou a-(1—3). Les enzymes qui interviennent
dans la dégradation des (1-3,1-4)-B-glucanes sont les (1-3,1-4)-f-glucanases, [-glucosidases et les [3-glucane exohydrolases.
Les solubilases interviennent également en solubilisant le B-glucane, mais elles sont peu connues. Les (1-3)-f-glucanases
pourraient en faire partie. Les arabinoxylanes sont principalement décomposés par les (1-4)-f-xylane endohydrolases, les
arabinofuranosidases et les 3-xylosidases.

Mots-clés. Hordeum vulgare, qualité brassicole, orge, parois cellulaires, polysaccharides, [3-glucane, arabinoxylane.
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1. INTRODUCTION

Barley (Hordeum vulgare L.) is the primary cereal used
in the worldwide malt production. Malting of barley
consists in seed germination in which various enzymes
are synthesised. These enzymes initiate the breakdown
of the starchy endosperm and lipid reserves in the
aleurone and embryo providing energy for growth.
When growth is optimal and when useful elements are
obtained, germination is stopped to avoid component
consumption by the growing embryo (Briggs, 1978).

Malting quality traits are based on the efficiency of
these hydrolytic activities. Indeed, malting quality traits
result from the different steps of the malting process.
Potential of the grain is fully completed at the end of the
malting process and brewing can only use this potential.
It means that understanding and having under control
the quality traits is essential to optimize germinated
grain potential. Malting quality traits can therefore be
identified on the basis of the process steps.

Factors affecting germination such as dormancy of
germination capacity are basic quality traits (Deymie,
1984; Prada et al., 2004). The content of starch and
its degradation are essential to obtain a good yield in
alcohol (Hayes et al., 2002; Clancy et al., 2003). Protein
content, protein composition and hydrolysis can also
influence the final quality by different ways (Agu et al.,
1999; See et al., 2002; Borén et al., 2004; Holopainen
et al., 2005). Hydrolysis of the cell wall
polysaccharides is one of the key quality
traits. In fact, it is needed to free the way
to cell component for other enzymes; and
it can influence the efficiency of other
hydrolytic process. Moreover, presence
of cell wall polysaccharides can lead to
viscosity problems and haze formation
in the beer and be synonymous of higher
production costs (Izydorczyk et al., 2000;
Swanston et al., 2002; Jin et al., 2004).

This paper is focused on this particular
trait because of its role in malting quality.
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By a better understanding of enzymes implied in cell
wall degradation, possible routes for the selection of
improved cell wall degradation potential may be defined.

2. RELATION BETWEEN THE MALTING
PROCESS AND MALTING QUALITY

Malting consists in barley seed transformation in
malt, based on the physiological modifications inside
the grain during germination. Three main kinds of
components are hydrolyzed: starch, protein and cell
wall polysaccharides (Hayes et al., 2002).

Malting can be decomposed in five main steps.
Calibration and cleaning is the first one. It helps to
obtain homogeneous raw material and to eliminate
dirt and broken seeds. Steeping is the second step. It
uses immersed and dry phases. Its goal is to increase
humidity to 42-46% for optimal imbibition of the seeds.
It contributes to an homogenous germination (Briggs,
1978; Van Lierde, 2003).

At the end of the steeping, seeds are transferred in
germination rooms and the germination step begins. It
is during this step that enzymes activities are developed
(Figure 1). Main points are:

1. gibberellins are synthesized by germinating embryo
and they migrate from scutellum to starchy
endosperm;
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The malting process and the different
malting quality traits are first introduced.
Importance of cell wall polysaccharides
hydrolysis is then developed in the context
of malting quality. The different phases
of cell wall hydrolysis are then explained
with regard to the enzymes implied in the
process. Understanding the actors implied
in cell wall polysaccharides hydrolysis and
their importance leads to new pathways
for improving particular malting quality
parameters. Having a better control
of it can help malters and brewers to
increase yields, rapidity of the industrial
transformations and to decrease the costs.
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Figure 1. Overview of barley grain with physiological changes during
germination — Schéma d’un grain d’orge représentant les modifications
physiologiques de la germination.

Imbibition of the grain induced gibberellins (GA) synthesis by the scutellum. The
gibberellins activate DNA in aleurone cell. Amylase genes and other enzymes
genes are transcripted and traduced. The amylase is exported in the endosperm

to attack starch. Starch breakdown produces sugar which is transferred to the
embryo, where it is used by the growing embryo — L’imbibition du grain conduit
a la synthese de gibbérellines (GA) par le scutellum. Les gibbérellines activent
I’ADN dans la couche a aleurone. Les genes d’amylase et d’autres enzymes sont
transcrits et traduits en protéines. Les amylases s’attaquent alors a I’amidon et
le dégradent en sucres plus simples, qui sont ensuite exportés jusqu’a l’embryon.
Celui-ci les consomme au cours de sa croissance.
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2. gibberellins diffuse in the aleurone layer and induce
hydrolytic enzymes synthesis (Sponsel, 2006);

3. hydrolytic enzymes initiate starch, proteins and cell
wall polysaccharides degradation;

4. grain respiration uses sugar to liberate CO, and
water (Briggs, 1978; Van Lierde, 2003).

When germination is optimum, it is stopped to avoid
sugar consumption by the embryo. The fourth step is
kilning. It uses two levels of temperature, mild figures
to dry the seed and harder then stop germination and
develop color and aroma of the malt. This step can also
result in a loss of some enzyme activity. For example, a
loss of 60% is observed for (1-3,1-4)-f-glucanase after
kilning (Georg-Kraemer et al., 2004).

The purpose of the fifth step is to eliminate the
radicle.

After the malting process all the expected enzymes
are obtained. Brewing part cannot improve enzymes
synthesis. Malting quality is directly related to the
malting part of the process.

Grain  homogeneity, germination  capacity,
dormancy or pre-harvest sprouting are factors that
affect the germination process (Deymie, 1984; Prada
et al., 2004) (Figure 2). During brewing, yeast needs
sugar to grow and to produce alcohol. Starch content
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and composition, starch hydrolysis and enzymes
involved in the breakdown of the grain are traits which
influence the amount of sugar available for subsequent
transformation into alcohol (Hayes et al., 2002; Clancy
et al., 2003). Yeast growth also requires proteins and
nucleic acids, either partially or fully hydrolysed
into amino acids and nucleotides (Agu et al., 1999;
Kuhbeck et al., 2005). In addition, some proteins are
needed for foam stability (Brandt et al., 1990; Roberts
et al., 2003; Borén et al., 2004) while others may lead
to haze formation (See et al., 2002). Moreover storage
proteins such as hordeins can also modify endosperm
structure and thus malting quality (Chandra et al., 1999;
Echart-Almeida et al., 2001; Holopainen et al., 2005).
Protein composition seems to be more important than
total protein content (Wang et al., 2007).

Breaking the cell wall by degrading the cell
wall polysaccharides is one of the main steps in the
hydrolysis process used in malting and brewing. It
allows enzymes to access the cell content. Moreover cell
wall polysaccharides that are not hydrolysed can lead to
problems during brewing steps (e.g., slower filtration,
haze formation) because of the higher viscosity they
cause. These problems result in elevated cost and longer
procedures for the industrial process (Izydorczyk et al.,
2000; Swanston et al., 2002; Jin et al., 2004).
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Figure 2. Overview of the different components of the malting quality during the malting process — Schéma des différents
éléments composant la qualité brassicole basée sur les étapes du processus de maltage.

LTP: lipid transfer protein — protéine de transfert de lipides; BASI : barley alpha-amylase/subtilisin inhibitor — inhibiteur de I’alpha-
amylase/subtilisin d’orge; PAPI : probable amylase/protease inhibitor — inhibiteur probable de I’amylase/protéase.
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3. IMPORTANCE OF CELL WALL
POLYSACCHARIDES IN MALTING QUALITY
AND IN OTHER FOOD INDUSTRIES

3.1. Malting and brewing industry

Cell wall hydrolysis is one of the most important
events in the process of malting and brewing because
of its impact on malt, wort and beer.

Degradation of the polysaccharides cell wall
removes the physical barrier between hydrolytic
enzymes released during germination and their
substrates, stored in the starchy endosperm. It allows
the enzymes to access cell components and increases
the efficiency of other hydrolytic processes. This can
explain why there is a decrease in malt extract, a key
parameter to evaluate efficiency of transformation,
if there is poor f-glucan and arabinoxylan
degradation.

Indeed, complete degradation of B-glucan and
arabinoxylan can provide a supplement of 15-20%
of fermentable carbohydrates used by yeast for
conversion into alcohol (Ferre et al.,2000). However,
as mentioned above, a high level of -glucan in the
wort or beer causes an increase of viscosity that may
lead to filtration problems (Izydorczyk et al., 2000;
Swanston et al., 2002; Jin et al., 2004).

B-glucans, with proteins, polyphenols and
pentosanes can lead to haze formation in wort and
beer. High-molecular-weight (HMW) [-glucans
precipitates readily after a freezing-and-thawing
treatment, whereas the fractions with the lower MWs
do not precipitate even after repeated freezing and
thawing cycles (Jin et al., 2004).

3.2. Other industries

Feed. Currently, in chicken feed, barley is an
unacceptable component because of its low
metabolizable energy. Feeding barley diets to poultry
leads to a limited uptake of nutrients, slows initial
growth and results in sticky droppings adhering
to the cloaca and down of the chicken as well as to
the floors of the production cages (Wettstein et al.,
2000).

Food. Despite the problems it causes in brewing,
barley p-glucan is used in food as a healthy
component. It has effect on blood cholesterol and
glucose reduction, it increases satiety that can lead
to weight loss and it helps to have a better control
in heart disease and type-2 diabetes (Wilson et al.,
2004; Baik et al., 2008). Moreover, B-glucan has
been recently demonstrated to be anti-cytotoxic,
antimutagenic and anti-tumorogenic (Mantovani
et al., 2008).

Jamar C., du Jardin P. & Fauconnier M.-P.

3.3. Technological criteria of malting quality
and their relation to cell wall polysaccharides
breakdown

During malting and brewing, some criteria are used
to evaluate technologically the extent of modification
and the quality of the final product. The main ones
are malt extract, kolbach index, friability, viscosity
and diastasic power.

Malt extract gives an idea of how successful the
entire process has been in extracting the components
of the grain into a form that is suitable for beer
making. It is a key quality indicator (Ayoub et al.,
2003). Malt extract consists in the percentage of
solid material extracted from fine ground malt that
solubilises during brewing. If hydrolytic enzymes
cannot reach cell components because the cell wall
polysaccharides degradation is not sufficient, they
cannot hydrolyse their substrate and solubility of
solid material will not be optimal.

Kolbach index is the ratio of soluble nitrogen to
the total nitrogen concentration in the malt. This trait
is related with the protein trait in malting quality
(Briggs, 1978).

Friability is an indicator of the degree of
hydrolysis in the endosperm. High value is related to
efficient degradations. Malt extract, poor degradation
of B-glucan and arabinoxylan can influence friability
(Briggs, 1978).

Viscosity of the malt extract or the wort is
related to P-glucan and indicates weak endosperm
modification. Moreover, arabinoxylans effect on
viscosity and filtrability are at least as important as
B-glucan effect (Sadosky et al., 2002). 3-glucan of
the wort is also measured as technological criteria to
evaluate cell wall breakdown efficiency.

Diastasic power represents amylolytic enzyme
activity (Clancy et al., 2003). In malting and brewing,
a high level of diastatic power is generally sought.
Starch is a cell component that can only be reached
after cell wall breakdown. By this way, degradation
of the cell wall is able to influence starch degradation.

4. CELL WALL POLYSACCHARIDES OF
BARLEY

4.1. Cell wall composition

Cell walls of the starchy endosperm of barley
consist in 75% of (1-3,1-4)-p-D-glucans and 20%
of arabinoxylan, with 2% of cellulose and 2% of
glucomannan. The walls of aleurone cells consist
of 71% of arabinoxylan and 26% of (1-3,1-4)--D-
glucans, with 3% of cellulose and glucomannan
(Fincher, 1992; Lazaridou et al., 2008). Gamlath
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et al. (2008) have shown that endosperm cell wall
component may have significant impact on kernel
hardness as well as water uptake. Large differences
in the solubility and digestibility of endosperm cell
wall polysaccharides are expected depending on
the composition. Composition is affected by the
environment of the growing barley grain (Lazaridou
et al., 2008).

4.2. Barley fp-glucans

Barley B-glucans exist in two forms, according to
their solubility or insolubility in water (Swanston
et al., 2002).

The (1-3,1-4)-B-glucans are unbranched chains
of B-D-glucopyranose residues (glucose) with -(1-
4) linkages and 3-(1-3) linkages in a ratio 3.2:1 to
6.6:1.Water-soluble fraction extracted at 65°C has
higher ratio than water-soluble fraction extracted at
40°C. The lower solubility of 65°C water-soluble
B-glucans is associated with their higher molecular
weight (MW) and higher content of 3-(1-4)-linkages.
An average of 54% of barley B-glucan is water-
extractable at 38°C (Aman et al., 1987). MW of
B-glucan in barley, malt and beer has been reported
to vary from 150 to 1937 kDa, 800 to 1220 kDa and
1 to 10 kDa respectively (Jin et al., 2004). Barley
contains also a small amount of 3-(1-3) glucan (Bacic
et al., 1981).

The PB-glucan content and B-glucanase activity
are influenced by the genotype and the environment
(Wang et al., 2004; Swanston et al., 2006). Oscarsson
et al. (1998) showed [(-glucan content variation
depending on the cultivars and the environmental
conditions, with a more significant effect of the
cultivar. Perez-Vendell et al. (1996) do not support
the idea of higher cultivar effect and showed in
their study a similar effect from cultivar and
environment.

Anker-Nilsen et al. (2008) identified variation
of total B-glucan content of germinating grain from
4.0% to 7.4%, compared to Holtekjolen et al. (2006)
who identified variation from 2.4% to 8.3%.

Anker-Nilsen et al. (2008) demonstrated seasonal
temperature effects during the synthesis of f-glucan
on content, solubility, viscosity and MW. Waxy and
high-amylose varieties showed higher f-glucan
content and naked barley shows a higher content
than covered barley. [3-glucan content increases with
the level of nitrogen fertilization (Oscarsson et al.,
1998; Wood et al., 2003) and decreases with higher
irrigation (Guler, 2003). Furthermore, P-glucan
content is highly correlated with protein content,
which is another important malting quality parameter
(Guler, 2003).
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4.3. Arabinoxylans

Barley arabinoxylans consist in D-xylanopyranosyl
units linked by B-(1-4) bonds to form a molecular
backbone, connected to single L-arabinofuranose
branches by a-(1—2) or a-(1—3) linkages. Typically,
L-arabinufuranose or other side chains are carried
on the main chain at non-reducing end groups
(Lee et al., 2001; Egi et al., 2004). The degree of
branching of arabinoxylan can be represented by the
D- xylanopyranosyl units / L-arabinofuranose ratio.
The endosperm tissue differs from the aleurone layer
with an average ratio of 1.0-1.1 compared to 1.9-2.2,
respectively. Unique feature is the presence of ferulic
acid covalently linked via ester linkage to C(O)-5 of
the arabinose residue (Li et al., 2005).

The term “arabinoxylan” is recent and was
previously referred to as pentosan, pentose gum
or hemicellulose (Egi et al., 2004). Arabinoxylans
are either water extractable or water unextractable.
Water extractable arabinoxylans are thought to be
loosely bound at the cell wall surface, while water
unextractable arabinoxylans interact covalently and
non covalently with other arabinoxylan molecular and/
or cell wall constituents and are retained in the cell
walls. The solubility of arabinoxylan depends on the
D-xylanopyranosyl units/L-arabinofuranose ratio, their
substitution pattern and the difference in MW. Long
sequence of unsubstituted xylose residues increases
arabinoxylan aggregation, decreasing solubility,
whereas low MW increase solubility of arabinoxylan.
Water unextractable arabinoxylans have a high water-
binding capacity (Courtin et al., 2001; Izydorczyk
et al., 2008).

S.HYDROLYSIS OF CELL WALL
POLYSACCHARIDES

5.1. Cell wall hydrolytic enzymes classification

Cell wall hydrolytic enzymes belong to the Glycosyl
Hydrolase (GH) class of EC 3.2.1.XX. It is one
of the two main classes of the carbohydrate active
enzymes (CAZY). The classification is based on their
amino acid sequence. GH enzymes are represented
by around eighty-five families (Bourne et al., 2001).
They have important roles in various physiological
processes such as cell wall synthesis (by the control
of the MW of synthesized polysaccharides), regulation
of cell wall expansion and alteration, mobilization of
storage reserves and also in plant defense for enzymes
classified in Pathenogenesis Related protein (PR). GH
enzymes have been located in different cell locations
(cytoplasm, cell wall, membrane, vacuole, endoplasmic
reticulum, peroxysome) but in Arabidopsis, the
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majority of these proteins were found to be in the cell
wall, underlying their potential importance in cell wall
biogenesis (Bourne et al., 2001; Boudart et al., 2007,
Minic, 2008).

5.2. Hydrolysis of f-glucans

During cell wall breakdown, the first step of 3-glucan
degradation is solubilisation. Two pathways coexist
(Figure 3). $-glucan can be directly solubilized or it
can be first solubilised by several enzymes that remove
the outer layers of cell wall. The term “solubilase” is
used to represent the enzyme involved in this process.

Different enzymes implied in the solubilisation
have been proposed such as (1-3)-B-glucanase,
carboxipeptidase,  phospholipases,  (1-4)-endo-f3-
glucanase, feruloyl esterase, xyloacetyl esterase and

Jamar C., du Jardin P. & Fauconnier M.-P.

arabinofuranosidase (Georg-Kraemer et al., 2004; Jin
et al., 2004; Kuntz et al., 2007).

The ability of esterases, xylanases, and
arabinofuranosidase to solubilize glucan indicates
that pentosan (arabinoxylan) component of cell wall
can restrict the extraction of 3-glucan, because of its
location inside the wall, enwrapped in arabinoxylan
to which is attached acetate and ferulate (Kanauchi
et al., 2001; Kanauchi et al., 2008; Bamforth, 2009).

The (1-4)-endo-B-glucanases have similar activity
to the solubilases (Wilhelmi et al., 2001) and they are
present in malt (de Sa et al., 2004), suggesting that they
could be implicated in 3-glucan solubilisation.

Some authors (Yin et al., 1989; Wilhelmi et al.,
2001) suggested that solubilase derives from fungi
associated with the husk of the grain. But there is no
hint of the existence of a unique enzyme solubilase for

Cell wall Arabinoxylan
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Figure 3. Enzymatic hydrolysis of cell wall (1-3,1-4)-3-D-glucans, with accessibility hindered by arabinoxylans (this diagram
is adapted from Hrmova et al., 2001) — Hydrolyse enzymatique des (1-3,1-4)-B-D-glucanes des parois cellulaires dont
I’accessibilité est entravée par les arabinoxylanes (ce schéma est adapté de Hrmova et al., 2001 ).

In this diagram, enzymes involved in the release of (1-3,1-4)-f3-D-glucans from cell walls and the complete hydrolysis of the
polysaccharide to glucose are shown. Endo-X represent the solubilase that frees and solubilizes (1-3,1-4)-B-D-glucans. Among the
intermediate oligosaccharides, G designates a 3-D-glucosyl residue, 3 are (1-3) linkages, 4 are (1-4) linkages, and red denotes the reducing
end — Dans ce schéma, les enzymes supposées impliquées dans la solubilisation des (1-3,1-4)-B-D-glucanes et I’hydrolyse compléte de
ces polysaccharides en glucose sont présentées. Les Endo-X représentent I’enzyme solubilase qui libére les (1-3,1-4)-f3-D-glucanes en
solution. Parmi les oligosaccharides intermédiaires, G désigne un résidu [3-D-glucosyl, 3 et 4 désignent respectivement une liaison (1-3)

et (1-4) et le red représente I’ extrémité réductrice.
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solubilising barley [-glucan. It seems that B-glucan
solubilase activity derives from enzymes with
different thermosensitivities and that the increase of
temperature decreases solubilase activity. Moreover,
(1-3,1-4)-B-glucanase might also be involved in
B-glucan solubilisation. Solubilase activity was
detected in the dry grain and during the first day
of malting, but not (1-3,1-4)-B-glucanase activity
(Gianinetti et al., 2007). To date, the solubilisation of
cell wall polysaccharides is not well understood and
there is no strong evidence for implication of one
particular enzyme.

The next step after solubilisation is the attack of
the B-glucans by (1-3,1-4)-p3- glucanase (EC 3.2.1.73)
(Georg-Kraemeretal.,2004;Jinetal.,2004).(1-3,1-4)-p3-
glucanaseare also called lichenase or (1-3,1-4)-3-glucan
endohydrolase. The (1-3,1-4)-f-glucanases release
mainly large fragments such (1-3,1-4)-f-D-tri- and
tetrasaccharides as the major hydrolysis products, but
they can also release oligosaccharides of up to ten or
more units (Hrmova et al., 2001).

The (1-3, 1-4)-B-D-oligoglucosides released by
(1-3, 1-4)-B-glucanase can be further hydrolysed by
several enzymes, including f-glucan exohydrolase
and [3-glucosidase. These enzymes remove glucose
from the non-reducing termini of their substrates.
They have an apparent preference for (1-3) linked
substrates, but will nevertheless rapidly depolymerise
oligopolysaccharides with (1-3) and (1-4) linkages,
such as G4G3G, and G4G4G3G,, to glucose (Leah et
al., 1995; Hrmova et al., 1996; Hrmova et al., 1997;
Hrmova et al., 2001). Finally, a (1-3)-B-glucanase (EC
3.2.1.39) is also reported to be involved in (3-glucan
hydrolysis (Balance et al., 1978; Leah et al., 1995; de
Saet al., 2004).

(1-3,1-4)-pB-glucanases. The (1-3,1-4)-B-glucanases
cleave specifically the (1-4)-linkages which are on the
reducing terminal side of (1-3)-fB-glucosyl residues
(Figure 4) and release oligosaccharides that contain a
variable number of (1,4)-f3-glucosyl residues at their
non-reducing end and a single (1,3)-p-glucosyl residue
at their reducing end (Hrmova et al., 1999; Johansson,
2006).

The (1-3,1-4)-B-glucanase exists as two isoforms
referred to isozyme EI and EII. EI is encoded by the
GIb I gene, located on chromosome 5(1H). The MW
of EI is 28 kDa, its isoelectric point is 8.5 and the
enzyme contains 0.7% of associated carbohydrate.
Ell is encoded by GIb 2 gene, located on chromosome
1(7H). EIl has a MW of 33 kDa and an isoelectric
point over 10, and it contains 4.0% of carbohydrates.
El is less thermostable than EII but shows a higher
activity. Carbohydrates content was suggested to have
an effect on the thermostability of the enzymes. Both
genes would originate from a common ancestral gene
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Figure 4. The mode of action of (1-3,1-4)-B-glucanase
on (1-3,1-4)-B-glucan, showing linkages hydrolysed
by vertical arrows (this figure is adapted from
Johansson, 2006) — Représentation du mode d’action
des (1-3,1-4)-p-glucanases sur les (1-3,1-4)-f-glucanes
montrant les liaisons hydrolysées par des fleches verticales
(ce schéma est adapté de Johansson, 20006).
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Horizontally arranged hexagones represent 1.4-f3-linked

blocks of D-glucopyranosyl units and oblique lines represent
1,3-B-linkages — Les hexagones alignés horizontalement
représentent les blocs d’unités D-glucopyranosyl liées par des
liens 3-(1-4) et les lignes obliques représentent les liens -(1-3).

in Hordeum (Litts et al., 1990; Georg-Kraemer et al.,
2004).

These isozymes are expressed in different tissues at
different developmental stages and are under separate
genetic control. EI is expressed in the scutellum, in
young leaves and roots as well as in aleurone layer
and EII only expressed in the aleurone layer (Slakeski
et al., 1992; Jin et al., 2004). The two isozymes are
also differentially switched on by the action of
gibberellic acid (GA) and auxins (Hrmova et al.,
1997; Georg-Kraemer et al., 2004). The activity of
(1-3, 1-4)-p-glucanase is switched after two days of
malting (Ginaninetti et al., 2007) and increases rapidly
until the 4™ day of the malting process. Nevertheless,
the expression of these genes is first detected in the
scutellum after one day and only in the epithelial layer.
At this stage, no expression is apparent in the aleurone
layer. After the second day, levels of mRNA decrease
in the scutellar epithelium but increase in the aleurone
(Georg-Kraemer et al., 2004).

A loss of 60% of (1-3,1-4)-f3-glucanase activity is
observed after the kilning step of malting. It means that
40% was retained in the finished malt, for the brewery
(Georg-Kraemer et al., 2004).

(1-3)-p-glucanases. Endo-(1-3)-B-glucanases (EC
3.2.1.39) hydrolyze the internal (1-3)-f-glucosidic
linkages in [-glucan. These enzymes are expressed
at a high level as germination proceeds and also in
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young leaves. However, their functions are not clear.
They might hydrolyze the (1-3)-f-glucan that is found
in the isolated deposit in the sub-aleurone region
of the starchy endosperm and they might as well
partially hydrolyze (1-3,1-4)-B-D-glucan. They are
also important representatives of the “Pathogenesis
Related” proteins (PR2 subgroup), that play a role in
plant protection because of their capacity to hydrolyze
(1-3) and (1-3,1-6)-B-glucans commonly found in
fungal cell walls (Hrmova et al., 1993; Burton et al.,
1998). Some of the (1-3)-f3-glucanases probably have
also a function in processes such as dormancy break
or wound callose, senescence and pollen formation
during normal growth and development (Burton et al.,
1998; Leubner-Metzger, 2003).

Atleast seven different (1-3)-f-glucanase isoformes
are known, represented by seven genes, clustered on the
long arm of chromosome 3(3H). They are identified as
GI to GVII. All are single copy except GIV. However
it seems likely that the endo-(1-3)-B-glucanase genes
and the (1-3,1-4)-B-glucanase genes evolved from a
common ancestor which has subsequently functionally
differentiated in Hordeum (Burton et al., 1998; Finnie
et al., 20006).

-glucosidases. Based on their ability to hydrolyse the
synthetic 3-D-glucoside, 4-nitrophenyl 3-D-glucoside
(4NPG), Leah et al. (1995) classified [-glucosidases
as EC 3.2.1.21. Barley [-glucosidase hydrolyzes
aryl-B-glucosides. The increased hydrolytic rate with
oligosaccharides is a characteristic often observed with
polysaccharides exohydrolase but [-glucosidases are
unable to hydrolyze polymeric (1-4)-f3-glucans. Based
on this peculiarity, [3-glucosidases could be either
classified as a polysaccharide exohydrolase of the
(1-4)-B-glucan glucohydrolase group (EC 3.2.1.74).
Problems have been encountered when classifying
these enzymes into Enzyme Commission classes
(Hrmova et al., 1998). The barley P-glucosidases
exhibit a marked preference for (1-4)-B-D-
oligoglucosides (cellodextrins) of increasing chain
length, suggesting that it has an extended substrate-
binding region (Hrmova et al., 1998; Hrmova et al.,
2001).

Two isozymes of -glucosidase, called I and PII
have been purified. Their molecular weights are both
62 kDa and they have isoelectric points of 8.9 and
9.0, respectively. Hrmova et al. (1998) reported that
the two isozymes differed only by one amino acid in
the protein sequence. The sequence of the gene named
bgq60 found by Leah et al. (1995) could be a single
copy coding for the BII isozyme.

Three main functions have been suggested for
these enzymes. First, they might be related to auxin-
mediated cell elongation in growing coleoptile where
they can be implicated in cell wall loosening. Secondly,
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they might be implicated in the complete conversion
of the cell wall (1-3,1-4)-B-glucan to glucose in
germinated barley. Implication in the protection of
germinating grain from pathogen attack might be the
third function (Leah et al., 1995; Hrmova et al., 1996).
For Hrmova et al. (1998), their most likely role seems
to be cell wall hydrolysis during germination because
[B-glucosidase is synthesized in the starchy endosperm
of developing grains, but 3-glucosidase content is not
increased after germination.

p-glucan exo-hydrolases. As for [3-glucosidases,
classification is difficult for these enzymes. They
are considered as member of the family 3 of GH.
The p-glucan exo-hydrolases exhibit a relatively
broad specificity with respect to linkage position in
their substrates. Even if they have a preference for
(1-3)-P-glucan, they can also hydrolyze a range of
[-D-glucan and B-D-oligoglucosides with (1-2), (1-4)
and (1-6) linkage. These enzymes release glucose as
major product from (1-3,1-4)-f-glucan (Hrmova et al.,
1998; Hrmova et al., 2001).

Two isozymes of [-glucan exo-hydrolase, Exol
and Exoll, have been identified and characterized
with isoelectric points of 7.8 and 8.0, respectively,
and apparent MW of 69 to 71 kDa, respectively. They
hydrolyze (1-3)-p-glucan, laminarin, 3-oligoglucoside
and (1-3,1-4)-B-glucan (Hrmova et al., 1996; Jin
et al., 2004). They share the same potential functions
than the B-glucosidase (Hrmova et al., 1996). The
genes encoding the exohydrolases are transcribed
in the scutellum of germinated grain, but mRNA
is also abundant in elongating coleoptile. As for
[-glucosidase, the barley -glucan exo-hydrolase may
exhibit multiple functions (Hrmova et al., 1999).

5.3. Hydrolysis of arabinoxylans

The changes in arabinoxylan content during malting
can be divided into three categories. The water
soluble arabinoxylans already present in the grain
are first degraded. Then, water soluble arabinoxylans
just released through enzymatic degradation of the
endosperm wall during the germination are also
degraded. Finally, the embryo itself synthesizes
arabinoxylan. Endo [-(1-4)-xylanase, exoxylanase,
B-xylosidase and a-arabinofurnosidase are believed
to be involved in arabinoxylan degradation (Hrmova
et al., 1997). The combined action of theses enzymes
is required to complete arabinoxylan degradation
(Figure 5). Arabinoxylan degradation is at least as
important as [-glucan. In beer, water extractable
arabinoxylan can reach level of 4 g-I'. It is more than
the maximum of 2 g-I"! for B-glucan content (Sungurtas
etal.,2004). Li et al. (2005) reported that arabinoxylan
content is ten times more elevated in beer than the
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Figure 5. Enzymatic hydrolysis of cell wall arabinoxylans (this
figure is adapted from Lee et al., 1999) — Hydrolyse enzymatique

des arabinoxylanes des parois cellulaires (ce schéma est adapté

de Lee et al., 1999).

Enzymes involved in the release of xylose and arabinose from
arabinoxylane are represented. OO represents the (1—4)-linked xylan

backbone. % and 8
linked via C(O)2 to xylan backbone

represent arabinofuranosyl residues

Q
e’
residues linked via C(O)3 to xylan backbone, and gg represents
arabinofuranosyl residues linked via C(0)2,3 to xylan backbone — Les
enzymes intervenant dans la libération d’arabinose et de xylose sont
représentées avec leur mode d’action.<{ ) représente le squelette des
xylanes liés en (1—4). % et représentent les résidus

represents arabinofuranosyl

arabinofuranosyl liés via les C(0O)2 au squelette de xylane, Q
représente les résidus arabinofuranosyl liés via C(O)3 au squelette de
xylane et Y[ represente les résidus arabinofuranosyl liés via C(0)2,3
au squelette de xylane.

[B-glucan content. According to Allosio-Ouarnier et al.
(2007), arabinoxylan degradation occurs mainly during
brewing whereas arabinoxylans are not extensively
degraded during malting.

Arabinofuranosidases. The a-arabinofuranosidases
(EC 3.2.1.55) catalyse the breakdown of a-(1-2) and
a-(1-3) linked arabinofuranose units. They have a
broad range specificity for various (1-2)-, (1-3)- and
(1-5)-a-arabinofuranosyl linkages of arabinan and
arabinoxylan than other members of the family to
which they belong. Three functions can be related with
the action of the enzyme. The first suggested function
is to lock the (1-4)-B-xylan backbone into cell wall
through hydrogen bonding to unsubstituted regions
of other (1-4)-B-xylan chains, with cellulose or with
other wall polysaccharides. Arabinofuranosidases can
also help the turnover of cell wall polysaccharides in
elongating coleoptiles. They also have a role in the
depolymerisation of the germinated grains walls.
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They are most likely active in the hydrolysis of
oligosaccharides released through endoxylanase
activity. The o-arabinofuranosidases are secreted
from the aleurone layer. Two isoforms, ARA-I
and ARA-II (also called AXAHI and AXAHII),
have a MW of 68 and 69 kDa, and isoelectric
points of 4.8 and 5.6, respectively. The two mature
proteins consist of 626 amino acid residues (Lee
et al., 2001; Egi et al., 2004). ARAI is considered
as a bifunctional a-arabinofuranosidase/f3-D-
xylosidase enzyme (Lee et al., 2003). Sungurtas
et al. (2004) showed that a-arabinofuranosidase
activity increases rapidly from the day 1 of stepping
to the day 7 of germination.

(1-4)-p-xylan endohydrolases. The (1-4)-f-xylan
endohydrolases (EC 3.2.1.8) decrease the
viscosity of the water soluble arabinoxylan.
They catalyse the hydrolysis of P-(1-4) xylosidic
linkages in the arabinoxylan polymer and the
removal of arabinofuranosyl residues (Egi et al.,

2004). They have a molecular weight of 41 kDa

and an isoelectric point of 5.2. The gene family

encoding (1-4)-fB-xylan endohydrolases contains

3 genes clustered on chromosome 7(5HL).

Two isoforms, called X-I and X-II, have been

described (Banik et al., 1997; Hrmova et al.,

1997). X-I is the major endo-f-(1.4)-xylanase

released from the aleurone layer of germinating

barley.

Both isoenzymes are expressed during
germination but, in contrast to X-I, the X-II
transcripts accumulate in the developing shoot
and root of the seedling embryo and not in the
aleurone layer surrounding the endosperm.
During subsequent stages of development, up to

anthesis, X-II remains expressed in various organs. In
developing grains, X-II gene is expressed in the early
stages of grain filling whereas X-I transcription is
switched on during the later stages (Van Campenhout
et al., 2005). The mRNA level is strongly enhanced
by GA3, and abscisic acid abolishes GA induction of
gene expression. Their synthesis also depends on Ca**
(Banik et al., 1997; Hrmova et al., 1997; Egi et al.,
2004).

Previous reports indicated that cytosolic enzyme
X-I is synthesized as an inactive precursor which is
proteolytically processed to active forms, depending on
its programmed cell death. However, Van Campenhout
et al. (2007) showed that the precursor form of X-I is
an endo-acting enzyme which has the striking ability
to release xylose from both polymeric xylan as well as
from small xylo-oligosaccharides.

B-xylosidases. The [-xylosidases (EC 3.2.1.37)
catalyse the hydrolysis of P-(1-4) xylosidic linkage
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within xylo-oligosaccharides. There are two isoforms,
having the same regulation factors as endoxylanase
(i.e.,expression increased by GA3 and Ca**, expression
decreased by abscisic acid) (Egi et al., 2004; Hrmova et
al., 1997). One of the isoformes, designated XYL, has
a MW of 67 kDa and an isoelectric point of 6.7 and the
cDNA code a protein of 748 amino acids. It is a member
of the family 3 GH (Lee et al., 2003). Sungurtas et al.
(2004) showed that B-D-xylanopyranosidase activity
increases rapidly from the day 1 of stepping to the
day 7 of germination.

Other enzymes involved in hydrolysis process.
Arabinoxylan hydrolysis can also be influenced
by other enzymes. Acetyl esterase (Humberstone
et al., 2000a) and ferulic acid esterase (Humberstone
etal., 2000b) may influence degradation by altering
the accessibility and/or solubility of arabinoxylan.
Moreover, endoxylanase inhibitors can also modify
arabinoxylan hydrolysis. Inhibitors activity can be
relatively high in barley (Goesaert et al., 2004).

6. CONCLUSION

Malting quality rests on multiple factors. Each one
contributes to the good development of the malting and
brewing process.

Cell wall polysaccharides hydrolysis is a key
malting quality parameter because it is the first
step in the transformation of the germinating grain.
Without this step, other enzymes synthesized during
germination such as amylases cannot access cell
component. Moreover, viscosity problems caused by
low hydrolysis of B-glucan and arabinoxylan slow
the procedure and increase the production costs. Haze
formation in the final product is also an undesirable
consequence of poor cell wall degradation.

Understanding cell wall hydrolysis may help in the
selection of malting varieties. Indeed, properties of the
enzymes involved can be used as tool in a breeding
program. Different traits can be measured in grain, malt
or wort such as 3-glucan and arabinoxylan content to
characterize the hydrolysis. Because of the decrease of
[B-glucan content during the malting (50% loss during
malting by the activity of [3-glucanase), grain content
is not the best trait to illustrate quality. There is poor
correlation between cultivar grain -glucan content
and malting quality (Edney et al., 1998). This indicates
that it is more relevant to improve hydrolytic enzymes
activities than to modify arabinoxylan and -glucan
content in grain in breeding process.

Despite the fact that the first studies were mainly
focused on [-glucan hydrolysis, new interest for
arabinoxylan degradation seems to show the relative
significance it could have in the problems mentioned
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above (e.g., access to cell components, viscosity and
haze formation).

Moreover, recent models focused on cell wall
structure suggest that the accessibility to P-glucan
is hindered by arabinoxylan and, to an extent, by
the attached ferulic acid and acetic acid moieties
(Bamforth et al., 2001). It highlights the potential role
of arabinoxylan hydrolysis in malting quality.

Selecting barley varieties with superior cell wall
polysaccharides degradation could assist brewers
and malters to develop more efficient, faster and
cheaper processes. This review should contribute to
the identification of new selection tools, helpful is the
breeding of barley malting cultivars.

Abbreviations

GA: Gibberellic Acid
GH: Glycosyl Hydrolase
MW: Molecular Weight
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